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Abstract

A thermoelectric generator is a solid-state device that converts a heat flux into electri-
cal power via the Seebeck effect. When a thermoelectric generator is inserted between
a solar-absorbing surface and a heat sink, a solar thermoelectric generator is created
which converts sunlight into electrical power. This thesis describes the design and
optimization of solar thermoelectric generators, with a focus on systems with high
optical concentration which utilize multiple material systems to maximize efficiency
over a large temperature difference. Both single-stage and cascaded (multi-stage)
generators are considered, over an optical concentration range of 0.1 to 1000X. It
is shown that for high-concentration BisTes/skutterudite solar thermoelectric gen-
erators, conversion efficiencies of 13% are possible with current thermoelectric ma-
terials and selective surfaces. Better selective surfaces are needed to improve the
efficiency of solar thermoelectric generators. In this thesis, ideal selective surfaces
for solar thermoelectric generators are characterized. Non-ideal selective surfaces are
also characterized, with emphasis on how the non-idealities affect the solar thermo-
electric generator performance. Finally, the efficiency limit for solar thermoelectric
generators with non-directional absorbers is presented.

Thesis Supervisor: Gang Chen
Title: Carl Richard Soderberg Professor of Power Engineering
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Chapter 1

Introduction

As a result of rising energy prices, concern for the environment, and a need for off-
grid power systems, scientists and engineers have been working towards advancing our
abilities to harvest the energy of the sun. Solar energy is abundant; the solar power
striking the earth is nearly four orders of magnitude greater than the global power
consumption: the world marketed energy consumption in 2007 was 495 quadrillion
BTU, which is equivalent to a consumption rate of 16.5 terawatts[1], while the power
of sunlight reaching the surface of the earth is approximately 90,000 terawatts. If all
of the energy of the sun striking the surface of the earth could be captured with 100%
efficiency, the annual world energy need could be satisfied in less than two hours.
Although this is encouraging, the scale of solar power converters required to utilize
this abundant yet diffuse resource is enormous. For example, if it was desired to
capture the excellent solar resources of the desert southwest (averaging 6 kilowatt-
hours per square meter per day|[2]) in order to meet the annual US energy consumption
(nearly 100 quadrillion BTU in 2007[3]), it would require the installation of 70,000
square kilometers of 20% efficient solar conversion devices. Assuming the conversion
devices are installed such that they cover 50% of the available land, this solar farm
would need to extend over 140,000 square kilometers - an area half the size of the
state of Arizona.

Clearly there is a potentially huge demand for solar energy harvesting devices.

The two major methods of harvesting solar energy for electricity are photovoltaics
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and solar thermal heat engines. Photovoltaic technology dominates the solar electric-
ity market, with 21 GW installed compared to only 0.6 GW for concentrating solar
thermal power.[4] Solar photovoltaic growth has also rapidly outpaced the growth of
concentrating solar thermal power: the amount of grid-connected solar photovoltaics
has increased by a factor of 100 in the past ten years - a rate of increase of approx-
imately 60% per year - while the quantity of installed concentrating solar thermal
power has only increased 70% from 2005 to 2009.[4]

Despite the industry dominance of photovoltaics, solar thermal power has a large
potential for growth. Especially attractive is its ability to store thermal energy and
generate power when clouds pass or during the evenings. The first focus of this thesis
is a technical challenge facing concentrating solar thermal energy: creating efficient
selective surfaces. The second focus of this thesis is analyzing and designing efficient,

scalable solar thermoelectric generators (STEGs).

1.1 Selective Surfaces

Solar thermal electricity plants, domestic hot water and process heat systems, solar
heating and absorption chilling systems, and solar thermoelectric and thermionic
generators all begin utilizing solar power by converting the sun’s rays into heat. For
these processes to be efficient, they must absorb as much of the sun’s rays as possible
while limiting the radiative heat loss from the absorbing surface. To do this, the
solar absorbtance and infrared emittance of the absorbing surface must be optimized.
Here the terms absorbtance and emittance are used to describe the properties of a
surface, including the effects of surface structure, composition, and contamination;
the National Institute of Standards and Technology recommends reserving the terms
absorptivity and emissivity to describe intrinsic properties of a pure, perfectly smooth
material[5]. To calculate the emittance of a surface, we begin with Planck’s blackbody
emission spectrum[6]:

2rhy®n?

Ey(T) :/0 By (T, v) dz/:/o ZrT T (1.1)
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where Fj is the total blackbody emissive power, E, is the spectral blackbody emissive
power, h = 6.626 x 1073 J s is Planck’s constant, v is the radiation frequency, n is the
index of refraction of the medium bounding the blackbody, ¢y = 2.998 x 108 ms~! is
the speed of light in a vacuum, and k, = 1.3807 x 1072 J K~! is Boltzmann’s constant.
The frequency can be related to the wavelength with the following equation:

Co

v= (1.2)

For the calculations in this thesis, it is assumed that the medium bounding the surface
is a vacuum, which has an index of refraction of 1. Since the index of refraction is

constant, equation (1.1) can be rewritten in terms of the wavelength, A:

21hc?

En(T,\) = RN\ [eheo/maT 1]

(1.3)

Equation (1.3) describes the spectral emissive power of a blackbody, where E, is the
energy flux in a given direction per unit time per unit surface area per unit frequency.
The emissive power of a blackbody has a directional dependence also (direction is
defined using polar coordinates, with 6 as the polar angle and ¢ as the azimuthal
angle). The spectral directional emissive power of a blackbody, Ej, (T, \,0,¢), is
defined as the energy flux in a given direction per unit time per unit wavelength
per unit steradian per unit surface area (the prime symbol represents a directional
property). At this point it is instructive to introduce the spectral radiative intensity of
a blackbody, Iyx(T, ). The spectral radiative intensity describes the energy flux per
unit time per unit wavelength per unit steradian from a surface of unit area normal
to the beam path. The difference between the spectral directional emissive power
and the spectral directional radiative intensity is the reference area. For a blackbody,
the spectral directional radiative intensity is actually independent of direction. The
spectral directional emissive power is the spectral radiative intensity times the cosine

of the polar angle:

E{»\(T,)\,e) = Ib)\(T, )\) cos f (14)
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Integrating over the hemisphere capping a surface, the relationship between the emis-

sive power and radiative intensity is derived, with the pi carrying units of steradians:

Eb)\(T, )\) = 7TIb)\<T, )\) (15)

Real surfaces do not emit as a blackbody, and their radiative intensity can be
a function of direction. The spectral directional emittance, €\, is the fraction of
the spectral blackbody radiative intensity emitted by a body in a given direction
at a specific wavelength. In this thesis, it is assumed that the spectral directional
properties of a material are independent of temperature. In reality this is not true
due to temperature’s effects on phonon and electron modes, but it allows for the
calculation of an ideal surface without choosing a specific material system. The
subscript e replaces b to denote the emitted radiative intensity of a real surface

instead of a blackbody:

é)\ (Tu )‘) 97 Qb)

ex(A, 0, ¢) = Ton(T, )

(1.6)

The total hemispherical emittance of a surface, €, is the ratio of the total emitted
power to the power a blackbody would emit at the same temperature. Even with the
assumption that the spectral directional emittance is not a function of temperature,
the total hemispherical emittance is still a function of temperature due to the shift

of the blackbody spectrum with temperature:

I T (N 0, ) I (T, \) cos Osin 6 dA df dp

e(T) s
&2 o2 27 [\ (T, X) cos Osin 6 d\ df dg

(1.7)

With this definition of emittance, the total emissive power can be calculated from the
Stefan-Boltzmann Law, where o4, = 5.670 x 1078 Wm ™2 K~ is the Stefan-Boltzmann

constant:

E, = ecogT* (1.8)

In addition to losses from a surface, the amount of energy absorbed by a surface must
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also be calculated. The fraction of the incident (subscript i) spectral directional

radiative intensity absorbed by a surface is the spectral directional absorbtance, a/.

/ o [I{)\(/\ 97 ¢)]absorbed
A0 = (1 0.0, s 9

To calculate the total power absorbed by a surface, the total hemispherical ab-

sorbtance of a surface, o, must be computed, where the absorbtance is the ratio of
the total power absorbed to the total power incident on the surface. Kirchhoff’s Law
states that for any surface the spectral directional absorptance is equivalent to the
spectral directional emittance: o), = €). Therefore the total hemispherical absorp-
tance of a surface, o, under an incident spectral directional radiative intensity I/,,

can be defined as:

IS 7r/2 27T eA(N,0,0)I\ (N, 0,¢) cossin b d\db de
IS ”/2 FT (N, 0, ¢) cos O sin 6 d) df do

a= (1.10)

It is convenient to write the denominator of equation (1.10) as the total hemispherical

incident irradiance H:

H= / /m/zw (A, 8, ) cos Osin 0 dA df deb (1.11)

Comparing equations (1.10) and (1.7), it is clear that the total hemispherical absorp-
tance is equal to the total hemispherical emittance if the incident spectral directional
radiative intensity is equal to the blackbody spectral directional radiative intensity
at the temperature of the surface. For solar selective surfaces, these two spectra
have little overlap: the solar spectrum falls mainly between 300 nm and 2.5 pm, while
the blackbody spectrum at a temperature below 700 K is almost exclusively at wave-
lengths 2 pm and longer, as seen in figure 2-3 (the solar spectrum on earth is discussed
in detail in section 2.2). To create effective solar thermal devices, scientists and en-
gineers have found or developed selective surfaces that show wavelength-dependent
properties such that they have high absorbtance in the solar spectrum and low emit-

tance in the infrared spectrum.
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1.1.1 Concentrating Solar Devices

In this thesis, the performance of selective surfaces with both non-concentrating and
concentrating optics are calculated. Optical concentrating devices are described by
their optical concentration ratio, C,,, which is the ratio of the area of the input beam
to the area of the output beam[7]. The collector flux (the intensity of light incident
on the collector) is the optical concentration ratio times the incident solar flux times

the optical efficiency:

Hsurf = CoptHsolnopt (112>

The main optics architectures for solar thermal devices are non-concentrating flat-
panel devices, low-concentration devices, adjustable concentrators, single-axis track-
ing systems, and dual-axis tracking systems.[8] The typical geometry of a flat-plate
collector is either a flat absorbing surface under insulated panes of glass, or a set
of evacuated glass tubes with an absorbing surface inside. These non-concentrating
solar absorbers (C,,; = 1) can see a solar flux less than 1kW m™2 due to non-ideal
angles of incidence and other atmospheric effects such as clouds; they can also see
a solar flux greater than this value if the air mass is less than 1.5, if the panel is
oriented normal to the sun, or if any of the local atmospheric particle concentrations
are less than those specified in ASTM G 173-03. Low-concentration solar thermal
devices do not require tracking, yet can have a C,, up to 2 by using non-imaging op-
tics with wide acceptance angles, such as light cones, compound parabolic collectors
(CPCs), or strip (Fresnel) concentrators|9]. If the acceptance angle of the optics is
decreased, these devices require seasonal, weekly, or even daily adjustment. With an
acceptance angle of 6°, daily adjustment is required but the optical concentration ra-
tio can reach C,,; = 10.[10] The most common type of single-axis concentrating solar
thermal system is the solar trough[11], which harnesses solar energy for use with tur-
bines to generate electricity. These systems can reach an optical concentration ratio
of Cop = 100.[8] Two other single-axis tracking systems are Fresnel concentrators[12]

and Fresnel reflectors[13]. There are two main architectures for dual-axis tracking
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systems: dish concentrators and solar tower systems. Dish concentrators frequently
use Stirling engines at their focal point, reaching an optical concentration ratio of
Copt = 750.[14] Solar towers, also known as central receivers, employ many small mir-
rors (heliostats) focusing light on one central absorbing surface and can create optical

concentration ratios of Cy,y = 1,000 or more.[15]

Table 1.1: Operating points of common solar-energy harvesting devices[8,10,11,14,15].

System Copt Operating Temperature [°C]
Flat panel 0.5-2 100 - 300
Adjustable 2-10 100 - 300

Trough 15 - 100 100 - 400
Dish/Tower 500 - 1000+ 500 - 1200+

1.2 Thermoelectrics

One possible method of converting the sun’s heat to electricity is via a thermoelectric
generator (TEG). A thermoelectric generator is a device that converts a heat flux
into electrical power. Thermoelectric devices have been used in various applications
from sensing to cooling to power generation. Most of the power generation research
has been geared toward space missions and waste heat recovery. However, we hope
to show that a good solar thermoelectric generator design could compete with other

terrestrial solar technologies.

1.2.1 The Thermoelectric Effects

As their name suggests, thermoelectric effects are interactions between heat and elec-
tricity. The first report of a thermoelectric effect was in 1821, by the German-Estonian
scientist Thomas Johann Seebeck. When two ends of a material are at different tem-
peratures, a voltage difference develops between the ends of the material. This effect
is called the Seebeck effect, and the constant of proportionality between the temper-

ature difference and the voltage difference is the Seebeck coefficient, S (Eq. (1.13)).
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The symbol « is commonly used for the Seebeck coefficient, however in this thesis «

will be used for absorbtance of surfaces.

AV

5= AT

(1.13)

The second observed thermoelectric effect was the Peltier effect, named after the
Frenchman Jean Charles Peltier. Peltier noticed that when a current passed through
a juction of dissimilar metals, the junction could be cooled. The cooling heat flux
absorbed at the junction, @), is proportional to the current, I, with the constant of
proportionality the Peltier coefficient, I1,;, where in the notation of Goldsmid[16] the
subscript ab denotes that this effect occurs at the junction between two materials, a

and b.

