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The conversion of solar power into electricity is dominated by non-concentrating photovoltaics
and concentrating solar thermal systems. Recently, it has been shown that solar thermoelectric
generators (STEGs) are a viable alternative in the non-concentrating regime. This paper addresses
the possibility of STEGs being used as the power block in concentrating solar power systems.
STEG power blocks have no moving parts, they are scalable, and they eliminate the need for an
external traditional thermomechanical generator, such as a steam turbine or Stirling engine. Using
existing skutterudite and bismuth telluride materials, concentrating STEGs can have efficiencies
exceeding 10% based on a geometric optical concentration ratio of 45. © 2011 American Institute

of Physics. [doi:10.1063/1.3642988]

. INTRODUCTION

Due to rising petroleum costs, as well as environmental
and security concerns, much research is being directed to-
ward harvesting the energy of the sun. The two most com-
monly studied technologies are solar photovoltaics and solar
thermal power plants. One technology that has received only
sporadic attention is solar thermoelectrics. Thermoelectrics
are materials which generate a voltage in the presence of a
temperature gradient.' When these materials are sandwiched
between a solar absorber and a heat sink to establish a tem-
perature difference and generate power, they are called solar
thermoelectric generators (STEGs), converting solar power
to electric power. Like solar thermal plants, these generators
have the advantage that they can use the entire solar
spectrum, not just the portion above the bandgap of a semi-
conductor. Like photovoltaics, STEGs can be used for
small-scale installations, as they do not require a traditional
thermomechanical generator like solar thermal systems.
Because STEGs are solid-state devices, they have no moving
parts, which increases reliability and reduces maintenance.

Using thermoelectric materials to capture the sun’s
energy is not a new concept; the first patent for a solar genera-
tor made from thermoelectric materials was in 1888.% In
1954, Telkes reported 0.6% efficiency at one sun and 3.3%
efficiency at 50 suns.’ Prior to 2010, a few studies have inves-
tigated solar thermoelectric generators, but none made signifi-
cant improvement over Telkes’ work.*”” Recently, we have
demonstrated an efficiency of over 4% for a non-optically
concentrating solar thermoelectric generator,® matching mod-
eling predictions.”'® This leap in efficiency can be attributed
to (1) vacuum operation that enables a large concentration of
solar energy via heat conduction, i.e., thermal concentration,
(2) selective surfaces that absorb solar radiation with small
thermal emission, and (3) better thermoelectric materials.''
The relevant metrics for these individual components are the
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absorptance and emittance of spectrally selective absorbers
and the dimensionless figure of merit of thermoelectric mate-
rials, ZT = Son/ i, where S is the Seebeck coefficient, ¢ the
electrical conductivity, T the absolute temperature, and x the
thermal conductivity. Significant advances have been made
over the last few decades in thermoelectric materials.'*™*

For systems without optical concentration, the optimal
hot-side operational temperature of the STEG is near 200 °C.®
Although a higher temperature can lead to a higher thermo-
electric device efficiency, radiation heat loss from the large
absorber surface reduces the thermal efficiency. Although
Bi,Tez-based materials, which operate up to 200 °C, are avail-
able, materials with good ZT at higher temperatures are also
available, such as skutterudites'® and half-Heuslers.'° Optical
concentration can be employed together with thermal concen-
tration to reduce the absorber area and increase the system
efficiency. The efficiency of earth-based concentrating STEGs
has been predicted to be as high as 12% for a theoretical
silicon-germanium material at a concentration of nearly 2000
suns.'” This article builds off the recent advances in non-
concentrating solar thermoelectric generators® '* and exam-
ines the potential performance for concentrating STEGs using
existing selective surfaces and thermoelectric materials. We
predict an efficiency equaling that from Rowe,'” but with an
optical concentration of 50 instead of 2000.

