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Abstract

In this thesis the thermoelectric conversion of concentrated
solar radiation

and geothermal energy for decentralized power generation is
investigated. The

report is divided into two sections. In the first part, the
conversion of high-

temperature heat from concentrated solar radiation is
considered. High-

temperature stable perovskite-type oxide demonstrator modules
(proof-of-

concept) consisting of two pairs p-type La1.98Sr0.02CuO4 and
n-type

CaMn0.98Nb0.02O3 thermoelement legs and sandwiched between two
ceramic

Al2O3plates with surface 30 x 30 mm2are investigated. The not
yet optimized

figure-of-merit is approximately 0.05. Single modules are
exposed to direct

concentrated solar radiation with peak radiative flux
intensities of 300 kW m -2

and operated at 900 K on the hot side. The maximum
solar-to-electricity

efficiency is 0.081%. A heat transfer model coupling conduction,
convection

and radiation is implemented and validated in terms of
experimentallymeasured open-circuit voltages and
solar-to-electricity efficiencies. The heat

transfer model shows that 60% of the incident solar radiation is
lost due to re-

radiation and only 20% is conducted through the thermoelement
legs. In a next

step, a 1 kWth solar cavity-receiver prototype packed with 18
modules is

developed to capture efficiently concentrated solar radiation
and minimize re-

radiation losses. The solar cavity-receiver was subjected to
peak solar

concentration ratios exceeding 600 suns in the aperture and the
modules were

operated at maximally 900 K on the hot side. The measured
maximum solar-to-electricity efficiency is 0.12%. A heat transfer
model is formulated to simulate

the solar cavity-receiver and validated in terms of
experimentally measured

open-circuit voltages. Vis--vis directly irradiated modules the
cavity

configuration enables a reduction of the re-radiation losses
from 60% to 4% of

the solar radiative power input and an increase of the heat
conduction through

the thermoelement legs from 20% to 70%. In order to show the
potential of the

cavity design, a hypothetical 50 kWthsolar cavity-receiver
packed with efficientcascaded dual-stage modules is considered. The
cavity is operated with a solar
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concentration ratio of 1500 suns in the aperture and in a
temperature range of

9001200 K. The cascaded modules consist of three Al2O3plates
with surface

10 x 10 cm2 sandwiching a low- and a high-temperature stage with
2822

thermoelement legs per stage. The thermoelement legs of the low-
and the high-temperature stage are based on Bi-Te with a
figure-of-merit of 1 and

perovskite-type oxides with a figure-of-merit in the range of
0.36 1.7,

respectively. This yields a maximum module efficiency in the
range of 11.7

26%. The heat transfer model for the 1 kWth cavity-receiver
prototype is

extended and applied to find the optimum cavity geometry, which
is

characterized by a width of 60 cm, a height of 50 cm and an
aperture diameter

of 20.6 cm, and has a number of 156 modules. Furthermore, the
model is used

to investigate the effect of the maximum module efficiency and
the operatedmaximum cavity temperature on the solar-to-electricity
efficiency. The solar-

to-electricity efficiency ranges from 7.4% to 20.8%, showing a
strong

dependency on the maximum module efficiency.

In the second part of the report, a stack comprising an array of
Bi-Te-

based thermoelectric converter modules is considered for
geothermal energy

conversion. Each module consists of 127
(Bi0.2Sb0.8)2Te3/Bi2(Te0.96Se0.04)3p/n-

type thermoelement pairs, fastened by 30 x 30 mm2 Al2O3 plates.
The

thermoelement pairs have a leg cross-section of 1.05 x 1.05 mm2,
a figure-of-

merit equal to 1, and a theoretical heat-to-electricity
conversion efficiency of

approximately 5%, when the module is operated at the maximum
temperature

difference of 200 K. A temperature gradient across the
thermoelement legs

within an array is imposed via a Cu parallel-plate heat
exchanger adhering to

the Al2O3 plates and operating hot and cold water in
counter-flow

configuration. A heat transfer model coupling conduction through
the

thermoelement legs with convection to and from the Al2O3plates
is formulatedto investigate the performance of the stack as a
function of the following

parameters: hot water inlet and outlet temperatures (313 413 K
and 303

393 K, respectively), stack length (300 1500 mm), thermoelement
leg length

(0.54 mm) and hot/cold channel heights (0.2 2 mm). The simulated
open-

circuit voltages are compared to those resulting from the
temperature

differences computed via CFD. The heat transfer model predicts
for an

optimized 1 kWelstack with hot water inlet and outlet
temperatures of 413 K

and 313 K, respectively, either a maximum heat-to-electricity
efficiency of4.2% or a minimum volume of 0.0021 m3.
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Zusammenfassung

In der vorliegenden Arbeit wird die thermoelektrische
Stromerzeugung

von Solarstrahlung und geothermischer Wrme fr dezentrale
Anwendungen

untersucht. Die Arbeit ist in zwei Teile gegliedert. Im ersten
Teil wird die

Umwandlung von Hochtemperatur-Wrme aus konzentrierter
Solarstrahlung

betrachtet. Es werden hochtemperaturfeste Demonstrationsmodule
untersucht.

Jedes Modul enthlt 4 Perovskite-artige Oxid-Thermoelemente,
welche

zwischen zwei kalten Al2O3-Platte mit einer Flche von 30 x 30
mm2montiert

sind. Von den 4 Schenkeln bestehen jeweils 2 ausp-dotiertem
La1.98Sr0.02CuO4

und 2 aus n-dotiertem CaMn0.98Nb0.02O3. Die noch nicht
optimierte Figure-of-

Merit ist circa 0.05. Einzelne Module werden direkter
konzentrierter

Sonnenstrahlung mit maximalen Strahlungsflssen von 300 kW
m-2ausgesetzt

und mit 900 K auf der heissen Seite betrieben. Der maximale
Solar-zu-Strom

Wirkungsgrad ist 0.081%. Ein Wrmebergangsmodell,
welchesWrmeleitung, Konvektion und Strahlung koppelt, wird
implementiert und mit

Hilfe experimentell gemessener Leerlaufspannungen und
Solar-zu-Strom-

Wirkungsgraden validiert. Das Wrmebergangsmodell zeigt, dass 60%
der

einfallenden Solarstrahlung infolge Rckstrahlung verloren gehen
und nur 20%

durch die Thermoelemente geleitet werden. In einem nchsten
Schritt wird ein

solarer 1 kWth cavity-receiver-Prototyp (im Folgenden nur
Kavitt

genannt) entwickelt, um die konzentrierte Solarstrahlung
effizient zu

absorbieren und die Rckstrahlungsverluste zu minimieren. Die
Kavitt wirdSonnenkonzentrationen von mehr als 600 in der Apertur
ausgesetzt und ist mit