Qp =l = (11, — I1,) I (1.14)

In 1854, William Thomson (Lord Kelvin) derived a relationship between the See-
beck effect and the Peltier effect. In doing so, he discovered a third thermoelec-
tric effect, the Thomson effect, where the passage of current through a material
with a temperature gradient causes the absorption of a reversible heat per unit vol-
ume, ¢;, proportional to the current density J = I/A and the temperature gradient
(Eq. (1.15)). The Thomson coefficient is sometimes denoted by the variable p, but
in this thesis Goldsmid’s convention of representing the Thomson coefficient with ~

will be will be used in order to prevent confusion with the electrochemical potential.

dT
=7 (1.15)

The Kelvin relationships between the Seebeck, Peltier, and Thomson coefficients are

described in equations (1.16) and (1.17).

=TS (1.16)



oS

_T
=T

(1.17)

1.2.2 Thermoelectric Device Performance

Thermoelectric materials can be used as refrigerators or as power conversion devices.
In refrigeration mode, current running through the thermoelectric device absorbs heat
at the cold junction and releases it at the hot end of the junction. In power genera-
tion mode, a temperature gradient causes a Seebeck voltage, which drives a current
around a circuit. By applying an energy balance on the thermoelectric material the
ideal coefficient of performance of a thermoelectric refrigerator, ¢,,,., or the ideal
efficiency of a thermoelectric generator, 7,,.,, can be calculated as a function of the

thermoelectric material properties and the temperatures[16]:

_ T. \/1—|—ZT—Th/TC 113
Prmaz (n—n)( N ) (1.18)

T, — 1. V1+2T -1
Nmaz = T — (119)
h V1+ 2T +T,)T.

where T, is the cold-side temperature, T}, is the hot-side temperature, and T is the

arithmetic mean temperature (all measured in absolute temperature). For a thermo-
electric material, the product ZT is called the dimensionless figure of merit, which

can be defined as[17]:

2
g7 - 27 (1.20)
K

where o is the electrical conductivity and & is the thermal conductivity of the material.
In equation (1.19), the first ratio is the Carnot efficiency. The second ratio is clearly
less than unity, so a thermoelectric generator can be thought of as a heat engine
whose performance is limited by the Carnot efficiency. The higher the dimensionless
figure of merit, the closer the thermoelectric generator comes to the ideal Carnot

engine. It is important to note that equations (1.18) and (1.19) were derived assuming
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that the materials’ properties do not change as a function of temperature. In fact,
the material properties have a strong dependence on temperature, so that as the
temperature increases the Z'T of a material will rise to a peak value and then decrease
as the temperature exceeds the optimum temperature. This strong temperature-
dependence means there is not just one best thermoelectric material; it is crucial to
know the temperature range of the application in order to choose which thermoelectric
material to use. When considering temperature-dependent properties, the term Z7T in
equations (1.18) and (1.19) should be replaced by a mean dimensionless figure of merit,
ZT. Unfortunately there is no easy way to calculate a mean dimensionless figure of
merit besides solving Domenicali’s equations to calculate the efficiency (described in

chapter 3) and then backing out the effective ZT using equations (1.18) and (1.19).

1.2.3 Thermoelectric Materials

From the time of Seebeck’s discovery in 1821 until the beginning of the twentieth cen-
tury, thermoelectricity was used almost exclusively as a detector, either to measure
temperature via a thermocouple or to measure radiant energy with a thermopile[18].
Lenz had demonstrated in 1838 that the Peltier effect could be used to freeze ice,
yet this application of thermoelectricity was not pursued until the early twentieth
century because the dimensionless figure of merit of the best-known thermoelectric
materials was very low.[19] In the early twentieth century, scientists discovered the
high dimensionless figure of merit of certain semiconductors, in particular bismuth
telluride, bismuth antimonide, and zinc antimonide[20]. These materials, with ZTs
approaching 1, opened up the potential of using thermoelectrics for cooling and power
generation at temperatures up to 420 °C[20]. For most of the second half of the twen-
tieth century, no major improvements in the dimensionless figure of merit were made,
although materials with a dimensionless figure of merit approaching one were reported
in higher temperature ranges, including lead telluride[21,22] and silicon germanium
alloys[23,24]. The apparent limit of ZT = 1 remained unbroken until 1993, when Hicks
and Dresselhaus suggested that low-dimensional structures such as one-dimensional

conductors[25] and quantum-well structures[26] could have a high dimensionless fig-
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ure of merit. These papers generated a wave of interest in thermoelectrics, and in
the past two decades materials have been created with dimensionless figures of merit
over 1.5[27-29]. Bulk thermoelectric materials including SiGe alloys, skutterudites,
and various tellurium compounds (PbTe, BisTes, ShoTes, and others) all have dimen-
sionless figures of merit near or above unity over a variety of different temperature
ranges.[30] Many of these materials use nanostructures to achieve their high dimen-
sionless figure of merit.[31]

The solar thermoelectric generators in this thesis operate in the low- to mid-
temperature range (up to approximately 600°C). This is done because the upper
limit for the skutterudites from our collaborators have an upper limit of 600°C. If
this temperature was exceeded, a high-temperature third stage (most likely made of
silicon-germanium) would have to be added to the system, adding additional com-
plications to the system. A three-stage system may be considered in the future.
The properties of the thermoelectric materials used in this thesis are presented in
appendix A. The doped BisTes compounds used here have an upper temperature
limit of 250 °C; the skutterudites have an upper temperature limit of 600 °C. These
materials are provided by collaborators under the supervision of Professor Zhifeng

Ren at Boston College.

1.3 Thesis Outline

Chapter 2 of this thesis will investigate the properties of selective surfaces for solar
thermal systems. It begins with a review of selective surface optimization, followed by
a description of the solar spectrum. Ideal selective surfaces are then defined such that
the performance of solar thermal systems with these selective surfaces is optimized.
Non-ideal selective surfaces are considered next, which leads to an analysis of how
non-ideal selective surfaces should be optimized. Chapter 2 ends with a look at the
state of the art in selective surface technologies. Chapter 3 focuses on the design and
optimization of a concentrating solar thermoelectric generator. First a method for

optimizing both single-material and multi-material (cascaded and segmented) ther-
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moelectric generators is presented. These thermoelectric generators are incorporated
into solar thermoelectric generators, and the optimization and predicted efficiency
of these devices is presented. Chapter 3 concludes with a look at future modeling
efforts for solar thermoelectric generators. Chapter 4 combines the selective surface
and thermoelectric models to predict the maximum efficiency of a STEG. The the-
sis closes with a summary of the work done, and a proposed avenue for continuing

research in this field.
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Chapter 2

Selective Surfaces

This chapter analyzes the performance of a selective surface. First, a history of
selective surfaces is presented. Next, an explanation of the solar spectrum is followed
by the introduction of the transition wavelength and the method of optimizing it
for solar heat engines. This analysis is then performed for concentrating solar heat
engines, and then is extended to non-ideal selective surfaces. The discussion of non-
ideal selective surfaces leads to calculations on how to best improve existing selective
surface materials. It is important to note that this thesis merely characterizes selective
absorbers; there is no attempt to describe how these materials would actually be
manufactured (see section 2.9 for a summary of existing selective surface materials).
The calculations in this chapter assume that the surface has an emittance that is a
function of wavelength but not a function of direction. Leveraging direction-dependent

emittance to create better selective surfaces is discussed in section 5.2.

2.1 History of Selective Surfaces

Very early in man’s attempt to harvest the sun’s energy, it was discovered that black
surfaces absorbed the most heat. In the first era of solar energy harvesting exper-
iments, dating from the early 1600s through the early twentieth century, scientists
and inventors utilized black surfaces for solar absorbers. While no discussion is given

to the selectivity of the black surface, some experimenters realized that glass plates
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allow solar radiation to pass, while trapping heat from a hot surface.[32] Simonin

described this effect in 1876:

The boiler is of copper, which of all the common metals is the best con-
ductor of heat; it is blackened on the outside, because black possesses the
property of absorbing all the heat rays, just as white reflects them; and it
is inclosed in a glass envelope, glass being the most diathermanous of all
bodies; that is to say, the most permeable by the rays of luminous heat.
Glass further possesses the property of resisting the exit of these same
rays after they have been transformed into dark rays on the blackened

surface of the boiler.[33]

In his 1915 review of solar energy utilization, Ackermann notes that “the diathermicity
of each substance varies with the nature of the source of heat.” [32] Clearly it was well-
understood that the transmittance of a material was dependent on the temperature
of the source of radiation. We can assume the author knew that this was the result
of the wavelength distribution of different sources of heat, as the work of Planck[6]
had been published 14 years prior, and Wien’s displacement law had been known
for nearly a quarter-century[34]. In the following years, researchers studied the use
of glass sheets to add resistance to the radiative and convective paths as a way to
decrease surface losses. At the International Conference on the Use of Solar Energy
in 1955, Tabor introduced the idea of using a selective surface as a solar absorber.[35]
The selective surface would have wavelength-dependent properties such that it would
absorb strongly in the solar spectrum while emitting very little in the infrared. This
would allow the solar plant engineer to design systems without concentration that
could operate at higher temperatures. Tabor calculates that the amount of solar
radiation at wavelengths greater than 2 pm is negligible, and the amount of emission
at wavelengths shorter than 2 pm is less than 0.2% for a 600K blackbody. From this

basic analysis, the ideal “transition wavelength” of 2 pm was established:

From this it follows that if surfaces can be prepared so that they dif-

ferentiate in their absorption, reflection or transmission characteristics
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between wavelengths above 2 microns and wavelengths below 2 microns,
it may be possible to change the emittance, which is a property for wave-
lengths above 2 microns, without affecting the solar energy transmission
or absorption coefficients, which are properties for wavelengths below 2

microns.[35]

Tabor continues with his declaration that the transition wavelength should occur

between 2-3 microns:

Thus it follows that, if on the one hand a metal has low absorption for long
wavelengths but on the other can be made to appear black, i.e. to have
high absorption in the visitble spectrum, then there must be some part of
the spectrum where transition occurs. If this transition is reasonably sharp
and occurs at between 2-3 microns, the required reflection-absorption high

pass filter is obtained.[35]

This work by Tabor references works by many people who were studying wavelength-
dependent transmittance of materials[36,37]. Tabor deserves credit for being the first
to propose the idea of a selective absorber for solar thermal systems. He describes
one such system, and its daily and yearly power outputs, in a 1956 paper[38].

Since Tabor’s original conference paper, many authors have investigated the ideal
transition wavelength for a selective surface as a function of temperature and con-
centration, including Shaffer[39], Gillette[40], Edwards et al.[41], Liebert and Hib-
bard[42], Cross[43], Schmidt[44], Jurisson et al.[45], Spitz[46], Pasquetti and Pap-
ini[47], Seraphin[48], and Mills[49]. However, all of these authors approximate the
solar spectrum as a blackbody at a temperature in the range of 5700 to 6000 K. Most
likely this was done to ease the computation, as a more realistic (i.e. complicated)
solar spectrum at the earth’s surface was presented as early as 1940 by Moon[50].
Moon’s work was known by many of the above authors, and is even cited by Shaffer
and Edwards et al.. Mills rationalizes ignoring the atmospheric absorption bands:
“To incorporate particular absorption bands would require that K [the absorption]

be a strong function of wavelength. However, in the following we take K to be con-
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stant, which introduces a small spectrally induced error in Py. As we will later show,
this error is quite small.” While it is true that the maximum efficiency is not affected
much by ignoring atmospheric absorption bands, the ideal transition wavelength of an
ideal absorber is strongly affected by these bands. This is one of the most important

conclusions of this thesis, and it is described in detail in the following sections.

2.2 The Solar Spectrum

Almost all published ideal selective surface calculations were made before the 1970s,
when a lack of computational power led researchers to model the solar spectrum as
a blackbody emitter at approximately 5800 K. As will be shown in this chapter, the
results obtained when using a standardized solar spectrum (such as AM1.5) produce
dramatically different optimal selective surface properties than can be obtained if one
treats the solar spectrum as that of a blackbody.

The first proposed standard curves for the amount of solar radiation reaching the
earth’s surface were published by Moon in 1940[50]. In this paper, Moon gives an
extensive review of all the solar constant and atmospheric absorption measurements
made prior. Moon then gives the result of his calculated spectra as a function of the
mass of air through which the solar radiation travels. Moon’s curves were ultimately
replaced by the calculations of Bird et al.[51], which became the 1982 ASTM standards
E-891-82 and E-892-82. These two standards were updated several times and finally
combined into one standard, ASTM G159-98. The spectra were recalculated in 1999
to extend deeper into the ultraviolet, to homogenize the wavelength step size, and
to modify the simulated atmospheric conditions. The resulting standard is ASTM
G 173-03[52], which gives two different spectra. Both of these spectra describe the
amount of light reaching a surface after is has passed through an “air mass 1.5,” which
is a column of air 1.5 times more massive than a column of air normal to the earth’s
surface. The solar zenith at which this occurs is approximately § = arccos(1/1.5).
The angle is not exactly just the inverse cosine of 1/1.5 because the model takes into

account the curvature of the atmosphere and the density profile of the atmosphere.