Il. MODEL

A concentrating solar thermoelectric generator com-
prises an optical concentration system, a glass enclosure, an
absorber, a thermoelectric generator (TEG), and a heat sink.
The glass enclosure, which envelops the absorber and the
TEG, is used to maintain a vacuum to reduce thermal losses
and to reduce contamination or oxidation of the absorber and
TEG. The absorber converts the concentrated solar radiation
into thermal energy of the absorber. This thermal energy can
be concentrated via heat conduction to the thermoelectric
generator, which converts the heat into electricity. The
excess heat is removed by the heat sink. The efficiency of a

© 2011 American Institute of Physics
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STEG is defined as the amount of electric power produced
per unit of intercepted solar power, 1y, = Per/(HapAap),
where P, is the total electric power produced by the STEG,
H,, is the solar irradiation at the aperture of the concentrator,
and A,, is the aperture area of the concentrator. The STEG
efficiency is the product of the opto-thermal efficiency and
the TEG efficiency, 1., = 1y!;eq» Where the opto-thermal
efficiency characterizes the conversion of solar flux into a
heat flux at the hot junction of the TEG and the TEG effi-
ciency characterizes the conversion of heat into electricity.’

The optical concentration system for most solar energy
converters is either a mirror-based or lens-based concentra-
tor. These systems have two reference areas: the aperture
area, A, which sets the total amount of sunlight intercepted
by the system, and the absorber area, A, which is the area
of the absorber surface which absorbs the sunlight for con-
version to electricity. The ratio of these two areas gives a
geometric optical concentration, C, . The energy flux will
be concentrated by a factor smaller than the optical concen-
tration because of mirror or lens losses. The aperture flux is
taken as the AM 1.5 direct + circumsolar ﬂux,18 since diffuse
light cannot be concentrated. The specific design of optical
concentrators is not discussed in this paper.

Just as an optical concentrator can increase the heat flux
by channeling a diffuse source into more concentrated flux, a
thermal concentrator can increase the heat flux by directing
the heat to flow through an area of smaller cross-section.
Thermal concentration allows higher temperatures to be
reached while minimizing the amount of thermoelectric
materials needed.'® Analogous to optical concentration, ther-
mal concentration can be defined by a geometric thermal
concentration, C, ;,, which is the ratio of the absorber area to
the TEG cross-sectional area.

A steady-state energy balance on the absorber details
the losses which limit the thermal efficiency,

ng.in = Qahx,ss - Qr,ss - Qr,edge - Qr‘ba(?k - Qc,ss
- Qc‘,edge - Qc,back- (1)

(a) H (b)

an

Q,.'ss
Habs
Qr edge Qr,back-gap ,f
Qr,edge
Qr,back-cold
Qr,cold-gap
s fed . § |
Heat sink
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. n-type Bi,Te,

p-type skutterudite
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Here, Q. » is the heat conducted into the top of the TEG;
Qubs.ss 15 the heat absorbed by the selective surface; Q, ,
O edge» and O, ¢ are the heat losses via radiation from the
absorber’s selective surface, edges, and back side; and Q. g,
O¢ cdge» and O pacr are the heat losses via conduction or con-
vection from the absorber’s selective surface, edges, and
back side. To minimize losses, the system can be placed in a
vacuum enclosure such that the last three terms, the air con-
duction/convection losses, are eliminated. The radiation
losses from the selective surface and from the edges of the
absorber can be estimated by assuming a view factor of 1 to
the blackbody surroundings at the temperature T,,,;,
although measures can be taken to reduce this loss. The first
three heat flow terms of Eq. (1) can be expressed as

Qabx,ss = amHabSAabm (2)
Orss = JgssAabS(Tgh.v - Tgmb)’ 3
Q;x,edge = O'SedgeAedge (ijs - ijh)' “)

Here, oy, is the absorptance of the selective surface in the so-
lar spectrum; H,, is the incident radiative flux on the
absorber; A and A4, are the areas of the absorber selec-
tive surface and the absorber edge; ¢ is the Stefan-
Boltzmann constant; &g and &.,4,. are the effective emittances
of the selective surface and absorber edge at the absorber
temperature, T,; and T, is the temperature of the sur-
roundings. Such effective emittances may depend on the
properties of the enclosure, for example. The radiative loss
from the back side of the absorber, O, puc, is dependent on
the temperature, emittance, and view factor of the ambient
and the surface facing the back side. The facing surface is
the cold-junction electrodes for a single-stage TEG (Fig. 1).
To solve for the radiation losses, a three-body radiation net-
work!® must be solved between the back side of the absorber,
the top of the cold side, and the gap between the two. This
gap can be treated as a blackbody at the temperature of
the surroundings. The surfaces of the thermoelectric

0‘r.ss FIG. 1. (Color online) Schematic of two

abs basic STEG architectures: (a) segmented
and (b) cascaded STEGs. The copper

\a Qr,back-gap absorber substrate is also used as the elec-
trical connection between the p-type and

Qr,mid.gap1 n-type legs. The cascaded architecture
1 uses a midplane with an electrically insu-
lating core to separate the two electric

Qr,mid-eapz circuits.