18 Modulen bestckt, welche wiederum auf der heissen Seite mit
900 K

betrieben werden. Der gemessene Solar-zu-Strom Wirkungsgrad ist
0.12%. Ein

Wrmebergangsmodell wird implementiert, um die Kavitt zu
simulieren,

welches mit Hilfe gemessener Leerlaufspannungen validiert wird.
Im Vergleich

zu den direkt bestrahlten Modulen ermglicht das Kavitt-Design
eine

Reduktion der Rckstrahlungsverluste von 60% auf 4% der
solarenEingangsstrahlung, whrend die Wrmeleitung durch die
Thermoelemente von
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20% auf 70% erhht wird. Um das Potenzial des Kavitt-Designs zu
zeigen,

wird eine 50 kWth Kavitt betrachtet, welche mit effizienten,
zweistufig

kaskadierten Modulen bestckt ist. Die Kavitt wird mit einer

Sonnenkonzentration von 1500 in der Apertur und in einem
maximalenTemperaturbereich von 900 1200 K betrieben. Die
kaskadierten Module

bestehen aus drei Al2O3-Platten mit einer Flche von 10 x 10 cm2
und einer

Nieder- und Hochtemperatur-Stufe mit 2822 Thermoelementen pro
Stufe. Die

Nieder- und Hochtemperatur-Stufe besteht aus
Bi-Te-Thermoelementen mit

einer Figure-of-Merit von 1 beziehungsweise Perovskite-artigen
Oxid-

Thermoelementen mit einer Figure-of-Merit im Bereich von
0.361.7, was zu

einem maximalen Modulwirkungsgrad im Bereich von 11.7 26% fhrt.
Das

Wrmebergangsmodell der 1 kWthKavitt wird erweitert und
angewendet, umdie optimale Kavittsgeometrie zu bestimmen, welche
eine Breite von 60 cm,

eine Hhe von 50 cm und einen Aperturdurchmesser von 20.6 cm hat,
und mit

156 Modulen bestckt ist. Ausserdem wird der Effekt des
maximalen

Modulwirkungsgrades und der maximalen Kavittstemperatur auf den
Solar-

zu-Strom-Wirkungsgrad untersucht. Der Solar-zu-Strom
Wirkungsgrad variiert

im Bereich von 7.4 20.8%, und zeigt eine starke Abhngigkeit
vom

maximalen Modulwirkungsgrad ab.

Im zweiten Teil der Arbeit wird die Umwandlung von
geothermischer

Wrme mittels eines thermoelektrischen Stacks betrachtet, welcher
aus Bi-Te-

Modulreihen zusammengesetzt ist. Jedes Modul besteht aus 127

(Bi0.2Sb0.8)2Te3/ Bi2(Te0.96Se0.04)3p/n-dotierten
Thermoelement-Paaren, welche

zwischen 30 x 30 mm2-Al2O3-Platten verbaut sind. Die
Thermoelemente haben

eine Querschnittsflche von 1.05 x 1.05 mm2und eine
Figure-of-Merit von 1

mit einem theoretischen Wirkungsgrad von 5%, wenn das Modul mit
dem

maximalen Temperaturunterschied von 200 K betrieben wird.
DerTemperaturgradient entlang der Thermoelemente wird durch
einen

Wrmetauscher auferlegt, dessen Heiss- und Kaltwasserkanle im

Gegenstromprinzip funktionieren und dessen parallelen
Kupferplatten die

Modulplatten berhren. Ein Wrmebergangsmodell wird
implementiert,

welches Wrmeleitung in den Thermoelementen mit Konvektion von
und zu

den Al2O3-Platten koppelt, um die Leistung des Stacks als
Funktion folgender

Parameter zu untersuchen: Heisswasser Einlass- und
Auslasstemperatur (313

413 K beziehungsweise 303 393 K), Stack-Lnge (300 1500
mm),Thermoelement-Lnge (0.54 mm) und heisse/kalte Kanalhhe (0.2 2
mm).
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Die simulierten Leerlaufspannungen werden mit denjenigen
verglichen, welche

aus den mittleren Temperaturdifferenzen von numerischen

Strmungssimulationen (CFD) resultieren. Fr einen optimierten 1
kWelStack

sagt das Modell entweder einen maximierten Wirkungsgrad von 4.2%
oder einminimiertes Volumen von 0.0021 m3 voraus, wenn die
Heisswasser-

Temperatur am Einlass 413 K und am Auslass 303 K betrgt.
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Nomenclature

Latin characters

a aperture diameter/width, m

A surface area, m2

A D fitting constants

A control surface, m2

B domain boundary, m

2

cp heat capacity, J kg-1

K-1

C solar concentration ratio, suns

d distance between legs, m

d* adjusted distance between legs, m

e charge of electron/hole, A s

f friction factor

Fk-j view factor from surface ktoj

g gravitational acceleration, m s-2

h convective heat transfer coefficient, W m-2

K-1

H height, m

I direct normal irradiation, W m-2

j electric current density, A m-2

J electric current, A

l leg length, mK number of stages

L cavity/stack length, m

m water mass flow, kg s-1

M number of thermoelement legs

N number of modules

Nrays number of Monte Carlo rays

Nsurfaces number of surfaces

n normal vector

p pressure, Pa
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xiv Nomenclature

P electric power, W

q heat flux, W m-2

q volumetric heat source, W m-3

Q heat transferred, W

R electrical resistance,

R2 coefficient of determination

S Seebeck coefficient, V K-1

t thickness, m

t time, s

T temperature, K

T mid temperature, KT temperature difference, K

u velocity, m s-1

U voltage, V

V volume, m3

V control volume, m3

w leg width, m

W plate width, m

x,y cartesian coordinates, mX cavity width, m

Greek characters

thermal diffusivity, m2s-1

total absorptivity

apparent

total apparent absorptance

, correction factors

extinction coefficient, m-1

volumetric thermal expansion coefficient, K-1

iteration step

kj Kronecker delta

error

total emissivity

thermal conductivity, W m-1

K-1

* adjusted thermal conductivity, W m-1K-1
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xv

efficiency

chemical potential, J mol-1

dynamic viscosity, kg m-1s-1

w water density, kg m

-3

electrical resistivity, m

* electrical contact resistivity, m2

Stephan-Boltzmann constant, W m-2K-4

kinematic viscosity, m2s-1

scattering albedo

Subscripts

0 at normal conditions (T0= 273.15 K,p0= 101.325 Pa)

abs absorber plate

c cold

conv convection

dual dual-stage

el electric

h hothigh high-temperature stage

i,j,k indices

ins insulation

int intermediate

low low-temperature stage

m middle

max maximum

mod modulem,n number of finite volumes

leg thermoelement leg

OC open-circuit

ray single ray in Monte Carlo

seg stack segment

th thermal

w water

surroundings
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xvi Nomenclature

Dimensionless groups

Gr Grashof number

Nu Nusselt number

Pr Prandlt numberRa Rayleigh number

Re Reynolds number

ZT figure-of-merit

Abbreviations

CFD computational fluid dynamicsCPC compound parabolic
concentrator

CSP concentrating solar power

DNI direct normal irradiation

EMPA Eidgenssische Materialprfungs-und Forschungsanstalt
(Swiss

Federal Laboratories for Materials Science and Technology),

Dbendorf, Switzerland

ETH Eidgenssische Technische Hochschule (Swiss Federal
Institute

of Technology), Zrich, SwitzerlandExp experiment

FV finite volume

HFSS High Flux Solar Simulator

MC Monte Carlo

PDE partial differential equation

PB periodic boundaries

PV photovoltaic

Sim simulation

SOR successive over-relaxation

TEC thermoelectric converter

XRD X-ray diffraction
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1

Introduction

1.1

Electricity from renewable energy sources

In 2008, the world net electricity generation was 19.1 PWhel and
is

predicted by the International Energy Outlook 2011to rise to
25.5 PWhelby

2035, which represents an increase of 34%. From 1990 to 2008,
the growth in

net electricity generation was higher than the growth in total
energyconsumption (3.0% per year and 1.8% per year, respectively).
The world

demand for electricity is predicted to increases by 2.3% per
year from 2008 to

2035, which exceeds the expected growth in total energy
consumption of 1.4%

per year [1].

In order to meet the future fast-growing electricity demand and
the

environmental issues of using fossils fuels, big efforts have to
be done in the

development of renewable energy sources including hydroelectric,
wind,geothermal, and solar sources. They are predicted to be the
fastest growing

sources of electricity generation. Their contribution to the
worldwide mix is

estimated to grow from 19% in 2008 to 23% in 2035. More than 82%
of

increase is expected in hydroelectric and wind power in the same
period of

time. In view of the more and more stringent need to substitute
fossil and

nuclear fuels, it is particularly important to promote also
other renewable

energy sources like solar and geothermal energy, which possess a
promising

potential, but have been confined so far to a niche existence
[1].