28



The two spectra in ASTM G 173-03 differ in the acceptance angle and the orien-
tation of the reference surface. One spectrum, Air Mass 1.5 Direct Normal Spectral
Irradiance, sometimes called “AM1.5 Direct + Circumsolar” or simply “AM1.5,” is
the calculated solar radiation incident on a surface normal to the sun through a 5.8°
field of view (2.9° half-angle, 8.05 x 1072 steradians). For Air Mass 1.5 Global Total
Spectral Irradiance on a 37° sun-facing tilted surface, or “AM1.5@G,” the surface is
tilted 37° in the direction of the sun, but since an air mass of 1.5 requires a zenith
angle of 48.236°, there is an angle of incidence of 11.236°. The calculations in this
standard are based on the measured solar radiation outside the atmosphere, AMO,
which can be found in the the ASTM standard ASTM E 490-00a[53]. All three of
these spectra are plotted in figure 2-1. The heat flux density integrated over all wave-
lengths for AMO is the solar constant, 1366.1 Wm™2. The heat flux density of AM1.5
Direct + Circumsolar is 900.1 Wm™2, which is smaller than the AM1.5G value of
1000.4 W m ™2 because the AM1.5G spectrum incorporates the diffuse (global) light.
However, diffuse light cannot be concentrated, so in this thesis AM1.5 Direct + Cir-

cumsolar is used as the solar spectrum unless otherwise noted.
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Figure 2-1: Solar spectra as defined by ASTM E 490-00a and ASTM G 173-03.
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2.3 Surface Efficiency

The performance of a selective surface at a temperature T} can be quantified by the
surface efficiency, 7g,rf, which is the ratio of the net heat captured by the selective
surface, Qnet = GnetAsurf, to the total hemispherical irradiance incident on the surface,
HgyrpAsurp. The area of the surface cancels out of both terms, and the analysis can

be done in terms of heat fluxes:

Hsurf :/ H/\,surfd/\ (2]-)
0
Qnet
Nsurf = (2.2)
Hsurf

Here the net heat is the absorbed solar flux minus the emitted radiation. Also included
in the net heat is the incident long-wavelength radiation from the environment at a

temperature T,,,:

Gnet (E,\, Th) = /0 € [H)\,surf (/\) - Eb)\ (Th7 )\) + Eb)\ (Tamba )\)] dA (23)

The denominator of equation (2.2), Hgy,r, does not include the long-wavelength envi-
ronmental radiation. This is merely by convention: the photovoltaics industry ignores
the long-wavelength radiation when calculating efficiency, as the long-wavelength ra-
diation is usually at photon energies much less than the bandgap of the material.
Thus the long-wavelength radiation is not counted as a gain to the system, but as an
effect that reduces the losses of the system.

As discussed in the preceding literature review, for an ideal absorber the wavelength-
dependent emittance should be either 1 when the incident intensity at a given wave-
length is larger than the blackbody intensity at that wavelength, or zero when the
converse is true. The most basic implementation of this idea is an emittance profile
that is a step function, transitioning from €y = 1 to €, = 0 at a transition wavelength,
A:. The plot of the emittance spectrum of an ideal selective surface superimposed

over the solar spectrum and the spectrum of a 400 K blackbody is presented in fig-
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ure 2-2. As we can see from this figure, the solar spectrum and the low-temperature
blackbody curve have no significant overlap: both are virtually zero from 2500 nm to
4000 nm. Thus the transition from high absorptance to low emittance should occur
over this nearly empty region. For the ideal selective surface shown in figure 2-2,
the optimal transition wavelength is 2510 nm, which is where the tabulated AM1.5
spectrum drops to nearly zero (less than 1 x 107> Wm™2nm™!). An ideal selective
surface with this transition wavelength has a total hemispherical absorptance of 1

and a total hemispherical emittance of 1.5 x 1074, leading to a surface efficiency over

99.9%.
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Figure 2-2: AM1.5 solar spectrum (red) and radiative spectrum of a 400 K blackbody
(blue), with superimposed optimal emittance profile (black).

The selective surface design problem becomes interesting because as the temper-
ature of the radiating blackbody increases, its spectrum grows in magnitude and
shifts to shorter wavelengths (Fig. 2-3). Results for the optimal transition wave-
length as a function of surface temperature are given in figure 2-4. These transition
wavelengths are calculated by computing the blackbody radiation curve at each tem-
perature (Eq. (1.3)), and then finding the transition wavelength that maximizes the
net heat flux (Eq. (2.3)).

In figure 2-4, there are abrupt jumps in the optimal transition wavelength curve.

An explanation of these sharp transitions is in order. As the surface temperature
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Figure 2-3: Multiple blackbody spectra plotted against AM1.5 spectrum.
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Figure 2-4: Optimal selective surface (step emittance) transition wavelength A, as a
function of temperature. Step size between dots is 5 K.
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increases, the blackbody curve grows and shifts to the left (see figure 2-3). Many
blackbody curves intercept a falling edge of AM1.5, as seen by curves for T}, = 600,
650, and 700 K crossing the solar spectrum in the range of 1750 - 1800 nm. When
the temperature gets hot enough that it “spills over” one of these falling edges (e.g.
when T, = 750 K), it will cross the solar spectrum in three places: two through the
relatively flat-topped hump to the left of the 1750-nm falling edge, and once more
at the shorter-wavelength falling edge at 1345 nm. Although a transition wavelength
at the right-most intercept of 1610 nm will absorb more solar intensity, it will also
cause more energy to be radiated from the surface. The net effect is that the integral
between the curves from 1345nm to 1610 nm represents a net loss of energy, so the

optimal transition wavelength will occur at the falling edge of 1345 nm.

The surface efficiency is plotted in figure 2-5 as a function of A\, and surface
temperature. We can see that the selective surface efficiency goes to 1 as the surface
temperature goes to room temperature because as the surface temperature decreases,
the overlap between the solar spectrum and the surface radiative spectrum goes to
zero. When this happens, the ideal selective surface will be able to fully absorb the

solar spectrum (a ~ 1) while reducing the emitted radation to zero (e ~ 0).

2000 4000 6000 8000 10000
A¢ [nm]

Figure 2-5: Selective surface efficiency n,,,s as a function of transition wavelength A,
and operating temperature 7j,. The optimal \; as a function of T}, is superimposed
in white.
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The ideal emittance profile is a step function from 1 to 0, but it is important to
optimize the performance of more realistic surfaces. A simple model of a spectral
emittance profile is shown in figure 2-6, where a is the short-wavelength emittance, e
is the long-wavelength emittance, \; is the transition wavelength, and w is the width
of the transition. In addition to considering the ideal emittance profile, this thesis

will analyze emittance profiles that deviate from a =1, e = 0, and w = 0.
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Figure 2-6: Model of a simplified emittance profile, where a is the short-wavelength
emittance, e is the long-wavelength emittance, \; is the transition wavelength, and w
is the width of the transition.

2.4 Optimizing a Solar Carnot System

The previous section determined the optimal transition wavelength to maximize the
net radiative heat absorbed by the selective surface. As a result, the analysis implied
that the best solar harvesting happens at low temperatures. However, the efficiencies
of many systems are not just a funcion of the net heat flux, but also of the tem-
perature difference across the cycle. In this subsection, the optimal selective surface
for a system comprising a selective surface and a Carnot cycle is characterized. This
is an appropriate choice since selective surfaces are commonly found at the high-

temperature side of a working fluid cycle. The Carnot cycle operates at the efficiency
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limit defined by the second law of thermodynamics. The cycle will have a variable
hot-side temperature, T}, and a constant cold-side temperature, T, = 20°C. It is as-
sumed there is no optical concentration on the collector. The goal of the optimization

will be to maximize the efficiency of the entire selective surface/Carnot cycle system.

The efficiency of a Carnot cycle, 7., is defined as:

T
e =1—-—= 24
7 T, (2.4)

As we can see from Eq. (2.4), increasing the hot-side temperature increases the Carnot
efficiency. However, increasing the hot-side temperature also increases the radiative
losses at the selective surface, and it also increases the overlap between the solar
spectrum and the radiated spectum, making it harder to design an effective selective
surface. Combining the surface efficiency and the cycle efficiency, we can calculate

the total efficiency of the system, 7, from Eq. (2.5).

Nsys = NsurfTlc (25)

The efficiency of the ideal system is a function of T¢, T}, Hsy,, s, and the shape of the
spectral emittance profile. Figure 2-7 shows the system efficiency for Hy,, ;/=AM1.5
as a function of \; and 7} for the case where a = 1, e = 0, and w = 0. The
maximum system efficiency of 55% occurs at a temperature of 838 K with a transition
wavelength of 1327nm. In real systems, it is improbable that a = 1 and e = 0; the
maximum system efficiency as a function of a and e is plotted in figure 2-8. This
figure shows that for selective surfaces connected to Carnot cycles under no optical
concentration, minimizing the emitted radiation is more important than maximizing
the absorbed radiation. This is because maximum system efficiencies occur at high
temperatures due to the temperature dependency of the Carnot cycle, and surfaces
over 355 K have the potential to emit more power than they can absorb through
the solar spectrum (E3(355 K) = 900.5 W m~2 compared to Hapi5 = 900.1 Wm™2).
Despite the clear incentive to prioritize the long-wavelength emittance over the short-

wavelength absorptance, many materials today have excellent absorptances but still
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have high emittances.[54]
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Figure 2-7: System efficiency 7, as a function of transition wavelength A, and oper-
ating temperature Tj. The optimal A\; as a function of temperature is superimposed
in white.
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Figure 2-8: Maximum system efficiency 7, as a function of short-wavelength emit-
tance a and long-wavelength emittance e.

2.5 Optical Concentration

Optical concentration is almost always used in large-scale solar thermal systems such

as solar towers and solar troughs, but an optical concentration ratio of greater than 3
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is rarely used on small systems such as rooftop hot water installations. Concentration
has a major effect on the efficiency of a system. First, the intensity of the incident
spectrum increases, providing more power per unit area of device. This allows the
incident flux to dominate the emittance losses, so higher-temperature operation can
be achieved without the surface efficiency penalty it carries at low concentrations. In
addition, with optical concentration the intersection of the solar spectrum and the
emitted spectrum moves to longer wavelengths for a given temperature (Fig. 2-9).
This causes more of the solar spectrum to stay to the left (the absorbing side) of the
transition wavelength. Thus the optical concentration of a solar power system drives
the requirements for the selective surface. In this chapter of the thesis it is assumed
that the optical efficiency of the concentrating system is 1, so that all the light that

entering the aperture of the concentrator irradiates the selective surface.
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Figure 2-9: The AM1.5 solar spectra with C,,; = 1 and C,,; = 10 plotted with a
650 K blackbody.

Assuming there is an ideal selective surface, the overall system efficiency as a func-
tion of the optical concentration and temperature is seen in figure 2-10. The optimal
transition wavelength as a function of optical concentration and hot-side temperature
is shown in figure 2-11. This transition wavelength map has three broad plateaus:
one between 1300 and 1350 nm, one between 1750 and 1800 nm, and one plateau

above 2450 nm. Absorption of solar energy by atmospheric water vapor creates sharp
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notches in the solar spectrum; these absoprtion bands are what cause the lower two
broad plateaus in the transition wavelength map. The plateau above 2450 nm is due
to the fact that very little solar radiation leaves the sun at wavelengths longer than
2450 nm, and absorption by water vapor in the Earth’s atmosphere further diminishes
the intensity in this regime. Therefore a transition wavelength beyond approximately
2500 nm does not increase absorption and only results in increased emission losses.
In figure 2-10, the maximum efficiency for a given concentration is superimposed in
black. When this same maximum efficiency curve is superimposed on the map of
ideal transition wavelengths (figure 2-11), it can be seen that these maxima lie in
the plateaus of approximately 1350, 1750, and 2500 nm. For each optical concen-
tration there is a transition wavelength and temperature that maximizes the system

efficiency; these values are plotted in figure 2-12.

Cvopt

Figure 2-10: Maximum system efficiency as a function of hot-side temperature and
optical concentration. The optimal temperature for a given C,,; is traced in black.

An explanation is in order for why these discrete jumps occur. It is important to
notice that the jumps only occur in temperature and transition wavelength, not in
efficiency. Essentially, there are two competing efficiency curves: one at the shorter
transition wavelength with higher temperatures, and one at the longer transition
wavelength with lower temperatures. At the concentration where these two oper-

ational curves cross, there is a corresponding jump in transition wavelength and in
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Figure 2-11: Optimal transition wavelength as a function of hot-side temperature and
optical concentration. Contour intervals are 50 nm. The maximum point for a given
Copt 1s traced in black.
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Figure 2-12: For a given concentration, there is (a) an operating temperature and (b)
a transition wavelength that yields (¢) a maximum in efficiency.
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temperature. The shift to a longer transition wavelength allows for a much higher frac-
tion of the incident radiation to be absorbed; when the concentration is large enough,
this increase in absorbed energy (along with the decrease in blackbody losses) over-
comes the decrease in Carnot efficiency. In short, absorber efficiency trumps Carnot

efficiency at high concentrations.

2.6 Non-ideal Surfaces

No surfaces have the ideal step profile considered above. In this section, surfaces
with some combination of the properties a < 1, e > 0, and w > 0 (Fig. 2-6) are
considered. First the effects of non-zero long-wavelength emission are considered,
followed by considerations of the effects of short-wavelength absorptance less than
one, and finally the effects of finite-width transitions.