Qr,cold-gap

II

—— electric current

N_~ radiation
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FIG. 2. ZT of materials used in these calculations. Lower-temperature
n-type (dashed) and p-type (solid) Bi,Te; materials and higher-temperature
n-type (dotted) and p-type (dash-dotted) skutterudites.

elements are neglected in the radiation exchange model
because of their relatively small size compared to that of the
gap.

Of the heat that is transported into the TEG, only a small
portion is converted into electricity. The TEG, being a heat
engine, is limited in its efficiency by the second law of ther-
modynamics. In addition, the materials’ ZT depends strongly
on temperature. For generators operating over a large tem-
perature range, usually several materials are combined to-
gether to maximize the efficiency of the system. In Fig. 2,
we show the ZT of two materials studied in this paper.'"'?
Bi,Tes-based materials have higher ZT at low temperatures,
while skutterudites have higher ZT over a higher temperature
range. Our previous STEG demonstration used little optical
concentration, resulting in a lower operating temperature, for
which Bi,Te;-based materials worked well. For optically
concentrating systems that can operate at higher tempera-
tures, we are interested in the achievable STEG efficiency.

Two main architectures for multi-material thermoelec-
tric generators are cascaded”® and segmented®' generators.
These architectures are shown integrated into a STEG in
Fig. 1. A segmented generator looks superficially similar to a
single-stage TEG, in that there is only one electric circuit in
the device and the thermoelectric legs run all the way from
the hot side to the cold side. Each leg is composed of a skut-
terudite upper segment joined to a bismuth telluride lower
segment. The second architecture, a cascaded generator, has
a skutterudite stage with its own electric circuit placed on
top of a bismuth telluride stage with its own electric circuit.
The two stages are separated by a thermally conducting,
electrically insulating midplane. The two separate currents in

J. Appl. Phys. 110, 074502 (2011)

this architecture give an extra degree of freedom for optimiz-
ing the performance of the TEG. In contrast, although the
segmented generator has only one electric circuit, there is an
extra degree of freedom provided by the fact that the transi-
tion from skutterudite to bismuth telluride can happen at a
different temperature in the n-type leg than in the p-type leg,
whereas this transition temperature is the single midplane
temperature for a cascaded generator.

To analyze the operation of a TEG, the governing
equations for thermoelectric materials’* must be solved.
Assuming the heat flux and electric current can be consid-
ered one-dimensional conserved quantities inside the
thermoelectric materials, a steady-state energy balance on a
differential slice of a single thermoelectric element is shown
in Fig. 3. The three terms are the Fourier heat flux, the ther-
moelectric heat flux, and the electric power flux. This energy
balance reduces to a single differential equation for the tem-
perature profile in the element (Eq. (5)),

% (K(x) aaT(i’;)) = —pJ? +JT(x) 8‘2—5‘), 5)

which can be solved via an iterative technique by breaking
the equation into a set of coupled differential equations (Eqgs.
(6) and (7)).2

dT  TSJ —
i S (6)
X K
d. TSJ —
QYR NN . )
dx K

These equations can be solved numerically for a thermoelec-
tric element to find the temperature distribution and heat flux
profile within the element, as well as the power output and
efficiency of the element. This basic framework for deter-
mining the performance of a thermoelectric element can be
incorporated into finding the efficiency of a TEG with multi-
ple thermoelectric elements, either in a single-stage, seg-
mented, or cascaded architecture.