1.2

Electricity from solar energy

Solar energy is the worlds primary source of energy and
theoretically it

would only take 2% of Saharas land area to cover the worlds
electricity

demand. Solar energy is virtually unlimited, freely available
and has no impacts

on the ecology. However, its drawbacks are high dilution,
intermittency and
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unequal distribution over the earth [2]. In 2010, the main use
of solar energy to

produce power is photovoltaics (PV) and concentrating solar
power (CSP).

1.2.1 Concentrating solar power

CSP systems use mirrors to concentrate solar radiation and
produce high-

temperature heat, which is then converted into electricity by
e.g. a steam/gas

turbine or a Stirling engine. The three main technologies
are:

(1) Parabolic troughs(2) Solar towers

(3) Parabolic dishes

Parabolic troughs have an operating temperature up to 500C and
commonly

drive a Rankine-cycle (steam turbine). They are commercially
proven and

reliable. The peak solar-to-electricity efficiency reaches 21%.
Solar towers can

be operated at >1000C and are able to drive a Brayton-cycle
(gas turbine) or

even a combined Brayton-Rankine-cycle. They are commercially
still in proof.

The peak efficiency reaches 23%. Both parabolic troughs and
solar towers are

used in large-scale power plants with installed electric powers
in the order of

magnitude of 10 MWel and have high potential to become
economically

competitive with other non-solar electricity generation
technologies. Parabolic

dishes usually drive a Stirling engine and theoretically reach a
solar-to-

electricity efficiency up to 29%. They can be operated in single
units for

decentralized power generation (10 kWel) or in parks (1 MWel).
However they

have not found commercial application yet [2, 3]. In 2010, the
worldwide

installed power for CSP is ~1 GWelwith an expected huge capacity
rise to 147GWelby 2020 [4].

1.2.2 Photovoltaics

PV cells consist of doped semiconductors, which directly convert
solar

light into electricity. It has no moving components and is
silent, totally scalable

and reliable. Simple amorphous Si cells, which are standard
modules on themarket, achieve a solar-to-electricity efficiency of
about 7%. Newer multi-layer
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thin-film cells or crystalline Si cells can reach
solar-to-electricity efficiencies

up to 20%, but at the expense of much higher material and
fabrication costs.

The latest trend is towards concentrated PV. The intended
benefit is to reduce

the required cell area and to increase the solar-to-electricity
efficiency. Systemshaving solar concentration ratios of 360 and
using III/V-semiconductor cells

have already achieved a solar-to-electricity efficiency of up to
42% [5].

However, concentrated PV is still expensive and therefore
essentially restricted

to small-scale and decentralized power generation. In 2011, the
worldwide

installed power is 40 GWelwith a predicted annual growth rate of
71% in the

next years [6].

1.3

Geothermal energy

Geothermal energy is a sustainable heat source, independent of
climate,

seasons and day/night cycles, which can be used for power and
heat generation.

The worldwide mean temperature gradient in the earths crust is
33C / 1km-

depth with a strong geographic and geologic dependency. The
temperature

ranges are classified by the following three categories:

(1) High-temperature heat (> 100C)(2) Mid-temperature heat
(40100C)(3) Low-temperature heat (~15C)

High-temperature heat is mainly used for combined power
(Rankine-cycle) and

heat generation. Due to the high investment cost of a
Rankine-cycle power

plant and the cost-intensive deep (>4km) borehole drilling,
high-temperaturerecovery and conversion is only profitable in large
scale plants with an installed

power of >1 MWel. Mid- and low-temperature heat is commonly
used only for

heat production. The mid-temperature heat delivers direct heat,
e.g. for district

heating, whereas the low-temperature heat is used for driving
heat pumps. The

use of mid- and low-temperature heat is used in all plant sizes,
i.e. from

decentralized small-scale to large scale plants [7, 8]. In 2010,
the globally

installed thermal power (mid- and low-temperature heat) was 50.6
GWthwith

an annual growth rate of 12.3%, and the electric power
(high-temperature heat)was 10.7 GWelwith an annual growth rate of
3.7% [9].
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1.4

Decentralized thermoelectric power generation

The figures for the installed electric power of solar and
geothermal energy

have shown the increasing importance of these energy sources.
Additionally, it

is expected that decentralized power generation from renewable
energy sources

will be of increasing importance [10, 11]. Apart from
well-established systems

like PV etc., thermoelectric converters (TEC) offer a new and
attractive

alternative for decentralized power generation. A TEC is a
solid-state heat

engine, in which the electron gas serves as the working fluid
and converts a

flow of heat into electricity. It has no moving components and
is silent, totally

scalable, extremely reliable and able to convert any heat at any
temperature

level [12, 13].

1.4.1 Solar thermoelectric conversion

Different systems to convert solar radiation by TEC modules have
been

investigated and tested. A TEC module using a flat-panel
spectrally selective

absorber, which is also a thermal concentrator, has been
proposed achieving a

peak efficiency of 4.6% [14]. A parabolic trough concentrator
combined withTEC modules and placed in the receiver tube has been
investigated. The

thermal efficiency of the concentrator/receiver system was found
to be 900 K), the thermoelectric conversion of highly
concentrated

solar radiation has been considered [18]. The theoretical
solar-to-electricity

efficiency of Si-Ge alloys operated at a temperature of 1000 K
is 12%, showing

the advantage of achieving higher efficiencies by using high
temperatures [19].

The direct conversion of highly concentrated solar radiation has
been

experimentally demonstrated by directly irradiated TEC modules
operating at

900 K on the hot side and achieving solar-to-electricity
efficiencies
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1.4.2 Geothermal thermoelectric conversion

As of recent, the thermoelectric conversion of geothermal energy
has been

considered [22]. Stacks composed of TEC module arrays and
sandwiched

between parallel-, counter- and cross-flow water heat exchangers
have been

analyzed. The counter-flow configuration has shown linear
temperature profiles

in the channels and a constant temperature difference across the
TEC modules

[23-26]. The effect of the channel dimensions and the geometry
of the TEC

modules on the heat-to-electricity efficiency and the volume has
been analyzed

in a stack with counter-flow heat exchangers, showing that the
stack can either

be optimized for maximum efficiency or minimum volume [27,
28].

1.5

Thesis outline

In this work, the decentralized conversion of solar and
geothermal energy

is investigated by thermoelectric converters. The goal is to
develop, analyze

and optimize a TEC system that can be operated in a 50 kW
thsolar dish, which

delivers highly concentrated solar radiation for high
temperatures (>900 K),

and a TEC stack converting geothermal energy and delivering 1 kW
elpower forsmall remote buildings. The thesis was carried out in
the framework of a joint

project of ETH Zrich and EMPA Dbendorf.

Chapter 2 gives an introduction to the basics of
thermoelectricity and

outlines the state-of-the art applications in the field of
thermoelectricity.

Chapter 3 presents the investigations on high-temperature stable
TEC modules

directly irradiated by concentrated solar radiation. Several
modules have been

tested at ETHs High-Flux Solar Simulator (HFSS). A combined
radiation-

convection-conduction heat transfer model was formulated and
experimentallyvalidated. It was applied to make a heat transfer
analysis of single modules.