When we consider systems that are not perfect reflectors (i.e. that have non-zero
e values), the picture simplifies even further, as only two transition wavelengths are
optimal for all concentrations. Figure 2-13 shows the effect of non-zero e values. As
the IR emittance increases, the losses in the IR negatively affect system performance,
especially at low concentrations. As a result, the optimal operating temperature
decreases and the optimal transition wavelength shifts to longer wavelengths.

Selective surfaces that are ideal except that they have short-wavelength absorp-
tance, a, less than 1 do not show much of a change from the ideal selective surface.
The ideal operating temperature and transition wavelength are identical, but the
system efficiency is reduced. This change in efficiency is plotted in figure 2-14.

In the late 1970s and early 1980s, there was a debate in the literature about what
is the minimum width of the transition from high emittance to low emittance[49,
55-57]. Increasing the width of the transition negatively affects the performance at
low concentrations, but does not have a large impact at high concentrations. The
wide transition causes the amount of radiation absorbed to decrease and the amount
of radiation emitted to increase. At high concentrations, the absorbed power is so

much larger than the emitted power that this change is not very significant. At
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Figure 2-13: Effect of e on system optimization: optimum (a) operating temperature,
(b) transition wavelength, and (c) efficiency.

Figure 2-14: Effect of ¢ on maximum system efficiency.
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low concentrations, the increase in emitted power is enough to have a large negative
impact on the system efficiency. The effect of the width of the transition is shown in

figure 2-15.
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Figure 2-15: Effect of w on system optimization: optimum (a) operating temperature,
(b) transition wavelength, and (c) efficiency.

2.7 Improvements

There are three major ways to improve the performance of a selective surface: increas-
ing the visible absorptance, decreasing the IR emittance, and improving the shape of
the emittance profile by achieving a sharper transition at the ideal transition wave-
length. In order to gauge the value of these improvements to the system efficiency, we
use a simplified version of the emittance profile of a commercially-available selective
surface as our baseline. The emittance profile consists of a constant value of emit-

tance, a, up to a transition wavelength, A\;. The emittance then decreases linearly with
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wavelength over a width, w, after which it remains at a constant emittance value, e,
for all wavelengths greater than A = \; +w. Five test cases are then run: the baseline
case, which is defined as a = 0.95, e = 0.03, \; = 1500 nm, and w = 2000 nm; “Case
A" which is the baseline case with an improved short-wavelength absorptance such
that a = 1; “Case E,” which is the baseline case with an improved long-wavelength
emittance such that e = 0; “Case S,” where the values of a and e are the same as
in the baseline case but the shape is improved such that )\; is optimized and w = 0;
and the ideal case, where a = 1, e = 0, w = Onm, and the transition wavelength is

optimized. These cases are depicted in figure 2-16 and figure 2-17.
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Figure 2-16: Selective surface baseline case, modeled after a commercially-available
selective surface (Sunselect® from Alanod). Baseline has properties a = 0.95, e =
0.03, A\; = 1500 nm, w = 2000 nm.

The improvements in efficiency are shown in figure 2-18. In the operating regime
of flat-panel collectors, the greatest gains in system efficiency come from decreasing
the emittance. Emittance dominates the performance in this regime because in order
to have high efficiency, the system must operate at higher temperatures. With no
concentration, the emission loss at these elevated temperatures dominates because
the emission term eogy,T* can exceed the solar flux Copt Gsoi- The opposite relation is
true in the highest-concentration applications, so these applications benefit most from

improving the solar absorptance. In the mid-concentration regimes such as where so-
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Figure 2-17: Different test cases representing selective surface improvements.

lar troughs operate, the emission and solar flux terms are approximately equal, so
improving either has an equal effect on the system efficiency. In effect the total emit-
tance € and the total absorptance a can both be improved just by sharpening the
transition between high emittance and low absorptance, hence modifying the shape
of the transition without changing the values of a and e can be the most effective
modification, especially given the difficulty of achieving surfaces with ey = 1 or ey =0
over a large portion of the spectrum. It is unrealistic to expect materials scientists to
ever develop materials with any ideal property a = 1, e = 0, or w = 0; however figure
2-18 shows where certain properties are unimportant: at low concentrations, even
the best gains in solar absorptance or transition shape have very little effect on sur-
face efficiency, and at mid- and high-concentrations, decreasing the long-wavelength

emittance cannot bring large improvements to system efficiency.
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Figure 2-18: System efficiency of a baseline case and four different variations. Case
A is increased short-wavelength absorptance; Case E is decreased long-wavelength
emittance; Case S is optimized emittance transition.

2.8 Advanced Modeling

In order to more accurately model selective surfaces, more must be known about
the surfaces and the system to which it will be attached. System parameters that
were ignored in this report include contact resistance, heat losses via conduction and
convection, the temperature dependence of the emittance as a function of wavelength,
and the temperature dependence of the heat engine performance. Obviously the
efficiency of the system would have to be scaled back from Carnot efficiency. It is also
important to consider that the solar insolation will fluctuate, although it has been
shown that the optimal transition wavelength remains the same for a wide range
of solar insolations. An example of advanced modeling follows in Chapter 3, where
the system under consideration is a thermoelectric generator. The characteristics of
this device, including cycle efficiency as a function of temperature, are calculated in
detail. The optimization of selective surfaces for thermoelectric generators is covered

in chapter 4.
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2.9 Current Materials

Selective surfaces is an active area of research today, with hundreds of papers having
been written on the topic. Many surfaces have been developed for applications under
400 °C, yet for concentrating solar power applications including solar thermoelectrics,
materials must be developed that have high absorptance and low emittance at higher
temperatures[54]. Selective surfaces fall into six broad categories: a) intrinsic, b)
semiconductor-metal tandems, ¢) multilayer absorbers, d) metal-dielectric composite
coatings, e) textured surfaces, and f) selectively solar-transmitting coatings on a
blackbody-like absorber.[58] These categories will be described below, with examples
of the performance of these materials (for a database of the measured or predicted
performance of nearly a hundred mid- to high-temperature selective surfaces, see

Kennedy’s excellent review[54]).

Intrinsic materials are naturally selective bulk materials. Such materials include
borides, carbides, and silicides, but even the best of these materials are not excellent

selective surfaces: ZrBs has a solar absorbtance of only 77% while having an emittance

of 8% at 100°CI[59].

Semiconductor-metal tandems are selective surfaces in which the semiconductor
absorbs at wavelengths smaller than the bandgap, while the metal substrate has
low IR emittance. Germanium oxides on copper substrates have been used for this
purpose, acheiving a theoretical solar absorptance of 85% with an emittance of 7.3%
at 500 °C[60]. Crystalline and amorphous silicon have also been studied extensively for
selective surfaces[48]; Seraphin reports a solar absorptance of 80% with an emittance
of 5.7% at 500°C for a polycrystalline silicon coating on a silver substrate[61]. The
high index of refraction causes reflection losses for silicon and germanium surfaces, so
many of these systems can be improved with an anti-reflection coating. This stacking
of multiple layers leads to the next category of selective surfaces, which is multilayer

absorbers.

Multilayer absorbers rely on interference effects between different layers of ma-

terials.[62] Two examples of multilayer absorbers are an Al,O3-Mo stack, which can
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achieve a solar absorptance of 91% and an emittance of 16% at 538 °C, and a MgF,-
Mo-CeO, stack, which can achieve a solar absorptance of 85% and an emittance of
6.2% at 538°C.[63]

Metal-dielectric composite coatings, which are highly absorbing in the solar spec-
trum yet nearly transparent in the infrared, can be layered on top of a metal sub-
strate to make an effective selective surface. The composite coatings are frequently
cermets, which are metal particles in a ceramic (or dielectric) host. The properties of
cermets can be tuned via host material choice, particle material choice, particle den-
sity, particle shape, particle size, particle structure, particle orientation, and coating
thickness.[58] These parameters can be varied throughout the depth of the structure,
creating a graded index-of-refraction material. The optimization of these structures
is described by Ritchie and Window|[64]. As an example, molybdenum/silicon dioxide
cermets have been measured with a solar absorptance of 94% and an emittance of
13% at 580 °C[65].

Textured surfaces can also act as selective absorbers. These surfaces rely on geo-
metric, porous, or dendritic structures, which have features small enough so that they
appear rough to short-wavelength radiation and smooth to long-wavelength radiation.
The short-wavelength light is more effectively absorbed by the multiple reflections cre-
ated by the structures, while the long-wavelength radiation is essentially unaffected
by the surface features. Dendritic tungsten has been shown to have 96% absorptance

and 26% emittance at 550 °C[66)].

The sixth category of selective surfaces is selectively solar-transmitting coatings
on blackbody substrates. These systems allow the solar radiation to transmit through
the coating and be absorbed by the blackbody, while preventing the transmission of IR
losses from the blackbody. Examples include gold films on glass, where the gold film is
encapsulated by titanium dioxide short-wavelength antireflection coatings, and doped
oxide-semiconductor coatings. An example of a doped oxide-semiconductor coating
is aluminum-doped zinc oxide, which as a film has a visible transmittance of 99% and

an infrared reflectance of 85%[67].

Development continues on all of these material fronts. Ideally, the development of
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these materials would begin by identifying the ideal transition wavelength for these
materials based on the thermal stability range of the material system and the mini-
mum predicted long-wavelength emittance. When this is accomplished, the materials
systems can be tuned to achieve the ideal transition wavelengths. In addition, the
performance benefits of modifying the emittance curve can be calculated such that the
development of selective surfaces will be driven towards producing the best possible

thermal energy conversion system.

2.10 Conclusion

This chapter outlined a methodology for analyzing selective surfaces. Although the
ideal selective surface is impossible to obtain, the models presented here can give
an engineer a good grasp as to what parameters are important for his or her appli-
cation. For high-concentration applications, the focus should be on improving the
visible absorptance. For mid-concentration applications, the focus should be on im-
proving the shape of the transition. For non-concentrating applications, the focus
should be on decreasing the IR emittance. It should be noted that there exist two
key transition wavelengths: 1750 nm for mid-concentration systems operating at ap-
proximately 900 K; and 2400 nm for both non-concentrating and high-concentration
systems. Researchers and entrepreneurs alike can use the basic conclusions to see
opportunities for areas of improvement in current selective surface technology. There
is also a conclusion that a thermal engineer or systems engineer should note: this
chapter describes upper limits for the working temperatures of solar-powered cycles.
Figure 2-10 clearly shows that exceeding the optimal temperature results in a decrease
in system performance. For Carnot cycles or systems that operate at a constant frac-
tion of Carnot, the value of this temperature is shown in figure 2-12(a). For other
systems, this calculation should be performed with the performance characteristics of

the cycle programmed into the algorithm.
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Chapter 3

Solar Thermoelectric Generators

This chapter describes modeling the conversion of solar energy into electricity via the
thermoelectric effect. Previous terrestrial solar thermoelectric generators (STEGs)
have only achieved efficiencies below 4% at optical concentration ratios of less than
75X, typical of a parabolic trough. These STEGs were missing key efficiency-boosting
parameters; the model presented here suggests that a design comprising existing
high-performance thermoelectric materials, an existing low-emittance selective sur-
face, and a vacuum environment can approach 13% efficiency, comparable to the
highest-performing dye-sensitized photovoltaic cells.

This chapter begins with a review of previous work on STEGs, followed by a
description of the method of numerically modeling STEGs. To model STEGs, first a
single p-type or n-type leg is modeled. Then a thermoelectric pair comprising one p-
type and one n-type leg is modeled and optimized for efficiency. Next, thermoelectric
devices comprising multiple thermoelectric materials are modeled. To model solar
thermoelectrics, the thermoelectric device models can be combined with an energy
balance on the selective surface. For multi-material solar thermoelectrics, an energy
balance must also be performed on the midplane that joins the upper stage to the
lower stage, as this midplane acts as a radiation shield between the hot side and the
cold side. The efficiencies of these STEGs are calculated over a range of incident fluxes
from 100 Wm™2 to 1000kW m™2, encompassing everything from non-concentrating

systems to solar towers. These calculations of performance of solar thermoelectric
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generators are followed by an analysis of the system-level benefits of thermoelectric
and selective surface improvements, specifically how the emittance of the selective
surface and thermal conductivities of the thermoelectric materials can enhance the
STEG performance. This chapter ends with a summary of the completed STEG

modeling.

3.1 History of Solar Thermoelectric Generators

The concept of using the sun’s heat to power a thermoelectric generator is not new; a
century of various STEG experimental and modeling efforts can be found in the liter-
ature. Edward Weston received his first US patent for solar thermoelectric generators
in 1888[68]. In 1913, Coblentz received a patent for a solar thermoelectric generator
which included the possibility of using optical concentration[69], although he does not
predict that optical concentration would lead to increased efficiency. Coblentz built
this device, but he managed to measure an efficiency of less than one hundredth of
one percent. In 1954, Maria Telkes published the first well-documented results of a
solar thermoelectric generator whose efficiency was on the order of one percent[70].
She measured 0.63% solar-to-electrical efficiency under no optical concentration using
ZnSb p-type elements and doped BisTes n-type elements. When she applied optical
concentration to her system, she was able to measure an efficiency of 3.35%. This is
a good result given that Telkes used a non-selective surface, her system was not in
vacuum, and her thermoelectric materials had an effective ZT of approximately 0.3
operating between 200 °C and 20 °C.

