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High-performance flat-panel solar thermoelectric
generators with high thermal concentration

Daniel Kraemer'?, Bed Poudel®", Hsien-Ping Feng', J. Christopher Caylor?, Bo Yu3, Xiao Yan?, Yi Ma3,
Xiaowei Wang?3, Dezhi Wang3, Andrew Muto', Kenneth McEnaney', Matteo Chiesa"*, Zhifeng Ren3*
and Gang Chen'*

The conversion of sunlight into electricity has been dominated by photovoltaic and solar thermal power generation.
Photovoltaic cells are deployed widely, mostly as flat panels, whereas solar thermal electricity generation relying on optical
concentrators and mechanical heat engines is only seen in large-scale power plants. Here we demonstrate a promising
flat-panel solar thermal to electric power conversion technology based on the Seebeck effect and high thermal concentration,
thus enabling wider applications. The developed solar thermoelectric generators (STEGs) achieved a peak efficiency of 4.6%
under AM1.5G (1kW m~2) conditions. The efficiency is 7-8 times higher than the previously reported best value for a flat-panel
STEG, and is enabled by the use of high-performance nanostructured thermoelectric materials and spectrally-selective solar
absorbers in an innovative design that exploits high thermal concentration in an evacuated environment. Our work opens up a

promising new approach which has the potential to achieve cost-effective conversion of solar energy into electricity.

for human benefit are solar photovoltaic and solar thermal

processes'™. Photovoltaic cells, which generate electricity
by exciting electron-hole pairs, can be used as flat panels on
houses, buildings and in solar farms. Solar thermal processes, on
the other hand, are used in two distinct ways: electricity generation
by mechanical heat engines in large power plants, and household
heat supply by means of solar hot-water systems. Here, we report
on a flat-panel solid-state solar thermal to electric power conversion
technology for a wide range of applications that makes use of
the thermoelectric effect. The efficiency of ideal thermoelectric
devices (n,) is determined by their operating temperature and the
materials’ dimensionless figure of merit (ZT), defined as ZT =
(S*0 /k)T,where S, 0, k and T are the Seebeck coefficient, electrical
conductivity, thermal conductivity and absolute temperature,
respectively®’. The efficiency can be expressed as

T JTFZDu—1
T 1+(ZT)M+%

where T, is the cold-side temperature, T}, the hot-side temperature,
and (ZT)u the effective ZT of the thermoelectric material
between T, and Ty. According to equation (1), an efficiency of
approximately 8.6% can be reached by imposing a temperature
difference of 200°C across an ideal thermoelectric device with
(ZT)m =1 and T, = 20°C. In recent years, significant progress
has been made on improving thermoelectric materials®**, however
the application of thermoelectrics in large-scale renewable energy
conversion has not been demonstrated”'. Conventional wisdom
is that thermoelectrics are most suitable for waste heat recovery
and that materials with significantly higher ZT are needed for
large-scale applications”****. We will show that thermoelectrics are
an attractive alternative for converting solar energy into electricity.

Q t present, the two main methods of capturing solar energy

(1)

Mte

A key challenge in solar thermoelectric power conversion is
to create a significant temperature difference across the ther-
moelectric device with only a low solar radiation flux. Con-
sidering heat conduction only, the temperature drop across a
thermoelectric element with a length L is given by AT = gL/k,
where g is the heat flux passing through the thermoelectric
element and k its thermal conductivity. Taking the solar flux
as 1kW m™2, corresponding to AM1.5G conditions, L =1-5mm
and k = 1Wm 'K™!, the temperature drop across the ther-
moelectric element is only 1-5°C, a value too small for effi-
cient power conversion.

One approach to create a larger temperature difference is to
optically concentrate the solar radiation on the thermoelectric
generator to increase the heat flux. Depending on the length
of the thermoelectric element, an optical concentration, Cop, of
40-200 is needed to create an appreciable temperature difference
of 200°C. In 1954, Telkes** used a x50 optical concentration by
means of a lens to achieve a temperature difference of 247°C
across thermoelectric elements made of a p-type ZnSb alloy and an
n-type Bi-based alloy, and reported an efficiency of 3.35%. How-
ever, optical concentration by a factor 40-200 requires tracking,
incurring an additional cost to the system, which is unattractive,
given the low efficiency.