Chapter 4 describes the design and testing of a 1 kWth solar
cavity-receiver

prototype. Experimentation was carried out again at ETHs HFSS. A
heat

transfer model coupling conduction, convection and radiation is
implemented

and experimentally validated. It is then used to analyze the
heat transfer in the 1

kWth cavity-receiver. In chapter 5, a 50 kWth cavity-receiver
packed with

efficient cascaded modules is considered. The model for the 1
kWth cavity-

receiver is extended and applied to simulate the 50 kWth
cavity-receiver, to

optimize its geometry and to analyze the effect of the maximum
module
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efficiency and the operated maximum cavity temperature on the
solar-to-

electricity efficiency. In chapter 6, the conversion of
geothermal energy by a 1

kWel thermoelectric stack is considered. A heat transfer model
coupling

conduction in the modules with convection to and from the
modules plates isformulated and compared to CFD simulations. The
model is then applied to

optimize the stack either for maximum heat-to-electricity
efficiency or

minimum stack volume for a hot water inlet and outlet
temperature range of

313 413 K and 303 393 K, respectively. Chapter 7 gives a summary
and

comparison with other technologies. In chapter 8, finally, an
outlook to further

investigations is presented.
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Thermoelectric basics

2.1

History

In 1821, the first of three thermoelectric effects was
discovered by T.

Seebeck. He showed that an electromotive force can be produced
by heating the

junction between two electric conductors made of different
metals. In 1834, J.

Peltier, a French watchmaker, observed the second thermoelectric
effect. Hefound that the passage of an electric current through a
thermocouple produces a

small heating or cooling effect depending on its direction. It
seems that it was

not immediately realized that the Seebeck and Peltier phenomena
are closely

related with each other. However, in 1855, this relationship was
recognized by

W. Thomson (who later became Lord Kelvin). By applying the
theory of

thermodynamics to the problem, he was able to establish a
relationship between

the coefficients describing the Seebeck and Peltier effects. His
theory alsoshowed that there must be a third thermoelectric effect,
which exists in a

homogeneous conductor. This effect, known as the Thomson effect,
consists of

reversible heating or cooling when there is both a flow of
electric current and a

temperature gradient [29, 30].

However, the relatively low heat-to-electricity efficiency
(typically around

5%) of thermoelectric converters has restricted their use in the
past to

specialized applications only. In the 1950s and 1960s the main
application

area was space exploration by the USA and the former USSR
whereautonomous long-life power generators were required. At the
time the only

existing technology were thermoelectric generators powered by
radioisotope

heat sources [31-33]. In recent years, an increasing public
awareness of

environmental issues, in particular global warming, has resulted
in broad based

research for alternative commercial methods of generating
electric power. With

advances in the material research, thermoelectric generators
have emerged as a

promising new alternative. Today, thermoelectric power
generation has

attracted increasing attention as a green and flexible source of
electricity able to

meet a wide range of power requirements [34, 35].
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2.2

Seebeck effect

An n-type semiconductor bar is connected between a hot and a
cold

temperature reservoir Th and Tc, respectively, yielding the
temperature

difference T, as shown in Figure 2-1. The temperature gradient
in the

semiconductor bar induces a gradient of the electron
concentration, and a

voltage difference Uacross the bar is established. This
phenomenon is called

Seebeck effect [36]. The voltage difference can be expressed in
terms of the

temperature T and the temperature-dependent and
material-specific Seebeck

coefficient Sby:

h

c

T

TU S T dT

(2.1)

Figure 2-1: n-type semiconductor bar between temperature

difference Tshowing voltage difference U.

2.3

Schematic of a thermoelectric converter module

A thermoelectric converter (TEC) module comprises p-type and
n-type

semiconductor legs sandwiched between a hot and a cold plate at
hot (Th) and

cold (Tc) temperature reservoirs, respectively, and connected
thermally in

parallel and electrically in series, as shown in Figure 2-2 for
a singlep/n-type

leg pair. Then the Seebeck effect induces a voltage difference
Ubetween the

cold terminals. When an external load is connected, an electric
current (denoted

byJ) flows and power can be extracted.
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Figure 2-2:Schematic of a 2-leg (onep/n-type leg pair)
thermoelectric converter

operated at temperature difference Tand powering an external
load.

The performance of the thermoelectric material is characterized
by its

figure-of-merit defined as:2S T

ZT

(2.2)

where S is the Seebeck coefficient, the electric resistivity,
the thermal

conductivity and T the mid temperature between the hot and cold
temperature,given by

h c0.5T T T . Then the maximum heat-to-electricity efficiency
of

a TEC module can be expressed in terms of the hot temperature
Th, the cold

temperature Tc, and the figure-of-merit ZT by:

h cmod

c

h

1 1

1h

T T ZT

TT ZTT

(2.3)

The first factor of Equation (2.3) represents the Carnot
efficiency, whichdepends only on the temperature difference of the
two temperature reservoirs Th

and Tc, and the second factor embodies the figure-of-merit ZT .
The higher

ZT , the higher is the maximum module efficiency, approaching
the Carnot

efficiency for ZT [29, 30, 36, 37].

As an example, a Bi-Te-based module havingZT= 1 and operating at
200

K temperature difference reaches the maximum module efficiency
of 5% [38].
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2.4

Peltier and Thomson effect

A TEC module as shown in Figure 2-2 can be operated in the
opposite

mode as cooler or heater. In absence of a temperature difference
across the

module an external current source is connected, which drives an
electric current

(denoted by J) through the module. Then the current flow induces
a heat

transport in the thermoelement legs, which will cause a
temperature difference

Tbetween the hot (Th) and cold (Tc) temperature on the upper and
lower side,

respectively. This effect is called Peltier effect. The heat
transport in a

thermoelement leg is the product of the Seebeck coefficient S,
the

thermoelement leg temperature Tand the electric currentJ:

PeltierQ S T J (2.4)If the direction of the current flow is
reversed the direction of the heat transport

also changes and the hot (Th) and cold (Tc) temperature are
interchanged.

The third effect is the Thomson effect, which is a volumetric
effect similar

to Joule heating. It is given in terms of T, SandJby:

Peltier

dSq T J T

dT

(2.5)

It is reversible, and depending on the sign of equation (2.5) it
becomes positive

or negative, which means that the Thomson effect is either a
heat source or a

heat sink.

The three thermoelectric effects (Seebeck, Peltier and Thomson
effect) are

permanently present and superimpose each other.

2.5

Prospective of material research

The primary goal of the material research is to increase the
figure-of-merit

ZT . Figure 2-3(a) shows the electric conductivity , the Seebeck
coefficient S

and the electric power factor 2S as a function of the carrier
concentration

ranging from insulators to metals. The electric conductivity
increases with the

carrier concentration, while the Seebeck coefficient decreases.
The electric

power factor has a peak at a carrier concentration of around
1019/cm3, which

lies in the semiconductor range. In general, the total thermal
conductivityhas

a contribution of atomic lattice thermal conduction L and
electron thermalconductione. The electron thermal conduction
contributes 1/3 and the lattice
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thermal conduction 2/3 of the total thermal conduction for
semiconductors with

a carrier concentration of 1019/cm3, as shown in Figure 2-3(b).
One goal is to

minimize the thermal conductivity. As the electric conductivity
and the electron

thermal conductivity are correlated, only the lattice thermal
conductivity can bedecreased without badly affecting the electric
conductivity. One approach uses

so-called phonon-glass-electronic-crystals, in which crystal
structures contain

weakly bound atoms or molecules that rattle within an atomic
cage and

conduct heat like a glass but conduct electricity like a
crystal. Candidate

materials receiving considerable attention are the filled
skutterudites and the

clathrates [30, 39].

Figure 2-3:Schematic dependence of (a) the electric conductivity
, Seebeck

coefficient S, power factor S2; and (b) the thermal conductivity
on the carrier

concentration. Extracted from Ref. [30] and modified by
author.

2.6

State-of-the-art application

Today, the standard TEC modules are based on Bi-Te
semiconductors, e.g.p/n-type (Bi0.2Sb0.8)2Te3/
Bi2(Te0.96Se0.04)3thermoelement legs. These modules

(a)

(b)
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can be operated with a maximum temperature difference of 200C,
i.e. with

225C and 25C on the hot and cold side, respectively. The
figure-of-merit is 1

and the maximum module conversion efficiency around 5% [40].