The period after Telkes’ publication is marked by the rapid advancement of the
US space program. During this time, various authors published technical reports and
papers about the use of solar thermoelectric generators in space. Since these devices
would operate in the nearly perfect vacuum of space, there would be no convection
losses. A research program at the General Instrument Corporation designed and built
solar thermoelectric generators for space[71,72]. They predicted an efficiency of 3.8%

at AMO conditions, and were able to achieve approximately 30% of this value in a lab
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experiment. A similar program at the Radio Corporation of America (RCA)[73,74]
designed a space-based STEG to be operated at 0.25 AU (one astronomical unit,
AU, is the mean distance from the sun to the earth, or approximately 160 million
kilometers). At 0.25 AU, the solar flux is more than 22kWm™2. They predicted
an efficiency of only 3.6% for their device. During this time, Fuschillo et al. and
Fuschillo and Gibson published papers|75, 76] describing the performance of space-
based STEGs. They predicted an efficiency of 4.2% and although their experiment
could not test this efficiency, they did have success in matching the thermoelectric

performance data to their model.

The next wave of thermoelectric generator research occurred in the late 1970s
and early 1980s, most likely as a repsonse to the energy crises of the 1970s. In 1980
Goldsmid et al. published results on earth-based STEGs[77]. Despite using some
optical concentration (less than 3X), Goldsmid et al. predicted an efficiency of less
than one percent, most likely because they did not enclose their system in a vacuum.
Their measured efficiency was only 40% of their predicted efficiency. While Goldsmid
et al. focused on low-concentration applications, Rowe published theoretical results
for high-concentration earth-based STEGs[78]. Rowe calculated that using silicon
germanium thermoelectrics, the STEG efficiency would approach 12% as optical con-
centration approached 2000X. Various papers on STEGs[79-81] were also published
in the early 1980s, however their lack of details (and unimpressive performance) lim-
ited their influence on the field. In 1984, Lidorenko et al. published modeling and
experimental results of an earth-based STEG[82]. Their system comprised a selective
surface and high-performance bismuth and antimony thermoelectric materials inside
a vacuum enclosure without optical concentration. They report an efficiency of 3.7%,
but this number is impossible given the materials and setup that they described.
Most likely, the inflated results were due to them not directly measuring the incident
flux, especially since they used an uncalibrated light source instead of a calibrated
solar simulator. Despite their questionable results, their paper is worth mentioning
since they do take the proper approach to solar thermoelectrics by using thermal con-

centration along with high-performance materials. Since the publication of Lidorenko
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et al., which is almost never cited by the English-speaking thermoelectrics commu-
nity, most STEG development continued to focus on either space-based STEGs, or
on earth-based STEGs with optical concentration.

After the mid-1980s, there was little published solar thermoelectric research until
the early twenty-first century, most likely as a byproduct of the advances in ther-
moelectrics spawned by the works of Hicks and Dresselhaus|25,26]. The space-based
STEG work occurred under the support of the European Space Agency as part of a
study for a mission to Mercury: Scherrer et al.[83] predicted a STEG could produce
6.9% efficiency at 0.45 AU (6.7kW m~2). Rockendorf et al.[84] published a paper on
hybrid systems, where the waste heat from the cold side of STEGs could be used as a
domestic hot water source. Micro-power generators were analyzed and tested[85, 86],
including a design where STEGs were used in conjunction with phase-change materi-
als in an attempt to provide power both day and night[87,88]. These designs reached
efficiencies of at best 3.0% at 66 suns concentration[86]. Most of the papers cited here
use simplified models that do not capture the true effects happening inside the ther-
moelectric materials. The simplified models overestimate the performance of STEGs,
especially at higher temperatures, and also can ignore the temperature-dependence
of the materials. For example, one oft-cited paper[89] uses over-simplified models of
thermoelectrics to predict that bismuth telluride STEGs can reach over 50% efficiency
at temperatures approaching 1000 K - four hundred degrees above the melting point
of this material. This thesis will focus on the accurate modeling of high-concentration
solar thermoelectric models. The assumptions that are made are explicitly listed in

the following section.

3.2 Modeling Assumptions

In the models in this paper, the following assumptions and approximations are made:

o The material properties are only a function of temperature, not position. This
assumption is not true if there is diffusion of species near the boundaries of the

thermoelectric material, or if the material is not homogenous when manufac-
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tured. Thermoelectric legs in which the chemical composition is intentionally

varied as a function of position are called functionally graded materials[90].

There is no thermal or electrical contact resistance. This assumption yields the
maximum performance of the device. For high-performance devices, contact
resistances must be minimized. If the contact resistances are significant and
well-characterized, they can be included in the advanced model discussed in

section 5.2.

The radiation losses from the edges of the collector are ignored. The thickness
of the collector is normally less than 0.5 mm, which is smaller than our collector
length and width tolerances. In addition, it is likely that mass-produced solar
thermoelectric generators would have many thermoelectric couples attached to

a single large collector, thus reducing the effect of these small edge areas.

There are no convection losses from the thermoelectric legs or the collector.

Convection can be eliminated by enclosing the system in a vacuum.

The radiation exchange involving the legs is ignored. Radiation from the col-
lector to the legs is small enough to be ignored, which means the total heat
input into the thermoelectric is just the Peltier and Fourier heat at the inter-
face. Similarly, radiation losses from the legs are small enough to be ignored.
This assumption is validated by calculations made by Kraemer, to appear in

his Ph.D. dissertation.

The temperature, heat flux, and electric current in the leg do not vary across
the cross-section of the leg. At both the hot-side and cold-side interfaces, the
electric current and heat flux is assumed to be spread evenly across the leg.
Sidewall radiation losses will produce some nonuniformity in the temperature
from the center of the leg to the leg surface. These losses could be modeled
with an average linearized heat transfer coefficient of 25 Wm=2K~!. Hogan
and Shih[91] showed that losses of this magnitude are small with legs on the
order of 1cm; given that the length of the legs used in this thesis are on the
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order of 1 mm, the losses should be even smaller and thus it should be safe to

model the heat flux in the leg as one-dimensional.

The temperature of the collector is uniform. This is a reasonable assumption,

proved by Kraemer[92].

The cold side can be maintained at a fived temperature T.. If the cold side
varies as a function of heat flux, then the results from the model presented in

this thesis can be inserted into a more comprehensive system model.

At low optical concentrations, the area of the collector is much greater than
the cross-sectional area of the leg. This allows setting the radiating area of
the back side of the collector equal to the radiating area of the front side of
the collector, which results in the efficiency of the collector being independent
of the size of the thermoelectric material geometry. For the non-concentrated
solar themoelectrics considered in this thesis, the area of the legs is usually
less than 0.5% of the area of the collector. At low thermal concentrations
which correspond to high optical concentrations, the back-side radiating area
is significantly smaller than the front-side radiating area because the cross-
sectional area of the legs is relatively large. When the true collector back-side
radiating area is calculated, the efficiency of the collector is not independent of
the thermoelectric geometry. However, it will be shown that when the optical
concentration is high, the losses from the back side of the collector become very
small relative to the overall heat flux, and thus even in these cases equating
the front-side area to the back-side area has very little effect on the predicted

efficiency of the system.

The cross-sectional area of a thermoelectric leg is constant along the leg. Varying
the cross-sectional area can benefit systems with contact resistance or radiation
losses. Given the small size of the thermoelectric elements used in this thesis,
it is reasonable to assume they would be manufactured with a constant cross-

sectional area down the leg.

o4



3.3 Thermoelectric Modeling

This section describes the modeling of a thermoelectric element of length L and cross-
sectional area A, shown in figure 3-1. As mentioned before, it is assumed that the
thermoelectric element is made of only one material and that there is no variation in
composition as a function of position, so that the Seebeck coefficient, S(7T'), electrical
conductivity, o(T"), and thermal conductivity, x(7T'), are only a function of tempera-
ture, not position. In addition, it is assumed that the radiation and convection losses
from the element are negligible. Therefore, the leg is modeled as a one-dimensional

system in which the energy flux in the x-direction is conserved.

Figure 3-1: Model for one-dimensional flow in a single TE leg between two heat
reservoirs at 1}, and T..

The foundation of thermoelectric device modeling was laid by Charles Domeni-
cali in 1953 with his paper on the irreversible thermodynamics of thermoelectrics[93].
From the work of Callen[94] and deGroot[95] built on the Onsager reciprocal rela-

tions[96,97], Domenicali describes three fundamental relations of thermoelectrics:

J* = S*J°¢ — (k/T)VT (3.1)
W =(TS*"+pn)J¢—rkVT (3.2)
Vii=—e*pJ¢ — S*VT (3.3)

%)



The first equation describes the entropy current density, J°, as the sum of the
transport entropy and the heat flux entropy, where S* is the transport entropy per
particle, J¢ is the particle current density, « is the thermal conductivity, and 7" is the
temperature. The energy current density, W, is the sum of the particle current energy
and the heat flux due to the temperature gradient. The electrochemical potential,
i, comprises a chemical part, p, and an electrical part: i = p + e¢, where e is the
magnitude of the charge of an electron and ¢ is the electrostatic potential[94]. The
change in electrochemical potential is the negative of the sum of the Ohmic voltage
and the thermoelectric voltage. Here it is helpful to use charge instead of parti-
cles, so the following substitutions are made: the electromotive force, V' = p/(—e);
the charge current density, J = —eJ¢ and the Seebeck coefficient, S = S*/(—e).

Equations (3.1) - (3.3) can be rearranged as follows:

q=TJ =TSJ — kVT (3.4)
W = (TS +V)J—kVT (3.5)
VV = —pJ — SVT (3.6)

Here ¢ is the heat current density, a combination of the thermoelectric heat (7°'SJ)
and the Fourier heat. An energy balance on a slice of the leg of length Ax is shown
in figure 3-2. If the system is at steady state, then the energy current density in, W,
must be equivalent to the energy current density out, W,,a,. Taking the limit as
Ax — 0 and rearranging, we find that the total energy generated in the differential

volume is the sum of the Thomson heat and the Joule heat (Eq. (3.7)).
as

kV?T = JT=NVT = pJ? (3.7)

The heat flux and temperature along a thermoelectric element can be computed
by first solving the second-order differential equation for 7' (Eq. (3.7)) and then
differentiating the temperature profile to find the heat flux (Eq. (3.4)). This method

is difficult to do numerically if the temperature dependence of the material properties
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Figure 3-2: Energy balance on a differential slice of a thermoelectric leg.

is not ignored. A simpler numerical method is to rearrange Domenicali’s equations
(Egs. (3.4), (3.5), (3.6)) into a pair of coupled differential equations. The first equation
is attained by solving equation (3.4) for the temperature gradient; the second is
attained by substituting equation (3.4) into equation (3.5), setting the derivative

equal to zero, and substituting equation (3.6):

dar  TSJ—q

s h (3:8)
dg TSJ —q
o= pJ=+SJ ’ (3.9)

The first equation tells us that the temperature gradient equals the conduction heat
flux divided by the thermal conductivity of the material; the second equation equates
the heat flux out of a volume to the sum of the Joule heat and Thomson heat generated
in the volume. Again these equations require that there are no other heat fluxes from

the differential element, such as radiation or convection losses.

These equations can be used to calculate the state of a thermoelectric leg of length
L operating between two heat reservoirs, T,—g = T, and T,—; = T.. Besides the
temperatures of the heat reservoirs, either the external load resistance or the current
through the leg must also be known. We will perform calculations through the leg
using the current as the independent variable; if desired, the external load resistance

can be calculated by dividing the output voltage by the current. We solve the coupled
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differential equations (Egs. (3.8) and (3.9)) by choosing a current, guessing an initial
heat flux g,—o, calculating the resulting temperature and heat flux profiles in the leg,
and then adjusting the guess of the initial heat flux until the temperature at the end

of the leg matches the temperature of the cold-side heat reservoir.

200 )
N | - '
i N Short-circuit current
8 150 N /
o N Optimal current
= N
= 100} No current N
) N
- ; \
ﬁ 50 «
O 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Nondimensional Position

Figure 3-3: Temperature profile within a p-type BisTes thermoelectric leg at zero
current, short-circuit current, and current at maximum efficiency.

As an example, the temperature and heat flux profiles are calculated for a p-type
BisTes sample with properties from figure A-2, operating between two heat reservoirs
at 200°C and 20°C. The profiles are plotted in figure 3-3. This thermoelectric leg
extracts electrical power from the temperature gradient. Since energy is conserved in
the x-direction, the electrical power P, is the difference of the heat flows at each end

of the leg:

Pa=1IAV =1(V.—V}) = A(qn — q.) (3.10)

The efficiency of the thermoelectric leg, 74, is defined as the electrical power
divided by the heat input. Since radiation from the collector to the leg is very small,
the heat input can be approximated by the heat (Peltier and Fourier) at the hot side
of the leg:
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Pel:CIh_QC

MNeg = ~—
I Qn qn

(3.11)

In order to better understand thermoelectric power generation, to predict the
effectiveness of segmented thermoelectric legs, and to make geometry-independent
models for streamlined calculations, it is useful to define two important parameters:

the thermoelectric potential and the relative current density.