Another approach to create the necessary temperature difference
across the thermoelectric device is by using thermal concentration
in a flat-panel absorber configuration, as shown in Fig. 1. A
highly solar-absorbing surface (solar absorber) converts the solar
radiation into heat and thermally concentrates it onto the
thermoelectric elements by means of lateral heat conduction within
the highly thermally conductive absorber substrate (Supplementary
Information). This method of concentrating heat by conduction
has been used in various solar thermal systems***?. As illustrated
in Fig. le, we define the thermal concentration, Cy,, as the area
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Figure 1| Structure of a STEG cell. a, lllustration of a STEG cell made of a
pair of p- and n-type thermoelectric elements, a flat-panel selective
absorber that also acts as a thermal concentrator, and two bottom
electrodes that serve as heat spreaders and radiation shields. The device is
surrounded by a glass enclosure maintaining an evacuated environment.

b and c are photographs of the device showing side (b) and top (c) views.
lllustration of thermal concentration (d) and area ratio of absorber and
cross-section of thermoelectric elements (e) leading to the calculation of
thermal concentration.

of the absorber, A,, divided by the cross-sectional area of the
thermoelectric elements, Arg. Similar to optical concentration,
thermal concentration has losses, as will be discussed later.
The energy flux concentration can be found by multiplying
the thermal concentration and optical concentration by the
opto-thermal efficiency, 7o, as will be discussed later. Telkes*
investigated a flat-panel collector STEG configuration using a
black painted absorber. The highest efficiency of 0.63% was
achieved with a p-type ZnSb alloy and an n-type Bi-based
alloy operating in air under a temperature difference of 70°C.
Other subsequent experimental efforts, including both flat-panel
STEGs for terrestrial’® and space applications”’, and optically
concentrated STEGs (refs 28-30), did not lead to better results
than that reported by Telkes, despite using different materials and
reaching higher temperatures. Several modelling and experimental
studies have suggested that STEGs could be attractive for deep-
space probe missions in near-sun orbits’'* because of their
resistance to high radiation intensity. The terrestrial application
potential of STEGs has been poor because of the low reported
system efficiency, combined with the complexity and high cost
of optical tracking systems for STEGs with optical concentration.
In this paper we will demonstrate flat-panel STEGs with an
efficiency of 4.6-5.2%, which is 7-8 times that of the best-
reported value by Telkes**. Such flat-panel STEGs do not require
tracking and can be a cost effective technology to convert solar
energy into electricity.

The efficiency (n) of a STEG can be expressed as the product
of the thermoelectric device efficiency (1,) and the opto-thermal
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efficiency (n.), which is the efficiency of converting the solar
radiation flux into a heat flux through the thermoelectric device

7) = notnte (2)

In Telkes’ devices, most of the heat loss is through air
convection, leading to a low opto-thermal efficiency. This heat loss
can be eliminated by enclosing the device inside a vacuum. In
fact, evacuated tubes are widely used in solar hot-water systems,
and these tubes can routinely reach up to 200°C without any
optical concentration®. In China alone, there are more than
100 million m? of evacuated tubes deployed, generating ~73 GW of
thermal power for households®. For an evacuated environment,
the opto-thermal efficiency can be approximately expressed as
(Supplementary Information)

cow(TH—T ) _ _m|:1 3 cog (T} — Tfmb)]

Mot ~Ta—
Coptqi tacoptqi

= "optnth
(3)

where 7 is the transmittance of the glass, & the absorptance and ¢ the
effective emittance of the solar absorber, oy, the Stefan—Boltzmann
constant, Coy, the optical concentration, Ty, the temperature of
the surroundings and ¢; the incident solar flux. The opto-thermal
efficiency can be further split into the product of an optical
efficiency 7o, = T and a thermal efficiency ng given by the
term in the square bracket of the above equation. The above
expression shows that opto-thermal efficiency decreases whereas
the thermoelectric device efficiency (equation (1)) increases with
increasing Ty, suggesting an optimal T}, for given 7, o, Cop and
q; (Supplementary Information). When no optical concentration
is used (C,p = 1), we found that, depending on the properties of
the thermoelectric material and the solar absorber, the optimal
Ty, is in the range of 160-250°C, which is where Bi,Te;-based
materials work the best. The suitability of Bi,Te;-based materials
is expedient given the progress made in this material system in
recent years'>181936-38 Taking typical values (t = 0.94, a« = 0.95,
€ =0.05, g; = 1kWm™2), it can be seen that the opto-thermal
efficiency is in the range of 70-80% for a system without optical
concentration operating with an absorber temperature of 200 °C.
This opto-thermal efficiency, multiplied by the thermoelectric
device efficiency of approximately 8%, indicates that STEGs with
an efficiency of 5-6% may be achievable without any optical
concentration, and even higher values are possible if a low
optical concentration that does not require tracking is used.
In this paper we demonstrate such a STEG with a flat-panel
absorber. Our experimental results are in good agreement with
the models (Supplementary Information). The high efficiency of
the flat-panel STEG is achieved by the use of (1) nanostructured
thermoelectric materials'>***, (2) high-performance wavelength-
selective solar absorbers and (3) an innovative design that uses a
high thermal concentration in an evacuated enclosure that prevents
air convection and conduction losses.