A fairly well-established application is the conversion of waste
heat. Vastquantities of waste heat are released to the environment
at temperatures which

are too low in order to recover the heat using conventional
electric power

generators [12]. Waste heat powered thermoelectric Bi-Te
generators find

application in various areas. Examples are: heat recovery from
the exhaust

gases in automobiles (~700 Wel) and large scale power plants (~1
MWel) [41,

42].


	
8/10/2019 THERMOELECTRIC CONVERSION OF CONCENTRATED SOLAR
RADIATION AND GEOTHERMAL ENERGYGEOTHERMAL

31/132

3

Directly irradiated modules1

In this chapter, the direct conversion of concentrated solar
radiation with

high-temperature modules is experimentally investigated with
respect to the

influence of the thermoelement leg length on the
solar-to-electricity efficiency.

Further, a heat transfer model based on finite volumes (FV)
coupling radiation,

conduction and convection is developed and experimentally
validated in terms

of voltage/power output measurements. The model is then applied
to analyze

the heat transfer through the TEC modules and further geometric
effects on the

solar-to-electricity efficiency.

3.1

4-leg perovskite-type oxide modules

Figure 3-1 depicts a schematic of a 4-leg high-temperature
module

fabricated at EMPA and used in the experimental runs. The
dimensions of the

hot and cold plates are Wx Wx t= 30 30 0.25 mm3. The plates are
made of

Al2O3. The hot plate serves as absorber of the solar irradiation
and is

additionally coated with graphite to augment its absorptivity
(total absorptance

graphite = 0.95) [44]. Maximum operating temperature is 900 K,
at which

graphite becomes unstable and starts to burn [45]. Six
demonstrator modules

were manufactured with leg lengths l= 4, 5, and 10 mm (2 modules
for each

leg length) [20]. Each leg has a quadratic cross section of
width w= 4.3 mmand a distance d= 10.7 mm from the neighboring legs.
The thermoelement legs

are made of perovskite-type oxides; the p- and n-type legs are
La1.98Sr0.02CuO4

and CaMn0.98Nb0.02O3, respectively [46, 47].

1Material from this chapter has been published in [43]: C.
Suter, P. Tome, A. Weidenkaff,and A. Steinfeld, "Heat transfer
analysis and geometrical optimization of thermoelectric
convertersdriven by concentrated solar radiation," Materials, vol.
3, pp. 2735-2752, 2010.
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Figure 3-1:Top and front view of 4-leg module. Indicated are the
plate width W, the leg

width w, the distance from the neighbouring legs d, the leg
length land the plate

thickness t.

3.1.1 p-type La1.98Sr0.02CuO4and n-type CaMn0.98Nb0.02O3

Perovskite-type materials exhibit chemical and mechanical
stability at

high temperatures (> 1000 K) but at the expense of having a
figure-of-meritZT

~ 0.07, as compared to Bi-Te withZT= 1.0, but Bi-Te is stable
only up to about

500 K [38, 48, 49]. General advantages of thermoelectric oxide
materials are

the high-temperature stability in air, non-toxicity and the low
material costs

[50-54]. Perovskite-type oxides have a high potential for
improvement as it has

been shown that materials with ZT> 0.3 can be synthesized
[48]. The p-type

La1.98Sr0.02CuO4 and n-type CaMn0.98Nb0.02O3 materials used in
the present

work are not yet optimized for a high ZTbut serve for
demonstrator modules

(proof-of-concept).

The p-type La1.98Sr0.02CuO4 and n-type CaMn0.98Nb0.02O3
materials are

prepared by a chimie-douce synthesis whose main advantage is
high

homogeneity and purity of the synthesized product [55]. The
calcined powdersare characterized by X-ray diffraction (XRD) [46,
47]. The particle size is

reduced to 1 6 m by ball milling. Then the powders are
hydrostatically

pressed to cylindrical pellets with a diameter of 32 mm at a
pressure of 200

kPa. The p- and n-type pellets are sintered for 5 h at 1373 K
and 1523 K,

respectively [20]. Finally, the pellets are machined into the
thermoelement legs.

The electric resistivitylegand the Seebeck coefficient Slegwere
measured

with an RZ2001i Ozawa Science measurement system. The
thermal

conductivity leg was evaluated indirectly by measurements of the
thermal

diffusivity (Netzsch LFA apparatus) and the specific heat
(Netzsch DSC
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apparatus). The electric and thermal transport properties were
measured in the

temperature range of 300 K < T < 900 K. A detailed
description of the

thermoelectric measurements is reported in Ref [56]. The
thermoelectric

properties leg,leg, and Slegare shown in Appendix A.1, Figures
A-1, A-2 andA-3, respectively.

3.1.2 Module assembly

The module plates are made of Al2O3(Rubalit 708 S, CeramTec
GmbH,

Plochingen, Germany). The assembly schematic is shown in Figure
3-2. In a

first step, a dual-layer screenprinting through a stainless
steel stencil is applied

in order to metallize the electric contacts of the thermoelement
legs and the

Al2O3plates [57]. The first layer is printed with AuPtPd
conductor paste (4597

AuPtPd, DuPont, Wilmington, USA), dried at 423 K for 15 min to
evaporate

the solvents, and followed by annealing at 1223 K for 15 min to
induce the

diffusion. The second layer is printed with AgPd conductor paste
(DuPont,

Wilmington, USA), and again dried at 423 K for 15 min and
annealed at 1223

K for 15 min. In a second step, Ag sheets serving as electric
contacts are placed

between the thermoelement legs and the Al2O3 plates using a mask
forpositioning depicted in Figure 3-2. Finally, the assembled
modules were heated

at 1223 K for 1 h in order to solder the electric contact
layers, which also serve

as mechanical linkage between the thermoelement legs and the
Al2O3 plates,

and in order to ensure and test the mechanical stability of the
module [58].

3.2

Experimental setup

Experimentation was carried out at the ETHs High Flux Solar
Simulator

(HFSS): a high-pressure Argon arc enclosed in a 27 mm-diameter,
200 mm-

length water-cooled quartz envelope and close-coupled to an
elliptical reflector

that delivers an external source of intense thermal radiation to
simulate the heat

transfer characteristics of highly concentrating solar systems
[59]. The solar

flux concentration is characterized by the mean concentration
ratio C , which is

defined as solar/C Q I A

so ar , where Qsolar is the solar power intercepted by a
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target of area A. The ratio C is often expressed in units of
suns when

normalized toI= 1 kW/m2.

Figure 3-2:Assembly schematic of a 4-leg module, extracted from
Ref. [58]. Indicated

are thep/n-type thermoelement legs, the Al2O3plates, the
dual-layer metallization

(AuPtPd and AgPd), the electrical contacts, the electrodes and
the positioning mask.

The experimental set-up is schematically shown in Figure 3-3.
Incident

radiative fluxes were measured by a thermogage (denoted by F,
Thermogage

Circular Foil Flux Transducer TG1000-1, accuracy 3% [60])
placedsymmetrically to the TEC module at the focal plane. The 4-leg
module was

exposed to a maximum mean solar concentration ratio of 300 suns.
K-type

thermocouples (denoted by T, tip = 0.5 mm, spatial accuracy =
0.25 mm)

were used to measure temperatures of the plates and of the hot
end, middle, and

cold end of the thermoelement legs. Terminals (denoted by U)
were provided at

the cold ends for measuring the output voltage Uof the module.
The cold plate

was attached to a water-circuit cooler at room temperature by a
screw fixation.
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Figure 3-3:Schematic of the experimental setup at ETHs HFSS. (a)
The 4-leg module

is placed at the HFSSs focal plane; incident solar radiative
fluxes measured by a

thermogage (F). (b) Position of K-type thermocouples (T) used to
measure temperatures

of the plates and of the hot end, middle, and cold end of the
legs; terminals (U) provided

at the cold ends for measuring the output voltage of the module.
The cold plate was

attached to a water-circuit cooler (denoted by screw
fixation).