The full model for a segmented concentrating STEG is
presented in Fig. 1(a) (other device geometries are possi-
ble,>* but the optimization concept is the same). The effi-
ciency of the STEG is maximized by varying the electric
current through the system as well as all the dimensions of
the individual segments and the absorber; the only geometric
constraint in this configration is that the total length of each

FIG. 3. Energy balance on a differential thermoelectric ele-
ment. The material properties are a function of the local
temperature, and energy is conserved in the x-direction.
The three terms are the Fourier heat, the thermoelectric
heat, and the electrical power. Here J is the electric current
density, j the electrochemical potential, and —e the charge
of an electron.
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leg is the same. The temperature of the absorber is not fixed,
but is calculated from the energy balance in Eq. (1). The full
model includes bonding agents, such as solder, and also
takes into account both thermal and electrical contact resist-
ance at the interfaces. For the purposes of predicting an
upper limit for the efficiency, the solder is ignored and all
contact resistances are set to zero.

A cascaded STEG is represented schematically in Fig.
1(b). Because of the midplane, two different three-body radi-
ation networks must be solved: one consisting of the back
side of the absorber, the top of the midplane, and the upper
gap and a second network consisting of the bottom of the
midplane, the lower gap, and the top of the cold side. The
heat input into the bottom TEG, Q.2 s, is the heat that
leaves the bottom of the upper TEG, Qy.q/ 0u» less the net
radiation loss from the midplane,

Qteg2,in - Qtegl,out + Qr,hack—mid - Qix,mid—gapl - Ql‘,mid—gapZ
- Qr,midfcold - Qr.midedge - Qc.wirm (8)

where Q. i 1S the conduction losses down any wires that
are part of the upper TEG electric circuit. Snyder® has
shown that these wires can be eliminated through clever
design of the upper and lower TEG circuit paths, so here, the
wire conduction losses will be ignored.

In these models, it is assumed that the absorber is at a
uniform temperature, T,,. In reality, this will not be the case
because of the temperature drop caused by the radial conduc-
tion from the edges of the absorber to the junction with the
TEG. Since it has been shown that these effects are negligi-
ble under most circumstances, even for STEGs with large
thermal concentration,10 this assumption is valid for the
smaller thermal concentration required by high optical con-
centration systems, as long as the copper absorber substrate
is of sufficient thickness. The radiation from the absorber to
a thermoelectric element is neglected because the magnitude
of that radiation exchange is small compared to the total heat
conducted down the leg. Similarly, the radiation from one
leg to other legs or to the gap is neglected because of the
small magnitudes of these radiation losses compared to the
magnitude of the conducted heat. For large numbers of
closely packed legs, the radiation effects are usually small,
but this assumption should be tested for a given temperature
range and approximate system geometry. Neglecting the
radiation exchange involving the legs drastically reduces
the computation time to run these simulations and allows the
program to be modular.

This model was run to calculate the maximum efficiency
of a STEG under 1 to 1000 times geometric optical concen-
tration. The mirror reflectance was assumed to be 0.96, and
the concentrator intercept factor’® was 0.92. The average
transmittance of the glass tube is 0.9, and the commercially
available absorber has 94% absorption in the solar spectrum.
It is assumed that the efficiency of the optical system is inde-
pendent of wavelength such that it would still be valid to use
the manufacturer’s data for the selective surface’s absorp-
tance in the solar spectrum for the absorptance of the spec-
trum incident on the absorber. This leads to an average
irradiance on the absorber of 0.67 kW/m? to 670 kW/m?.

J. Appl. Phys. 110, 074502 (2011)

TABLE I. Individually optimized p- and n-type segmented thermoelectric
legs.

p-type n-type
T, [°C] 400
Tia [°C] 241 211
T.[°C] 20
Skutterudite efficiency 3.5% 4.9%
Bi,Te; efficiency 10.0% 7.7%
Leg efficiency 13.2% 12.2%
TEG efficiency 12.7%

The selective surface has an emittance that increases from
4% emittance at 100°C to 20% at 600 °C. The back side of
the absorber, both midplane faces, and the upper surface of
the cold side were all assumed to be highly polished copper
with a temperature-independent emittance of 4%. Edge
effects were neglected because, as the system is scaled up to
many pairs, the relative size of the edges decreases and, thus,
the edge losses become unimportant. The thermoelectric
materials were bismuth telluride compounds for the lower
stage and skutterudites for the upper stage. The bismuth tel-
luride p-type elements peak at a ZT of nearly 1.4 at 100°C,""
and the ZT of the n-type skutterudites peaks above 1 at
500°C."”