3.3.1 Thermoelectric Potential and Relative Current Density

The ability of a thermoelectric leg to convert heat to electricity is a function of the
material properties and the boundary temperatures. It is also a function of the relative
quantity of electric current flowing down the leg. Snyder and Ursell[98] define the
ratio of the heat flux to the electric current density as the thermoelectric potential,

d:

q |74
dp=L1—=—_"—_V 3.12

In this one-dimensional model, both energy and electric current are conserved in
the x-direction, so the term W)/J is constant. It is then clear from equation (3.12)
why @ is called the thermoelectric potential: the change in ® is just the negative
of the change of the voltage in the material. It follows from equation (3.12) that
the heat current density at any point in the thermoelectric leg is the product of the

thermoelectric potential and the electric current density:

qg=Jd (3.13)

There is then one more way to define the power and efficiency of a thermoelectric leg:

P, IAV J (V. =V, — (. ®, — O,
MNeg = —d = = ( h) = I — 1 = h (314)
Qn Qn qn qn ),

As it is the balance of the total heat current to the electrical current, the ther-

moelectric potential can be thought of as a tuning parameter to maximize the per-
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formance of a thermoelectric leg. From equation (3.14), we can see that the thermo-
electric potential must vary down the length of the leg if the leg is to deliver electric
power. Most of this variation comes from the changing thermoelectric heat term. As
seen in figure 3-3, the temperature gradient changes little down the leg, so the Fourier
heat changes little. As a result, the ratio of the electric current to the Fourier heat
is nearly constant along the leg. Snyder and Ursell call this ratio the relative current

density, u:

J
_ 1
" —kVT (3.15)
1
O =ST+- (3.16)

With these definitions the coupled differential equations (Egs. (3.8) and (3.9)) can

be rewritten as:

dE_TS—@
dr k
TS — o
7

J (3.17)

dd

(3.18)

For a differential element over a small AT such that the material properties can be
assumed to be constant, the efficiency of the thermoelectric element is:
_A® {p + S @] JAz

_ _ 3.19
=g, B, (3.19)

a7 [p+ ST 2
T, O, /AT

n= (3.20)

The first term in equation (3.20) is the Carnot efficiency; the second term is the

reduced efficiency, n,.. After simplifying, the reduced efficiency is expressed as:

S —upk
= D UK 3.21
LR (3:21)

At a given temperature, the value of u that maximizes the reduced efficiency is called
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the compatibility factor, s:

VI+2ZT -1
5= WLST (3.22)

It has already been shown that the relative current density changes little along
the length of a thermoelectric leg. To see if a material is self-compatible, i.e. if the
same current density is optimal for the entire leg, one can calculate the compatibility
factor for the the material. If a material has a constant compatibility factor, each
differential element of the leg will be operating as efficiently as possible. Materials
that have widely varying compatibility factors must have portions of the leg that are
not operating at their maximum efficiency, so the overall efficiency of the leg is smaller
than the efficiency of a leg with an identical ZT but with a constant compatibility
factor. An extended discussion on the efficiency as a function of compatibility factor
was written by Snyder[99]. Figure 3-4 shows the compatibility factor for the p-
and n-type bismuth telluride and skutterudite materials used in this thesis. The
skutterudite materials are much more self-compatible than BisTes materials. Luckily
for both p-type and n-type legs, the compatibility factor of BisTes is not far from the

compatibility factor of skutterudites. This fact becomes evident in subsection 3.5.1.

10 - - -
/ p-type BisTes
5 L
Z 0 p-type skutterudite/
= n-type skutterudite
175} \ I
-5 T : _ -
- \ n-type BisTes

_10 L L ! L
0 100 200 300 400 500 600

Temperature [°C]|

Figure 3-4: Compatibility factor of Bi;Tes and skutterudite materials.
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3.4 Device Modeling and Optimization

It is possible to optimize a STEG by varying all the possible parameters and finding
a global maximum in efficiency. However, this approach can be computationally-
intensive and is not modular. In this thesis, the STEG is broken into modular units
whose performance characteristics can be calculated in advance and then fed into
an optimizing algorithm. With this method, very little has to be recalculated if one
parameter of a system is changed. For example, if the emittance of the selective
surface changes, only the new selective surface performance needs to be calculated;
there is no need to recalculate the performance of the thermoelectric legs. The models
also reduce the system to just a few dimensional parameters, which limits the degrees
of freedom of the model and hence reduces the amount of calculation required. The
first model that is optimized is a single thermoelectric leg. Next, a thermoelectric
generator (TEG) comprising one p-type and one n-type leg is modeled. The concept
of a TEG is extended to multi-material TEGs covering large temperature drops.

Finally, TEGs are combined in a vacuum with a solar collector to form a STEG.

3.4.1 Leg Optimization

When a thermoelectric leg of fixed geometry operates between two heat reservoirs at
fixed temperatures, the electric current must be optimized to yield maximum device
efficiency. As an example, we calculate the efficiency of a p-type BiyTes thermoelectric
leg, whose properties are shown in figure A-2, operating between two heat reservoirs at
Ty, =200°C and T, = 20°C. The leg is a Imm x 1mm x 1 mm cube. The efficiency
of this device is optimized by sweeping through a range of electric currents (up to the
short-circuit electric current, [.); calculating the necessary hot-side heat flux, @y, to
satisfy the boundary conditions; calculating the electrical power; and then calculating
the efficiency. This process is illustrated in figure 3-5. It is important to note that
as the electric current increases, the Joule heating within the sample increases, but
in most thermoelectrics the temperature profile changes very little with increasing

electrical current (Fig. 3-3) because the term I2p/k is small.
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Figure 3-5: Performance of a thermoelectric device over a fixed temperature range as
a function of electric current. (a) Hot-side and cold-side total heats are the sum of
the Fourier and thermoelectric heats, (b) output voltage, (c) power, (d) efficiency.
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In figure 3-5(a), the heat transferred (absorbed or released) at each end of the
device varies as a function of the electric current. The heat (solid) is the sum of
the Fourier heat, —xVT (dashed), and the thermoelectric heat, T'SJ (dotted). The
Fourier heat falls off slowly as a function of current because of the small change in
the temperature profile within the leg. The heat divided by the electric current yields
the thermoelectric potential at both ends of the leg. The output voltage (Fig. 3-
5(b)), which is the change in the thermoelectric potential, decreases nearly linearly
with increasing electric current. The reason becomes clear when the output voltage

is expressed as the Seebeck voltage minus the Ohmic voltage:

AV = [ s(ryar - i /0 " o(T)dz (3.23)

T

The nonlinearity of this equation comes from the second term: as the current
increases, the increase in the temperature profile increases the electrical resistivity.
However, this effect is very small, as seen in figure 3-5(b). Multiplying the output
voltage times the electric current yields the electrical power, P, seen in figure 3-
5(c). Finally the efficiency is found from figure 3-5(d). Note that the maximum
efficiency occurs at a lower electric current than the maximum power. The results
of a calculation for a given geometry (such as the preceding example) can be scaled
to give the performance for a different geometry. At this point it is instructive to
rewrite equations (3.17) and (3.18) by nondimensionalizing the x position and scaling

the electric current, the heat flux, and the electric power by the leg length:

T=uz/L (3.24)
~ L
T=JL=17 (3.25)
~ L
Q=al=Q7 (3.26)



L

P,=P.,= 2
el elA (3 7)
dT TS — o~
—_— =] 3.28
dz k ( )
do TS — &7 ~
i T .2
dz [p+ S } (3:29)

From these equations it is clear that the important geometric parameter is not
the length or the area, but the ratio of the length to the area, L/A. For example,
doubling both the length and the area of a thermoelectric sample will have no effect
on its performance (advanced modeling with radiation losses, convection losses, and
contact resistance will suggest otherwise, but it is a valid approximation for the
systems studied here). It is very important to realize that since the temperature
is fixed at both boundaries, there is only one independent variable in the problem:
that is, for each I, there is a corresponding ® profile. One only needs to choose
I and the ratio L/A to fully constrain the problem. Intuitively, setting L/A and
I is analogous to setting the resistance of the thermal circuit (~ L/kA) and the
resistance of the electrical circuit (adjusted to yield a given I). This ability to scale a
given solution allows for much faster computation. It also provides insight into how

geometric parameters affect the operation of thermoelectric generators.

3.4.2 Optimization of a p-n Pair

For a thermoelectric device to generate electricity there must be a closed electrical
circuit where current flows in a loop (or loops) between the hot side and cold side
of the device. A single n-type or p-type leg is not sufficient; there must be a pair of
thermoelectric materials together. When operating a pair of thermoelectric materials,
it is easy to adjust the area of each leg such that each leg operates at its maximum
efficiency. However, this will not be the optimal operating point for the pair unless the

legs have identical efficiencies. The optimization of a pair of thermoelectric elements
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is easy with the thermoelectric potential. The efficiency of the TEG is the total
electrical power delivered divided by the total power absorbed at the hot side:

_ Pe _ M @nn + NpQhp _ " Phn + 1pPhyp
NTeEG = = = (3.30)
Qabs Qh,n + Qh,p (I)h,n + (I)h,p

If the analysis has been done for each leg over a given temperature drop, then
these functions for ®,, and 7 as functions of I,, and fp can be inserted into the above
equation. For two legs with different efficiencies, it is preferred if the leg with higher
efficiency has a larger magnitude ®;, so that more heat is converted to electricity by
this more efficient leg, even if the leg itself is not operating at its peak efficiency.
In the end, neither leg will operate at its optimal (P, I ) condition: the leg with
lower efficiency will run smaller than optimal ®;, and the leg with higher efficiency
will run larger than optimal ®; so that a larger fraction of heat will be converted by
the more efficient leg. This effect tends to be small, especially if the materials are
relatively well-matched in terms of efficiency. For a BiyTes pair with the material
properties shown in figures A-1 and A-2 operating between 200°C and 20°C, the
materials are well-matched: the p-type leg can reach 7.9% efficiency and the n-type
leg can reach 7.6% efficiency. Paired together, the p-type leg runs at 101% of its
individual optimal ®;,, while the n-type leg runs at 99% of its individual optimal ®},,
for a combined efficiency of 7.8%. For a skutterudite pair with the material properties
shown in figures A-3 and A-4 operating between 600 °C and 200 °C, the materials are
not as well-matched: the p-type leg can reach 8.3% efficiency and the n-type leg can
reach 9.7% efficiency. Still, when paired together the p-type leg runs at 97% of its
individual optimal ®;,, while the n-type leg runs at 103% of its individual optimal
®;,, for a combined efficiency of 9.1%.

The properties ® and I can also be defined for a thermoelectric p-n pair, based
on the total cross-sectional area of the legs. Both ® and I are only meaningful if the
ratio of the n-type leg cross-sectional area to the p-type leg cross-sectional area, R/,

is known.
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3.5 Multi-Material Thermoelectrics

Most thermoelectric materials have a high ZT (approaching or exceeding unity) for
only a small portion of the temperature range in which they can operate (Fig. 3-6).
When thermoelectric generators span large temperature drops, it is beneficial to use
multiple materials, with one thermoelectric material generating electricity between
the hot side and an intermediate temperature, and a second thermoelectric material
generating electricity between the intermediate temperature and the cold side. In this
study, the materials used for upper and lower temperature ranges are skutterudite
materials and bismuth telluride materials, respectively. Their material properties can
be seen in figures A-1, A-2, A-3, and A-4. There are two main strategies[100] for
splitting the temperature range with two materials: segmented thermoelectrics and

cascaded thermoelectrics. These designs are explained in the following subsections.

1.5 " "
p-type BisTes

n-type BixTeg

7T

0.5}

\n—type skutterudite
p-type skutterudite
0 100 200 300 400 500 600
Temperature [°C]|

Figure 3-6: Dimensionless figures of merit ZT of p-type and n-type BiyTes and skut-
terudite materials.

3.5.1 Segmented Thermoelectrics

Segmented thermoelectric devices use two thermoelectric materials pressed into a
single leg. For example, an n-type segmented thermoelectric leg could consist of an

n-type skutterudite leg fused to an n-type bismuth telluride leg; the p-type leg would
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Figure 3-7: A segmented thermoelectric generator.

be similar. This architecture is shown in figure 3-7. This is the simplest architec-
ture for a multi-material thermoelectric generator because there is only one current
loop through the device, and there are an equal number of skutterudite segments as
BisTes segments. The boundary conditions at the interface between the upper and
lower material in the leg require that the heat and the current must be conserved.
Since the thermoelectric potential is the ratio of the heat to the current, it too must
be continuous at the boundary: ®,,iqupper = Pmid,iower- This rigid boundary condition
does not allow each material to operate at its optimal conditions. The efficiency of
segmented n-type and p-type legs operating between to heat reservoirs at 400 °C and

200°C was calculated. With two segments, the total leg efficiency is:

Mieg = Tupper + (1 - nupper) Niower (331)

In this analysis both the midplane (material transition) temperature in each leg
and the current were optimized to maximize the system efficiency. The midplane
temperature was adjusted by changing the relative lengths of the thermoelectric ma-
terials: lengthening the skutterudite segment decreased the midplane temperature;
lengthening the BisTes segment increased the midplane temperature. It was found
that the optimal midplane temperature for the n-type leg is 209 °C, even though the
n-type Z'T curves cross at 212 °C. The optimal midplane temperature for the p-type
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leg is 205 °C; the p-type ZT curves cross at 228 °C. It is to be expected that the op-
timal midplane temperature is not exactly where the ZT curves cross: the efficiency
of an element over a AT is not just a function of ZT, but also a function of the rela-
tive current density at that temperature drop. The performance characteristics of an
n-type and p-type leg (optimized independently) are shown in table 3.1. From figure
3-8, it is clear that when the system is optimized for leg efficiency, the individual
segments of the legs are not running at peak efficiency due to a small incompatibility

of the segments.