3.3

Experimental results

The hot (Th) and cold (Tc) plate temperature and incident solar
radiative

flux solarq as a function of time t are shown in Figure 3-4 for
a representative

experimental run using a module with leg length l= 4 mm. The
solar radiative

flux was increased stepwise and held at constant level for
intervals of 3 to 5

minutes. Due to the low thermal inertia and fast temperature
response, steady-

state conditions are assumed for each time interval. Maximum hot
temperaturewas Th= 900 K, at which graphite starts to burn [45].
Tcincreased with solarq

(b)

(a)
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due to the incorporation of the screw fixation (see Figure
3-3(b)) causing

insufficient cooling rates between the cold plate and the
cooler.

For the same module (l= 4 mm), Figure 3-5 shows the measured
power

output P as a function of the voltage output U for external
loads withresistances in the range Rload = 0.1 3.5 and for incident
solar radiative

fluxes in the range solarq = 1.810 W cm-2. A parabola that
corresponds to the

behavior of an ideal voltage source with an internal resistance
is fitted through

each data point set. The maximum power output is the maximum of
the

parabola, which is achieved when the external load resistance
equals the

internal resistance (matched load) [61]. In this case it is
Pmax= 0.006, 0.015,

0.023, 0.031, 0.038 and 0.046 W for solarq = 1.8, 2.9, 4.1, 5.4,
8.2 and

10 W cm-2, respectively.

The measured temperature distribution for two tested modules
with leg

length l= 10 mm is shown in Figure 3-6 for solarq = 6 W cm-2.
The x-axis error

bars indicate the spatial accuracy (0.25 mm) of the thermocouple
placing. As

expected, the quasi linear profile (fitted straight lines)
indicates a predominant

heat transfer by conduction across the legs. The abnormal
behavior of 83 K

temperature difference between the p-type leg of module 1 and
the one of

module 2 at the cold side is presumably due to the incorporation
of the screwfixation (see Figure 3-3(b)) causing different heat
transfer rates.

Figure 3-4:Temperature of hot and cold plates and solar
radiative flux as a function of

time during a representative experimental run for a 4-leg module
with leg length l= 4

mm.
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Figure 3-5:Fitted and measured power output as a function of the
voltage output for

incident solar radiative fluxes in the range solarq = 1.810 W
cm-2, and for external

loads with resistance in the rangeRload = 0.13.5 for a 4-leg
module with leg length

l= 4 mm. The coefficient of determination for each fitted
parabola isR2> 0.997.

Figure 3-6: Temperature distribution along thep- and n-type legs
for two modules with

leg length l= 10 mm. The x-axis error bars indicate spatial
accuracy (0.25 mm) of

thermocouple placing. The coefficient of determination for each
fitted straight line is

R2> 0.993.
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The solar-to-electricity efficiency of a TEC module is defined
as the ratio

of the maximum power output of the module (Pmax) to the incident
solar power

(Qsolar):

maxsolar

solar

PQ

(3.1)

where Qsolar is obtained from the measured solar radiative flux
solarq and the

absorber plate surfaceAplate:

solar plate solar Q A q (3.2)

For modules with leg lengths l = 4, 5, and 10 mm the maximal
power

outputs arePmax= 45.6, 51.6 and 42.2 mW for solarq = 9.9, 9.7,
and 5.7 W cm-1,

respectively. The solar-to-electricity efficiency solaras a
function of the solarradiative flux solarq is shown in Figure 3-7
for the leg lengths l= 4, 5, and 10

mm. The x-axis error bars are due to the uncertainty of solarq ;
the y-axis error

bars are due to the averaging over 2 4-leg modules (2 modules
for each leg

length). The curves are plotted up to the maximum solarq = 9.9,
9.7 and 5.7

W cm-1, respectively, for which the maximum hot plate
temperature Th= 900 K

is reached. Higher solar fluxes resulted in the burning of the
graphite coating.

The solar-to-electricity efficiency increases with solarq as a
result of the higher

temperature difference across the legs, which in turn
corresponds to a higher

Carnot limitation [62]. In contrast, solardecreases with Thas
re-radiation losses

are proportional to 4hT . Thus, for each l there is an optimum
solarq , which

maximizes solar. For l = 4, 5 and 10 mm the optimum flux is
solarq = 4, 8 and 4

W cm-2and the corresponding efficiency issolar,max= 0.065, 0.06
and 0.083%,

respectively. The modules with l= 10 mm have a higher efficiency
than the

modules with l= 4 or 5 mm. This results from the contact
resistance whose

contribution to the total resistance of the module becomes less
for longer leg

lengths [63].
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Figure 3-7:Experimentally measured solar-to-electricity
efficiencyas a function of

solar radiative flux for the leg lengths l= 4, 5, and 10 mm.
Error bars indicating

uncertainty ofsolarq and of solar.

3.4

Heat transfer model

A 2D steady-state heat transfer model is formulated. A cross
section of themodel domain, divided into mx ncells, is depicted in
Figure 3-8. It contains

the three major components: the absorber plate, one p- and one
n-type

thermoelement leg, and the space in between. The domain is
assumed to be

infinitely long in y-direction; therefore, periodic boundaries
conditions are

imposed at the sides, denoted by the dashed-dotted lines (PB).
The heat transfer

modes considered are: (1) conduction in the complete domain, and
(2) radiative

heat transfer among all surfaces with two approaches assuming:
(a) a semi-

transparent absorber plate; (b) an opaque absorber plate. It is
further assumed:

(i) the p/n-type thermoelement legs are opaque, gray and
diffusely scattering;

(ii) the gas phase is radiatively non-participating, and its
refractive index is

equal to unity; (iiia) for approach (a), the absorber plate is
radiatively

participating with isotropic scattering and with temperature and
wavelength

independent extinction coefficient absand albedo abs; (iiib) for
approach (b),

the absorber plate is opaque, gray and exhibits diffuse
scattering; (iv)

convection is only considered from the surface on top of the hot
plate; (v) onlyopen-circuit voltage (J= 0) is considered.
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Figure 3-8: Schematic of the model domain (divided into mx
ncells). Indicated are the

incoming solar radiation (Qsolar), the re-radiation and
convective heat losses

(Qreradiation+concection), the outgoing radiation and conduction
(Qconduction+radiation,out), the coldplate temperature (Tc) and the
open-circuit condition (J= 0).

3.4.1 Heat conduction

The general steady-state energy conservation equation in
differential form

applied to the absorber plate for approach (a) is given by:

plate radiation 0T q (3.3)where plate is the thermal
conductivity of the absorber plate and radiationq the

radiative volumetric heat source. For approach (b), Equation
(3.3) is used with

radiationq = 0.

The general steady-state energy conservation equation in
differential form

for the thermoelement legs (p/n-type domain) including Fouriers
heat

conduction, Joule heating and the Thomson effect is given
by:
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leg2leg leg leg leg legleg

0dS

T T TdT

j j

(3.4)

where leg is the thermal conductivity, Tleg the temperature in
the leg, leg the

electrical resistivity, and Sleg the Seebeck coefficient. The
current density j satisfies conservation of electrical charge:

0 j (3.5)

and is given in terms of the voltage Ulegand the leg temperature
Tlegby [62]:

leg

leg leg leg

leg leg

1 U S T

e

j

(3.6)

Note that the ratio of the chemical potential leg and the charge
ofelectrons/holes eleg is assumed constant. Thus, the gradient of
this ratio

vanishes. Considering open-circuit (j= 0), Equation (3.4)
simplifies to:

leg leg 0T (3.7)

and Equation (3.6) to:

leg leg leg0 U S T (3.8)

As only a 2D geometry is considered the thermal conductivity in
the

direction along the plate is adjusted as *plate in order to
compensate the reduced

heat conduction in 2D.