lll. RESULTS AND DISCUSSION

The model was first run without the solar component in
order to make a comparison between single-stage, seg-
mented, and cascaded TEGs. Simulations calculated the effi-
ciency of the TEGs as a function of the hot-side temperature,
assuming the cold side was fixed at 20°C. As an example,
the optimized system parameters for a skutterudite and bis-
muth telluride segmented TEG operating between 400°C
and 20 °C are presented in Table I. The results for a cascaded
TEG under the same conditions and made of the same mate-
rials are shown in Table II. Note that the bismuth telluride ef-
ficiency is defined based on the heat flux into the bismuth
telluride portion; because of this, the total efficiency must be
lower than the sum of the skutterudite and bismuth telluride
efficiencies.

From Table I, it is clear that, at the optimal performance
of the device, the temperature at the transition from skutteru-
dite to bismuth telluride is different in each leg. Because of
the midplane used in the cascaded model, the transition tem-
peratures in both legs are the same. The cascaded midplane
temperature does not match either segmented transition
temperature because that temperature is optimized for two

TABLE II. Performance of a cascaded thermoelectric generator.

T, [°C] 400
Tia [°C] 210
T.[°C] 20
Skutterudite efficiency 4.8%
Bi,Te; efficiency 8.6%
TEG efficiency 13.0%
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FIG. 4. (Color online) TEG efficiency for four different architectures: a
single-stage bismuth telluride TEG (dashed); a single-stage skutterudite
TEG (dotted); a segmented skutterudite and bismuth telluride TEG (dash-
dotted); and a cascaded skutterudite and bismuth telluride TEG (solid).

different currents in the system. Specifically, because bis-
muth telluride is not as self-compatible as skutterudites, the
current is biased toward the mean value for bismuth tellu-
ride.?” With this as the current in the device, the bismuth tel-
luride material is more efficient than skutterudites for a
larger temperature range.

Figure 4 shows the efficiencies of different TEG architec-
tures: single-stage bismuth telluride, single-stage skutterudites,
segmented bismuth telluride/skutterudite legs, and cascaded
bismuth telluride/skutterudite TEGs. Since these results are
just the TEG efficiency, the effects of radiation between surfa-
ces are not included. When the hot-side temperature is below
200 °C, there is no benefit from adding a skutterudite section
above the bismuth telluride section. At temperatures above
200°C, a cascaded TEG is more efficient than a segmented
TEG. These two architectures each have a different extra
degree of freedom: the segmented architecture allows the
p-type leg and n-type leg transition temperatures to be differ-
ent, while the cascaded architecture allows two different cur-
rents to be run in the TEG. Because the transition temperatures
of the p-type and n-type legs are not far apart, the larger effi-
ciency comes from exercising the two-current degree of
freedom.

The optimization of cascaded and segmented TEGs is
made much simpler when contact resistances and losses from
the leg surfaces are ignored and the heat flow is treated as
one-dimensional because, under these conditions, the element
efficiency is independent of geometry. The end temperatures
and the relative current density®’ fully define the efficiency of
the thermoelectric element.”® For segmented TEG legs, the
transition temperature from one segment to the next is defined
by the relative thermal resistances of each segment, which are
proportional to the length over the area of each segment. For
ease of manufacturing, the areas of both segments of the leg
can be made equal, and then it is just the ratio of the lengths
of the segments that controls the transition temperature. A
single leg of a TEG can therefore be optimized by choosing a
leg cross-sectional area and a total leg length and only vary-

J. Appl. Phys. 110, 074502 (2011)

ing the electric current and the location along the leg where
the transition occurs from one material to the next. The effi-
ciency will stay the same as long as the leg fractions and the
length-weighted current density, IL/A, remain constant. This
eliminates many of the variables in the optimization, resulting
in a much more clear picture of the concept of segmented
thermoelectric generators.