15 15
(a) (b> Total leg
|

10 | 10 BisTes segment
~ X
: : Skutterudite

5 ‘ : | 5 segment

[ /
0 L1 | 0 L1
-4 -3 -2 -1 0 0 1 2 3

J [uAm=2 J [pAm=?]

Figure 3-8: Performance of (a) n-type and (b) p-type segmented legs. At optimum leg
efficiency (red), the BiyTes (green) and skutterudite (blue) segments do not operate
at their maxima.

Table 3.1: Individually optimized p- and n-type segmented thermoelectric legs.

p-type n-type

Ty, [°C] 400

Tinia [°C] 205 209
T, [°C] 20
Skutterudite efficiency 4.5%  5.2%
BiyTes efficiency 8.0%  7.8%
Leg efficiency 121%  12.2%
TEG efficiency 12.2%

69



3.5.2 Cascaded Thermoelectrics

n-type
skutterudite

p-type
skutterudite

p-type
Bi,Te,

Figure 3-9: A cascaded thermoelectric generator.

Cascaded thermoelectrics are two independent thermoelectric stages joined to-
gether. Each stage has its own electrical circuit, which allows the ® profile to be
optimized in each stage for maximum efficiency. Ideally the midplane between the
two stages is as thin as possible to reduce the temperature drop from the cold side
of the hot stage to the hot side of the cold stage. In addition, the contact resistance
to the legs must be small, as each stage in a cascaded thermoelectric adds its own
electrical and thermal contact resistances to the device. The thermoelectric stages are
modeled as before, and the midplane separating the two stages is modeled as a perfect
thermal conductor and a perfect electrical insulator. Figure 3-9 shows the model of
a cascaded thermoelectric; table 3.2 describes an optimized BiyTes /skutterudite cas-
caded thermoelectric generator operating between two heat reservoirs at 400 °C and
20°C. This calculation gives the upper limit of performance; details of more exact
modeling are presented in the section on advanced modeling.

The performance of cascaded thermoelectrics, single-material thermoelectrics, and
segmented thermoelectrics are compared in figure 3-10. In this example, the leg ge-
ometries, midplane temperatures, and current have been optimized for mamimum
TEG efficiency at a given hot-side temperature with a cold-side temperature of 20 °C.

At temperatures below approximately 250 °C, it is not worth stacking skutterudites
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Table 3.2: Performance of a cascaded thermoelectric generator.

T, [°C] 400
Tinia [°C] 193
T. [°C] 20
Skutterudite efficiency  5.2%
BiyTes efficiency 7.6%
TEG efficiency 12.4%

on top of BiyTes because the skutterudites are less efficient than BisTes in that tem-
perature range. Segmented thermoelectrics can outperform cascaded thermoelectrics
if the optimal midplane temperatures for the two legs are very different. This is
not the case in this BiyTes/skutterudite system. At higher temperatures, the per-
formance of the BiyTes/skutterudite cascaded generator is almost exactly a constant
offset above the skutterudite generator. This is due to the fact that the midplane
temperature does not increase with increasing hot-side temperature, so at all hot-side
temperatures the upper-stage skutterudite is just boosted by the constant power of
the BiyTes stage. The offset is not exactly constant because the optimal current and
thermoelectric potential at the midplane change due to the fact that skutterudites

are not completely self-compatible over a large temperature range.
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Figure 3-10: Efficiency of BiyTes, skutterudite, segmented, and cascaded TEGs. The
cold side is at 20°C.

3.6 Solar Thermoelectric Generators

Thermoelectrics can be used for solar energy conversion. A schematic of a solar
thermoelectric generator (STEG) is shown in figure 3-11. The collector and ther-
moelectrics are enclosed in a vacuum in order to effectively eliminate non-radiative
thermal losses. The important difference between a STEG and a TEG operating
between two heat reserviors is that for a STEG the hot side is not at a fixed tem-
perature: the less heat that is extracted through the thermoelectric legs, the higher
the hot-side temperature will be. The efficiency of a STEG, nsreq, is defined as the
output electrical power divided by the gross intercepted solar flux. This efficiency
can be broken into three components: the optical efficiency, which is the ratio of the
power incident on the collector to the gross intercepted power; the collector efficiency,
which is the ratio of the heat delivered to the legs to the power incident on the col-
lector; and the TEG efficiency, which is the ratio of the electrical power to the heat
delivered to the legs:

NsrEG = Py <HcollAcoll> ( Qn > <Pel> ot ool NG (3.32)
TEG — - A~ | — opt!coll!|ITE .
HsolAap HsolAap HcollAcoll h Pt
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Figure 3-11: Schematic of a concentrating single-generator STEG.

In order to present more general results, the performance can be calculated without

the optical efficiency. This efficiency is called the cell efficiency, 7.q;:

Neell = NeollNTEG (3.33)

If the optical efficiency is 1, the cell efficiency equals the STEG efficiency. In
evacuated systems, the optical efficiency will be at most the transmittance of the
glass, which is normally 94%. For concentrating systems, mirror losses will reduce
the optical efficiency even further. The efficiency of the collector is calculated from an
energy balance on the collector. The TEG efficiency, calculated earlier in this chapter

(Fig. 3-10), is then incorporated to calculate the overall STEG efficiency.

3.6.1 Collector Efficiency

The collector efficiency, .., is the fraction of intercepted solar flux that is transmitted
into the thermoelectric legs. The selective surface absorptance and emittance as well
as the surface temperature and ambient temperature determine the heat exchange
on the sun-facing surface; the heat losses from the back side of the collector are
determined by the system geometry, the emittances and temperatures of the cold

sink and the back side of the collector, and the ambient temperature. The back-
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side losses can be determined by solving a three-body radiation exchange problem
between the collector (body 1), the cold sink (body 2), and the environment (body
3). The radiation network is shown in figure 3-12. A single-subscripted resistance is
the surface resistance, and a double-subscripted resistance is a view factor resistance,

where Fj; is the view factor from surface ¢ to surface j.

1-— €;
= 34
Ri="y (3.34)
1
Fi = 7 (3.35)

Figure 3-12: Radiation network for STEG heat loss from the back side of the collector.

Writing this network in matrix form with resistors allows the problem to be solved

more simply:

Ris+ R+ Rs Ry — Ry Q12 T =Ty

Ry Ris+ Ry + Rs R Qs | = 0w | T} — T4

—Ry R3 Ras + Ry + R Q23 Ty — Ty
(3.36)

If we denote as M the 3x3 matrix on the left side of equation (3.36), the problem

simplifies to:
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Q1= Q2+ Q13 = A1€1204 (T14 — T24) + Ai€1304, <T14 — T;) (3.37)

Ry3R23 + R3 (Ria + Ri3 + Ras)

= 3.38
2 Ay det M (3.38)
_ RigRos + Ry (Rig + Riz + Ro3)
s = Ay det M (3:39)

Here ()¢ is the total heat leaving body 1, and €15 and €3 are the effective emittances
from 1 to 2 and 1 to 3, respectively. The heat losses from the back side of the collector

are then included in the collector efficiency:

Hcolla — €ss0sb (T};l - T34ky) — €120 (T14 - T24) + €130sb (T14 - T24)

Teoll =
H coll

(3.40)

For this study, a TiNOX selective surface was used. Its absorptance is 0.944 across
a broad temperature range, and its temperature-dependent emittance is shown in

figure 3-13.
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Figure 3-13: Emittance of TiNOX selective surface.
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3.6.2 STEG Optimization

We now assume there is an optical system which produces a given incident heat flux
onto a collector, and we assume a TEG of known material properties. Both the col-
lector efficiency and the TEG efficiency are functions of the collector (hot-side) and
cold-side temperatures. If a fixed cold-side temperature is assumed, we can find the
hot-side temperature that maximizes the product of the collector efficiency and the
TEG efficiency. Once this optimal hot-side temperature is determined, the geom-
etry and electrical current of the system must be defined so that the temperature,
Ty, and heat flow, Qp, must be equal on both sides of the collector/TEG interface.
Previous calculations identified the optimal thermoelectric potential, ® 7, optimal
scaled current density, I° and optimal ratio of cross-sectional areas, Ry, for maxi-
mum efficiency at the prescribed hot-side temperature. From these parameters we
can determine the configuration of the optimal system. First we recognize that the
thermoelectric potential is the ratio of the total heat current to the total electrical
current. The total heat current is known from the boundary condition, so we can

solve for the optimal current I°:

I° = @} rpeQnrec = P rpaeotGeoll Acoll (3.41)

We can substitute this result into the equation for the scaled current density:

T L Acoll

I°=1° = ®F rpcNeollGeoll L (3.42)

Arge Arge

We define the thermal concentration as the ratio of collector area to thermoelectric
leg area: Cy, = Acon/Arec. The only geometry-related term in equation (3.42) is
what we call the geometric parameter, Cy, L. Equations (3.41) and (3.42) lead to the
important conclusion that the performance of a STEG with a given incident flux and
collector is maximized by controlling the geometric parameter and the current. It
is important to note that in order for this to be true, we have to assume that the

efficiency of the collector is independent of size, and that there are no other losses like

radiation or convection from the legs. The collector efficiency becomes size-dependent
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when a temperature gradient is developed across the collector or if the backside view

factors change significantly with collector size.

3.7 Multi-stage STEGs

When optical concentration is used for solar thermoelectric generators, the collector
can reach temperatures at which it becomes beneficial to use multiple thermoelectric
materials. As has been shown before, cascaded STEGs are the most efficient way
to convert this heat to electricity. In addition, cascaded STEGs allow some of the
heat lost through radiation in the upper stage to be recaptured at the midplane and

converted to electricity in the lower stage (Fig. 3-14).

H
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Figure 3-14: Schematic of a concentrating cascaded STEG.

The performance of a cascaded STEG is computed by sweeping through the pos-
sible combinations of midplane and hot-side temperatures and finding the maximum
efficiency. The lower stage can be optimized as before, by choosing @}, jouwer and flower
to optimize the efficiency. The upper stage cannot be optimized as a single-stage

STEG with an elevated cold-side temperature at 7;,. The waste heat from the upper
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stage, as well as some of the radiation losses from the back side of the collector, add
to the heat input to the lower stage. The full equation for the power from the device

18:

]Dtotal - AcolchollncollnTE,u + [Acolchollncoll (1 - nTE,u) + Q13] nNre, (343)

This optimization was performed over a range of collector incident fluxes. Figure
3-15 compares the efficiency of single-stage BiyTes, single-stage skutterudite, seg-
mented BiyTes/skutterudite, and cascaded BisTes/skutterudite solar thermoelectric
generators as a function of collector incident flux. The hot-side temperatures and
midplane temperatures (dashed, where applicable) are shown in figure 3-16. Figure
3-17 shows the corresponding optimal thermal concentration for each system. This
assumes that each BiyTes leg, skutterudite leg, or BisTes/skutterudite segmented leg
is 1 mm long. At incident fluxes above approximately 100 kW m~2, the thermal con-
centration drops to low levels such that the area of the back side of the collector
is significantly different from the area of the front side of the collector. This does
not invalidate the modeling results because this difference has only a small effect on
the overall system efficiency. It actually increases the system efficiency slightly by
improving the collector efficiency. However for cascaded systems, the optical effi-
ciency at 100 kW m™2 is already above 86%, while the maximum is 94.4% due to the
absorbtance of the selective surface. The radiation losses from the back side of the
collector are less than 30% of the total radiation losses, so changing the back side
effective radiating area by 20% would only reduce the radiative losses by 6%. This
change would increase the collector efficiency by 0.5%, a negligible amount. Thus the
results presented here are still valid for low thermal concentration corresponding to

high optical concentration.

At low collector incident fluxes, the best design is the Bi;Tes STEG because the
temperature remains low due to the relatively large radiation losses of the collec-

tor. For collector incident fluxes above 2 kW m~2, multi-material STEGs outperform
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Figure 3-15: Cell efficiency of BisTes, skutterudite, segmented, and cascaded ther-
moelectric STEG cells. The cold side is at 20°C. The case of the cascade without a
midplane is shown in dashed gray.
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Figure 3-16: Hot-side temperatures T}, of BisTes, skutterudite, segmented, and cas-
caded STEG cells. The cold side is at 20°C. Also shown are the corresponding
midplane temperatures 7,, for the cascaded design, and the p-type and n-type mid-
plane temperatures for the segmented STEG cell.
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Figure 3-17: Thermal concentration Cjy, for BiyTes, skutterudite, segmented, and
cascaded STEG cells. Each leg, either single-material or segmented, is 1 mm long.

single-stage STEGs. As before, the performance gains of the cascaded device as
concentration increases come only from the upper stage because the mid-plane tem-
perature ceases increasing (Fig. 3-16), and thus the device performance is merely
a constant offset above the performance of the skutterudite-only stage. Again, a
cascaded STEG performs better than a STEG with segmented legs. However, the
difference is small. Most of the difference at lower fluxes, and all of the difference at
higher fluxes, is due to the higher efficiency of the thermoelectric legs when the cur-
rent and thermoelectric potential in each material can be optimized. The effect of the

2 and almost non-existent

midplane acting as a radiation shield is small at 2kWm™
at 100 kW m~2. This is because the total flux that leaves the backside of the collector
without a radiation shield is only 6% of the total intercepted flux at 2kW m~2, and
only 1% of the intercepted solar flux at 100 kW m~2. The performance of a cascaded
STEG without the radiation shield at the midplane is plotted in dashed gray in figure
3-15 for completeness. For these materials, a cascaded design is not much better than
a segmented design; given that the extra contact resistance and temperature drops at
the midplane were ignored for the cascaded design, it is very likely that a segmented

STEG could outperform a cascaded STEG if BisTes and skutterudites are used for

the thermoelectric materials.
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3.8 STEG Efficiency

The preceding figures predict cell efficiency, which does not include the optical con-
centration system losses. Figure 3-18 predicts the STEG efficiency for a Bi;Teg; STEG
and a cascaded STEG with different optical efficiencies. In these cases it is assumed
that the solar flux is AM1.5 Direct + Circumsolar (H,, = 900.1 Wm™2). A reason-
able optical efficiency for this system is 90%, to account for glass transmittance (near

94%) and mirror reflectance (near 95%).
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Figure 3-18: STEG efficiency as a function of optical efficiency for STEGs with optical
concentration.