Thermoelectric properties of the thermoelement legs are
interpolated from

measured properties, see appendix A.1. The thermal conductivity
of the Al2O3

has been approximated by a polynomial, see Appendix B.5, Table
B-5.

3.4.2 Radiative heat transfer

For approach (a), the radiative heat transfer within the
absorber plate is

determined by the collision-based Monte Carlo (MC) method [64].
The

radiative source term radiation,iq in volume cell iis
approximated by:

rays,abs, ray 4radiation, plate plate plate,2 1i

i i

i

N qq T

V

(3.9)
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where qrayis the power carried by a single ray, Tplate,ithe
discrete temperature of

cell i, Nray,abs,i the number of rays absorbed, Vi the control
volume of cell i,

platethe extinction coefficient of the absorber plate, and
plateits albedo.

The net radiative flux radiation,iq

for inner radiating surfaces of surface cell iis calculated
as:

ray,abs ray 4

radiation, surface surface,i i

i

N qq T

A

(3.10)

where qrayis the power carried by a single ray, Tsurface,ithe
temperature of the

surface cell i, Nray,abs the number of rays absorbed, Ai the
control surface of

cell i, and surfacethe emissivity.

For approach (b), the net radiative flux radiation,iq from inner
radiatingsurface elements is computed by means of the radiosity
method (enclosure

theory) [65], assuming the p/n-type surfaces with emissivities
p-typeand n-type,

respectively, and the inner surface of the cold and absorber
plate with

emissivity Al2O3. The corresponding system of equations is
[64]:

P/N space P/N space2( + ) 2( + )

4

- radiation, - surface,

1 1

P/N space

1

for 1...2( )

m n m n

kj j

k j j kj k j j

j jj j

F q F T

k m n

(3.11)

where kjis the Kronecker function, mP/Nthe number ofp/n-type
elements in x-

direction and nspacethe number of elements in y-direction. The
view factorsFk-j

are calculated by applying reciprocity relations (AjFj-k
=AkFk-j), enclosure

criterion (1

1N

k j

j

F

), and tabulated view factors [66].

Re-radiation from the surface of top of the absorber plate is
calculated by

MC for approach (a). For approach (b) it is given for a surface
cell iby:4

reradiation, graphite surface,i iq T (3.12)

where graphiteis the emissivity of the graphite-coated absorber
plate.

The outgoing heat flux on the cold side contains radiation
losses radiation,outQ

through the space to the cold plate as well as conduction
conductionQ through the

thermoelement legs to the cold plate. radiation,outQ is either
calculated by MC for

approach (a), or by the radiosity method for approach (b).
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3.4.3 Natural heat convection

Free convection from the top of the absorber plate to the
environment is

calculated using a Nusselt correlation for a horizontal flat
plate [67]:

1/4 4 7

W air W W

3

surface

W W

Nu / 0.54 Ra 10 10

Ra Gr Pr

h W Ra

g T T W

(3.13)

where NuW, RaW, GrW, and Pr are the Nusselt, Rayleigh, Grashof,
and Prandtl

numbers, hthe convective heat transfer coefficient, airthe
thermal conductivity

of air, g= 9.81 m s-2 the gravitational acceleration, the
volumetric thermal

expansion coefficient approximated by 1/Tsurface, the kinematic
viscosity of

air, its thermal diffusity, Tsurfacethe mean surface temperature
of the absorber

plate, Tthe surroundings temperature and Wthe width of the
absorber plate.

Then the free convective heat flux is given by:

convection surfaceq h T T (3.14)

Physical properties of air were estimated for 400 K [68].

3.4.4 Maximum power output and solar-to-electricity
efficiency

As only open-circuit voltage (J = 0) is considered the maximum
power

output of the 4-leg module Pmax is calculated based on the
matched load

assumption in terms of the open-circuit voltage UOC, the
resistance of the

thermoelement legs Rlegs, and the contact resistance between
thermoelement

legs and conduction stripsRcontactgiven by:2

OC

maxlegs contact

1

4

U

P R R (3.15)

The leg resistance for one leg is calculated according to:

leg

leg

leg leg,21

m

i

i

xR

w

(3.16)

where leg,i is the legs temperature dependent electric
resistivity, x the cell

length in the leg in x-direction, w the leg width and mleg the
number of leg

elements in x-direction. The mean contact resistance is set to
Rcontact= 0.53

0.13 , which has been determined for the six demonstrator
modules [20].
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Then the solar-to-electricity efficiency solar is determined
according to

Equations (3.1) and (3.2).

3.4.5 Boundary conditions and model parameters

The incident solar radiative flux from the ETHs HFSS is assumed
to be

distributed uniformly and diffuse, and it was varied in the
range solarq = 1.46

20 W cm-2. The cold plate temperature is set to Tc = 300 K. The
geometric

parameter ranges were varied as follows: (1) leg length l= 415
mm, (2) leg

width w= 3 6 mm, and (3) distance between neighboring legs d= 1
10.7

mm. As the total absorber surface per leg must be the same for
3D (module)and 2D (model) geometries, the distance d between the
legs for 3D is

transformed to d* for 2D. For approach (a), the extinction
coefficient was

varied in the range abs= 102105and the albedo abs= 00.5. The
general

model parameters used for the simulations are listed in Table
3-1.

3.4.6 Numerical solution

The FV technique is applied to discretize the coupled governing
Equations

(3.3) to (3.16) and to solve the partial differential equation
(PDE) system

iteratively using the successive over-relaxation (SOR) method
implemented in

FORTRAN [69, 70]. The algorithm is repeated until the
convergence criterion1

h, , h, , 6

h, ,

10i j i j

i j

T T

T

(3.17)

for all hot plate temperatures Th,i,jafter iterations as well as
the overall energybalance

solar reradiation convection conduction radiation,out 3

solar

10Q Q Q Q Q

Q

(3.18)

are satisfied. A convergence study indicated an optimal
trade-off between

accuracy and computational time for a grid containing 425
elements.
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Parameter Value Unit Source

solarq 1.4620 W cm-2 measured / model parameter

l 4 - 15 mm measured / model parameterw 3 - 6 mm measured /
model parameterd 110.7 mm measured / model parameterd* 2.16748.026
mm model parameterW 830 mm measured / model parameter

graphite 0.95 - [44]graphite 0.95 - [44]Al2O3 0.3 - [44]

p-type 0.7 - assumed

n-type 0.7 - assumed

abs

1e21e5 m-1 model parameter

abs 0.0 - 0.5 - model parameter

plate 8.62634.451 W m-1K-1 Appendix B.5, Table B-5

*

plate 250 W m-1K-1 assumed

kp-type 12.5 W m-1K-1 Appendix A.1, Figure A-1

kn-type 1.753 W m-1K-1 Appendix A.1, Figure A-1

p-type 0.025 - 0.05 cm Appendix A.1, Figure A-2

n-type 0.020.036 cm Appendix A.1, Figure A-2

Sp-type 120260 V K-1

Appendix A.1, Figure A-3Sn-type 170-230 V K-1 Appendix A.1,
Figure A-3

T 300 K assumed

Tc 300 K assumed

Rcontact 0.40-0.66 [20] / assumed

kair 0.032954 W m-1K-1 [68]

air 2.5810-5 m2s-1 [68]

air 3.6610-5 m2s-1 [68]

Table 3-1:General model parameters for simulations of directly
irradiated modules.