Once a single leg has been optimized, the optimization
of a pair of legs is straightforward:*** the ratio of the cross-
sectional areas of the n-type and p-type leg is adjusted until
the efficiency of the STEG is maximized. This pair can then
be incorporated into the STEG thermal model. A cascaded
STEG can be optimized by optimizing two TEGs independ-
ently and then combining them together with the radiation
exchange to calculate a total efficiency, which is the sum of
the two electric power outputs divided by the total inter-
cepted solar power.

When the performance of the optics, absorber, thermal
concentration, and TEG are combined, the overall STEG ef-
ficiency can be calculated. As with TEGs, the cascaded
STEG devices outperform segmented STEG devices. Figure
5 shows the STEG efficiency as a function of geometric opti-
cal concentration for the four configurations discussed
above. The bismuth telluride STEGs level off quickly once
the concentration is enough to push the operating tempera-
ture to the material’s limit of 250 °C. After that point, the ef-
ficiency only grows very slowly with concentration, as the
radiation losses become negligible at higher concentrations.
The cascaded STEG benefits from its dual-current degree of
freedom, but it also benefits from the fact that the midplane
acts as a radiation shield, reducing absorber losses while
increasing the heat flux to the lower TEG by partially absorb-
ing the radiation emitted from the back side of the absorber.
The performance of a cascaded STEG without the beneficial
radiation shield effects of the midplane is nearly indistin-
guishable from the performance with the radiation shield
effects, especially when the incident flux on the absorber
becomes very large and the radiation losses become insignif-
icant (Fig. 5, gray line). The value for a single-stage bismuth
telluride STEG without optical concentration (C, ,,=1) is
4.7%, close to previous experimental results.® Cascaded

15
Cascaded
— 10 .
x | T
S JA i
g z -
5 N
\ Skutterudite
0 0 i > 3
10 10 10 10
Cg,opt

FIG. 5. (Color online) Efficiency for four different STEG architectures: a
single-stage bismuth telluride TEG (dashed); a single-stage skutterudite
TEG (dotted); a segmented skutterudite and bismuth telluride TEG (dash-
dotted); and a cascaded skutterudite and bismuth telluride TEG (solid black).
The solid gray line, visible below 20X concentration, shows the cascaded
performance without the effect of the midplane acting as a radiation shield.
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FIG. 6. (Color online) Effect of reduced selective surface emittance on
STEG efficiency. Cascaded skutterudite/bismuth telluride STEG efficiencies
are plotted as a function of geometric optical concentration.

STEG efficiency can exceed 10% at a geometric optical con-
centration of 45. At a geometric optical concentration of
100, the skutterudite stage in the cascaded STEG reaches its
maximum operating temperature of 600°C and the gains
from increasing concentration lessen.

Two avenues for improving the efficiency of these devi-
ces are improving the selective surface and improving the
material properties of the thermoelectric materials. The
effects of these improvements are shown in Figs. 6 and 7.
Improving the emittance at high optical concentrations does
not have as strong an effect on the performance of the STEG
as improving the material properties, because the optical
concentration already suppresses the radiative losses from
the absorber surface. Improving the ZT of the STEG can
come from either making improvements in the current skut-
terudite and bismuth telluride materials systems or by using
other thermoelectric materials systems which could outper-
form bismuth telluride or skutterudites. Possibilities include,
but are not limited to, PbTe, silicon germanium alloys, and
half-Heuslers.

IV. CONCLUSION

In conclusion, a model has been developed that calcu-
lates the performance of a concentrating STEG. It has been
shown that, with these currently existing thermoelectric
materials and selective surfaces, the efficiency of cascaded
STEGs can theoretically exceed 10%. The hot side of the

20
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=10
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10° 10" 10° 10°
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FIG. 7. (Color online) Effect of increased ZT on STEG efficiency. Cascaded
skutterudite/bismuth telluride STEG efficiencies are plotted as a function of
geometric optical concentration.

J. Appl. Phys. 110, 074502 (2011)

system is predicted to run at 600°C or higher if higher-
temperature thermoelectric materials are used in systems
with optical concentrations exceeding 100 times. The model
agrees with experiments performed under little or no optical
concentration; concentrating STEG systems whose perform-
ance match this model should also be achievable.
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