3.9 Improvements

From where we currently stand, there are many parameters that could be improved
in our system. The two main areas for improvement are the thermoelectric material
properties and the selective surface emittance. Figure 3-19 shows the increase in
efficiency due to decreasing the thermal conductivity of the thermoelectric materials
by 10%, 20%, and 30%. Figure 3-20 shows the increase in efficiency due to decreasing
the emittance of the selective surface by 10%, 20%, and 30%. At high incident
flux (high optical concentration), the efficiency of the STEGs begins to level off.

This is because at high incident flux the collector losses become very small and the
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collector efficiency approaches the maximum, which is the absorptance of the collector
(94.4% for TiNOX collectors). The efficiency of the TEG levels off at operational
temperatures of 600 °C, since this is an enforced upper limit to prevent the material
from degrading and melting. In the cases with lower collector emittance, the STEG
reaches this ceiling at a lower optical concentration, so the efficiency flattens out
faster than in the cases where the emittance is unchanged. The decrease in thermal
conductivity has a much larger effect on the system efficiency because it improves the
TEG efficiency. The TEG efficiency is far from leveling off at the Carnot limit, so

there is still a large gain from decreasing the thermal conductivity.
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Figure 3-19: Cascaded STEG cell efficiency as a function of flux at the collector. The
baseline is compared to a 10%, 20%, and 30% reduction in thermal conductivity.
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Figure 3-20: Cascaded STEG cell efficiency as a function of flux at the collector. The
baseline is compared to a 10%, 20%, and 30% reduction in emittance.

3.10 Summary

In this chapter a method of calculating and optimizing the performance of a ther-
moelectric leg was presented. From this standard leg model, one can calculate and
optimize the performance of thermoelectric generators of various configurations. For
TEGs operating over a wide temperature range, it is appropriate to use two different
materials systems. Two configurations for wide temperature range applications were
compared: segmented legs and cascaded stages. For ideal BisTes and skutterudite
systems, the cascaded design achieved slightly higher efficiencies. One can imagine
that for other material systems, or for non-ideal cases with large contact resistances
or large wire losses, the segmented design could prove to be more efficient than the

cascaded design.

Finally, these different TEG designs were incorporated into a solar thermoelectric
generator. The conclusions about STEG designs are the same as TEG designs: the
cascaded design had a slightly higher efficiency, but small details such as contact
resistance, wire losses, mechanical stability, and manufacturability could make the
cascaded design the preferred option. Three ways to improve STEG performance

are to use concentrating optics, to decrease the emittance of the collector, and to
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increase the ZT of thermoelectric materials. Concentration has the largest effect on
the efficiency, but increasing the ZT can make a significant difference if the optical

concentration is fixed.
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Chapter 4

Selective Surfaces for STEGs

The design and optimization of selective surfaces for Carnot applications was de-
scribed in chapter 2. The optimization of solar thermoelectric generators was pre-
sented in chapter 3. In this chapter, the design of selective surfaces specifically for
STEG applications is discussed. Limits of performance for STEGs with ideal non-

directional selective absorbers are presented.

4.1 1Ideal Selective Surfaces for STEGs

In this section, the same analysis technique that was presented in chapter 2 will
be applied to STEGs. The optical efficiency is assumed to be 100% in order to
present an upper limit on performance. At operating temperatures below 250 °C, a
BisTes single-stage STEG will be used; above 250 °C, a cascaded STEG will be used.
These two designs represent the highest achievable efficiency over their temperature
ranges with our current materials. To achieve the maximum collector performance,
the radiation losses from the back side of the collector must be negligible. In this
case, the long-wavelength emittance can be zero. Including backside radiation losses
is the same as having a long-wavelength emittance value, e, that is greater than zero.
Figure 4-1 shows the effect of changing this long-wavelength emittance of the absorber.
Given that there will be some long-wavelength radiation from the STEG collector,

it is safe to assume that for mid-concentration STEG systems, the selective surface

85



transition wavelength should be near 1750 nm. Figure 4-1(c) shows that supressing
the emittance at high concentration ratios does not increase system performance. In
addition, increasing the concentration ratio beyond approximately C,,; = 100 is not
effective because the system is temperature-limited by the materials.

Figure 4-2 and figure 4-3 show the effect of changing the short-wavelength ab-
sorption, a, and the width of the transition, w. As seen before in chapter 2, these
effects are not nearly as strong as changing the emittance. Changes in the short-
wavelength absorption change neither the ideal operating temperature nor the ideal
transition wavelength. There is a slight effect on the total hemispherical emittance,
but the most prominent effect is on the total hemispherical absorptance. Broadening
the transition changes both the emittance and the absorptance, and the jumps in the

optimal transition wavelength become less distinct.
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Figure 4-1: Effect of e on STEG optimization: optimum (a) operating temperature,
(b) transition wavelength, and (c¢) STEG efficiency. The resulting total hemispherical
(d) absorptance and (e) emittance are shown.
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4.2 Ideal STEG Efficiency Limits

The development of better thermoelectric materials will change the capabilities of
STEGs. The BiyTes and cascaded designs used in this thesis have an effective ZT of
near 1 (Fig. 4-4). Using the ideal efficiency equation (Eq. (1.19)), the maximum per-
formance of STEGs with diffuse (non-directional) selective surfaces can be computed.
The results are presented in figure 4-5. The ZT of the thermoelectric material has
very little effect on the ideal properties of a selective absorber for a STEG. Figure
4-5(a) shows that except for very close to two transition regions, the ideal operating
temperature is almost solely a function of C,y. Similarly, figure 4-5(b) shows that
the ideal transition wavelength is nearly independent of ZT also. Not surprisingly,

this leads to a nearly-independent absorptance and emittance (Fig. 4-5(d) and Fig.

4-5(e)).
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Figure 4-4: STEG efficiency for a cascaded TEG and various ideal TEGs.
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4.3 Conclusion

By developing higher-performing selective surfaces, the efficiency of STEGs can be
greatly improved, especially at optical concentration ratios below 10. Unfortunately,
the long-wavelength emittance must be completely suppressed to reap the rewards of
a better selective surface; reducing it to an epsilon value of even 0.01 still leaves the
efficiency far short of the ideal efficiency. While it is very difficult to achieve nearly
zero long-wavelength emittance with a traditional selective surface, directional selec-
tive surfaces could have great potential for this field (see chapter 5). This analysis
also helps target thermoelectric materials development. For all applications with a
Copt less than 200, the ideal operating temperature is less than 900 °C, and thus it is
not necessary to develop materials that operate above this temperature. Fortunately,
materials such as SiGe alloys already are able to operate at these temperatures[30].
We can see that increasing the ZT of a material has a large effect on the perfor-
mance of a STEG, even if the materials development does not increase the operating
temperature of the material. Finally, this analysis presents the upper limit of the
performance of STEGs with non-directional absorbers. Depending on the ZT of the
materials at hand, the performance limit may help guide whether or not pursuing a

solar thermoelectric generator is a reasonable goal.
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Chapter 5

Conclusion

5.1 Summary

This thesis investigates two topics related to the harvesting of solar energy: selective
surfaces and solar thermoelectric generators. It has been shown that when the ab-
sorption bands of the atmosphere are considered, the optimal transition wavelength
of an ideal selective surface is nearly universal across applications. There are two
key transition wavelengths that together cover nearly all applications: 1750 nm and
2500 nm. In addition, there are fundamental limits of the performance of a selective
surface; engineers must be aware of these limits when designing solar thermal devices,
as these limits shape the envelope of performance of the device. To design an effective
selective surface, the application in which it will be used must be known. At low op-
tical concentrations, the long-wavelength emittance is most important in determining
the efficiency of the device. At high optical concentrations, it is the solar absorptance
that drives the performance. The specific location of the transition from high emit-
tance to low emittance is important, however the benefits of precisely controlling the
position of the transition are usually not nearly as effective as controlling the values
of the emittance in the short- or long-wavelength range.

The second topic investigated in this thesis is the design and optimization of a
concentrating solar thermoelectric generator. These devices could reach efficiencies

above 15% under 100X concentration. It is possible under even low optical concen-
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tration (Cop ~ 2) to raise the operating temperature of the device to the melting
temperature of bismuth telluride compositions. When the temperature exceeds this
point, it is beneficial to use a second, high-temperature material such as skutterudites
to allow the device to operate at elevated temperatures. The two basic configurations
of multi-material thermoelectric generators are cascaded and segmented designs. Cas-
caded designs have more degrees of freedom, and thus it is possible to achieve a higher
theoretical efficiency. Because of the compatibility of skutterudites and BiyTes, it is
possible to design a very effective segmented thermoelectric generator that achieves
nearly the same efficiency as a cascaded thermoelectric generator. Given the manu-
facturing complexity and possible additional losses associated with cascaded designs,
a segmented architecture may be easier to build, and may provide better results than
a cascaded design.

Solar thermoelectric generators with ideal selective surfaces and perfectly compat-
ible materials (such that the generator efficiency is the ideal ZT efficiency of equa-
tion (1.19)) have the potential to reach efficiencies of 20% at high optical concentra-
tions (Cope = 10,000) with ZT = 1 materials, and 30% with a ZT of 2. Materials
that reach ZT = 2 can also reach 20% efficiency without optical concentration. In
this case, doubling the ZT of the material has the same benefit as going from no
optical concentration to an optical concentration of 10,000. Without selective sur-
faces, the efficiency at low optical concentrations is severely affected, as even the best
selective surfaces today result in STEG efficiencies of only 5%, compared to 12% with
an ideal selective surface. Advances in selective surfaces and thermoelectric materials

can both have a large impact in the efficiency of solar thermoelectric generators.

5.2 Future Work

Continuing research into selective surfaces should follow three paths. The first goal
is to try to make a selective surface that matches the emittance profile suggested in
chapter 2 of this thesis. The ability to create photonic crystals has opened up the

possibility of tuning indices of refraction to tailor matter’s interactions with light such
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that we achieve the desired properties. The second goal would be to take the lessons
learned from Tabor’s insight and continue to stretch Kirchoft’s Law. Tabor exploited
the wavelength-dependence of Kirchoft’s Law; it would be interesting to find out if
we can also exploit the angular dependence of Kirchoff’s Law to make an absorber
with a strong angular dependence. If so, selective surfaces on tracking systems could
become much more effective if they only emitted or absorbed over the small cone of
the sky that includes the sun. Finally, it will be critical to be able to test any selective
surfaces that we design and build. Therefore it could be very useful to design and
build a system to measure the wavelength and angular dependences of emittance at
high temperatures.

Before going forward with building a solar thermoelectric generator, it will be
important to refine the computer model such that we get a better upper limit on the
performance of our devices. A model has already been developed that accounts for
electrical and thermal contact resistances and losses through solder and electrodes,
but values for these properties must first be measured in order for them to be included
in the model. The most important improvement to the model will be including the
effect of radiative heat transfer from the thermoelectric legs. At high concentrations,
this heat transfer may influence the final STEG architecture. If after these additions
the devices still look promising, a cost analysis should be performed to see if a device is
worth building. If so, many problems will need to be solved including reducing contact
resistance, minimizing or dealing with thermal expansion, creating good adhesion to
thermoelectrics, and preventing material degradation over time. The final step would
be creating a good design for a heat sink and concentrating optics. When all of these
parts are complete, it is possible that solar thermoelectrics will be a viable alternative

to solar photovoltaic energy production.

95



96



Appendix A

Material Properties

When calculating thermoelectric device performance, the following properties of Bi;Tes ma-
terials and skutterudite materials are used (A-1 to A-4). Plotted are the Seebeck
coefficient, S, the electrical conductivity, o, the thermal conductivity, x, and the
dimensionless figure of merit, ZT. These data were graciously provided by our col-

laborators at Boston College under the guidance of Professor Zhifeng Ren.
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Figure A-1: Thermoelectric properties of the n-type BisTes material used in this
thesis.

98



240 12
— 10
< 220 =
~
& 4 8
~ 200 b
N 6
180 4
0 50 100 150 200 250 0 50 100 150 200 250
Temp [°C] Temp [°C]
15 15
= 14
g
&
=13 51
e 12
1.1 0.5
0 50 100 150 200 250 0 50 100 150 200 250
Temp [°C] Temp [°C]

Figure A-2: Thermoelectric properties of the p-type BisTes material used in this
thesis.
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