3.5

Comparison between semi-transparent and opaque absorber

plate

The difference between the open-circuit voltage UOCas a function
of the

solar radiative flux solarq calculated by the two model
approaches (a) and (b) is

shown in Figure 3-9 for leg length l= 10 mm. Different radiation
properties

(plate, plate) of the absorber plate have been tested. For plate
and plate0,

no incoming radiation is transmitted through the absorber plate,
and the
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solution obtained by approach (a) converges to that for an
opaque absorber

plate obtained by approach (b). Since the absorber plate used in
the

measurements can be well approximated by an opaque surface a
fact to be

shown in the model validation in the next subchapter only
approach (b) isapplied in the following simulations.

Figure 3-9: Simulated open-circuit voltage as a function of
solar radiative flux for leg

length l= 10 mm for the approach (a) withplate = 102, plate=
0.5;plate= 10

3,

plate= 0.5;plate= 104, plate= 0.1;plate = 10

5, plate= 0.0; and for the opaque

approach (b).

3.6

Model validation

The experimentally measured and simulated open-circuit voltages
UOCas a

function of the solar radiative flux solarq are shown in Figure
3-10 for leg

lengths l = 4, 5, and 10 mm. The x-axis error bars of the
experimentally

measured date points represent the uncertainty of the
determination of the

incident solar radiative flux. A reasonably good agreement is
observed, except

for l= 4 mm and high fluxes ( solarq > 8 W cm-2), where the
model predicts 15%

higher values. This discrepancy can be attributed to the
insufficient cooling of

the cold plate at high fluxes, as evidenced by a rise of its
temperature (see

Figure 3-4), which in turn caused higher absorber plate
temperatures and,
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consequently, higher re-radiation losses. Thus, the temperature
difference

across the legs is shifted towards higher temperatures and
reduced due to the

higher re-radiation.

The simulated solar-to-power efficiencies solar as a function of
the solarradiative flux solarq are shown in Figure 3-11 (together
with the experimentally

determined solarshown in Figure 3-7). The simulations reflect
the uncertainty

of the contact resistance (Rcontact= 0.530.13 ) for the highest
(Rcontact= 0.66

) and lowest contact resistance (Rcontact= 0.4 ). The simulated
values are in

the same range as the measured ones, except for l = 4 mm and
high fluxes

( solarq >8 W cm-2), where the discrepancy results from an
overestimation of UOC

(see Figure 3-10).

Figure 3-10: Simulated and experimental open-circuit voltages as
a function of solar

radiative flux for leg lengths l = 4, 5, 10 mm.

3.7

Heat transfer analysis

The percentage of incident solar radiation Qsolartransferred by
the different

heat transfer modes is shown in Figure 3-12 for two cases where
the maximum

temperature on the surface on top of the absorber plate was 900
K: (1) solar

radiative flux solarq = 6 W cm-2 and leg length l = 10 mm, and
(2) solarq = 10

W cm-2 and l= 5 mm. In both cases, the heat losses by
re-radiation and free

convection from the absorber plate represent more than 70% of
Qsolar. About
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20% of Qsolaris transferred by conduction through the legs,
and
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Figure 3-12: Percentage of incident solar radiation transferred
by the different heattransfer modes: conduction through the
thermoelement legs, re-radiation and convective

losses from the hot plate, and radiation to the cold plate; for
two cases: solarq = 6 cm-2,

l= 10 mm and solarq = 10 cm-2, l= 5 mm.

Figure 3-13:Simulated 2D temperature profile inp-type
thermoelement leg for l = 10

mm at solar radiative flux solarq = 6 cm-2, and temperature
difference of 600 K.

3.8

Geometric analyses

The heat transfer model is used to investigate the
solar-to-electricity as a

function (1) of the leg length, and (2) of the packing of the
legs. For thefollowing simulations the black coating of the
absorber plate (graphite= 0.95) is
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assumed to be stable for all temperatures. The contact
resistance is set to

Rcontact= 0.55 .

3.8.1 Variation of leg length

The dimensions of the 4-leg modules are defined by a leg width
w= 4.5

mm and a plate width W = 30 mm. The leg length was varied in the
range

l= 5 - 15 mm and the solar radiative fluxes in the range 2solar
2 - 10 W cmq .

The values of the model parameters used for these simulations
are shown in

Table 3-2. The remaining model parameters are listed in Table
3-1.

Parameter Value Unit

solarq 210 W cm-2

l 515 mmw 4.5 mmW 30 mmd

10.5 mmd

* 45.5 mmRcontact 0.55

Table 3-2:Model parameters for simulations of directly
irradiated modules:

variation of length.

Figure 3-14 shows the simulated solar-to-electricity efficiency
solar as a

function of the solar radiative flux solarq for leg lengthsl= 5,
7.5, 10, 12.5 and

15 mm. The highest solar = 0.081% is obtained for l = 7.5 mm at
solarq = 4

W cm-2

. Note that l= 7.5 mm is not optimal in the whole solar
radiative fluxrange. For solarq < 3 W cm

-2, l= 10 mm is most efficient, whereas for solarq > 7

W cm-2, l= 5 mm is most efficient. Thus, for increasing solar
radiative fluxes,

the optimal leg length decreases.

3.8.2 Packing of legs

For practical manufacturing purposes, it is assumed that the
minimal legwidth is w= 3 mm and the minimal distance between
neighboring legs d= 1
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mm. The simulated dimensions of the modules are w= 36 mm and d=
1 3

mm for a leg length l= 7.5, yielding plate widths W= 8 18 mm.
The solar

radiative fluxes are varied in the range solarq = 220 W cm-2.
The values of the

model parameters used for these simulations are shown in Table
3-3. Theremaining model parameters are listed in Table 3-1.

Figure 3-14:Simulated solar-to-electricity efficiency as a
function of solar radiativeflux for leg lengthsl= 5, 7.5, 10, 12.5
and 15 mm.

Parameter Value Unit

solarq 220 W cm-2

l 7.5 mmw 36 mmd

13 mm

d*

2.1679 mmW 818 mm

Rcontact 0.55 Table 3-3: Model parameters used in simulation
varying the leg width and the distance

between neighboring legs.

In Figure 3-15, the simulated solar-to-electricity efficiency
solaris plotted

as a function of the solar radiative flux solarq

: (a) for d= 1 mm and w= 3, 4.5and 6 mm, and (b) for w= 3 mm and
d= 1, 2 and 3 mm. The highest solaris
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obtained (a) for w= 3 mm in the whole solar flux range; and (b)
for d= 1 mm

in the range solarq = 8 20 W cm-2. The peak solar = 0.375% at
solarq = 20

W cm-2is obtained for w= 3 mm and d= 1 mm i.e. for the densest
packing of

the thermoelement legs, which is the smallest leg width and
distance betweenneighboring legs.

Figure 3-15: Simulated solar-to-electricity efficiency as a
function of the solar radiative

flux with l= 7.5 mm: (a) for d= 1 mm and w= 3, 4.5 and 6 mm, and
(b) for w= 3 mm

and d= 1, 2 and 3 mm.
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3.9

Summary and conclusion

The conversion of solar high-temperature heat was demonstrated
using a

set of non-optimized 4-leg demonstrator modules with
figure-of-merit ZT ~

0.05 exposed to concentrated solar radiation. A 2D numerical
heat transfer

model coupling conduction, convection and radiation has been
implemented

and validated based on experimental data. Two different
approaches of

modeling the radiation have been applied, namely the Monte Carlo
method

considering a semi-transparent absorber plate and the radiosity
method

considering an opaque absorber plate. The absorber plate used in
the

measurements can be well approximated by an opaque plate. The
heat transfer

analysis for 4-leg modules operated at a maximum hot plate
temperature of 900K and with leg lengths l= 410 mm and absorber
plates of W W t= 30

30
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