Our experimental devices, as illustrated in Fig. la—c, consist
of a pair of n/p-type thermoelectric materials based on nanos-
tructured Bi,Te; alloys with their properties given in previous
publications'>****. The thermoelectric elements are electrically con-
nected in series and sandwiched between the solar absorber plate
and a heat sink. The dimensions of a typical p-type thermoelec-
tric element are 1.35 x 1.35 x 1.65 mm® (with an uncertainty of
£0.01 mm), and the n-type elements are of similar dimensions.
Each thermoelectric element is soldered onto an individual copper
plate, which represents the cold side for the thermoelectric element.
The copper substrate of the solar absorber serves as a heat concen-
trator by conducting heat laterally to the thermoelectric elements
(Fig. 1d), whereas the bottom copper plates serve as electrodes, heat
spreaders, and radiation shields that reduce radiation losses from

533

© 2011 Macmillan Publishers Limited. All rights reserved


http://www.nature.com/doifinder/10.1038/nmat3013
http://www.nature.com/naturematerials

ARTICLES

NATURE MATERIALS boi:10.1038/NMAT3013

a 6
<
z
C
Q
L
@
O}
i
5 TkW m~2 (sim)
O 1kWm2(exp)
1 — = —15kW m2(sim)
1.5 kW m~2 (exp)
0 \ . .
0.5 1.0 1.5 2.0 25
Current (A)
c 6

= —
>
Q
C
(2]
o 3r
©
G}
we2r .
5 TkW m=2 (sim)
TkW m=2 (exp)
1r — — — 15kWm=2(sim)
Od 1.5 kW m~2 (exp)
O L L L L L
100 150 200 250 300 350 400

Thermal concentration

b 80
N -2
_ \/\/(1.5 kW m=2)
~
é 60
5]
2
&
X 40 N
S v, AN
E P (1KW m2)
I N\
S
£ 20
>
LInes: model
Symbols: experiment V(1 kW m2)
0.5 1.0 1.5 2.0 25
Current (A)
d 6
Selective absorber, in vacuum,
5l nanostructured TE
B N
> 4t ST T T T =
S + A Selective absorb =
3 .", 7> Selective absorber,
=2 .'/ in vacuum, bulk TE
% 37 :
U] /
w
5 2+ Black absorber,
e in vacuum, bulk TE
.7 TTTr— s
_————Black absorber, in air, bulk TE
O L L L L
0 100 200 300 400

Thermal concentration

Figure 2 | STEG cell performance characteristics. Typical STEG cell characteristics at incident solar radiation fluxes of TkW m~2 and 1.5 kW m—2,
Open/filled squares and circles are experimental data, lines are modelling results with thermal concentrations Cip =299 (red solid line) and Cy, =196
(black dash line). a, Efficiency as a function of the cell current. b, I-V and I-P characteristics of the STEGs. ¢, Efficiency as a function of the thermal
concentration. For all experimental data, the cold side was maintained at 20 °C. d, Simulated efficiency of STEGs with different designs (neglecting
electrical contact resistance): black absorber with traditional bulk thermoelectric materials in air (solid line); black absorber with traditional bulk
thermoelectric materials in vacuum (dash-dotted line); wavelength-selective solar absorber with bulk TE materials in vacuum (dashed line); and
wavelength-selective solar absorber with nanostructured bulk thermoelectric materials in vacuum (dotted line).

the rear side of the selective absorber. The size of the solar absorber
must be optimized specifically for the properties and dimensions of
the thermoelectric elements used and also for the absorber proper-
ties. The ratio between the absorber area, A,, and the cross-sectional
area of the thermoelectric elements, Arg, is defined as the thermal
concentration, Cy,, (Fig. 1le). The devices are tested in a vacuum
chamber. (See Methods for details of the experiment).

Figure2a and b show the typical performance curves
of STEGs under illumination intensities corresponding to
AM1.5G (1kWm™) and low optical concentration conditions
(1.5kWm™2). The corresponding thermal concentrations of the
STEGs used for 1 and 1.5kW m™ are 299 and 196, respectively.
The peak efficiency is 4.6% at AM1.5G conditions and 5.2%
with a solar intensity of 1.5kWm™ when the cold side is
maintained at 20°C (Fig. 2a). To experimentally simulate an
optically concentrated solar flux of 1.5kW m™2, the power input
of the solar simulator is adjusted. Figure 2b illustrates the typical
I-V and I-P characteristics of the STEGs. The voltage output of a
STEG comprising a p-type and an n-type leg can be expressed as

Ty Ty op 1

np, 1 1
+ / | [Aj]idTn/ dxdTn> @

Equation (4) shows that if Ty, dT,/dx and dT,,/dx are independent
of the current, the voltage—current relation is linear. In reality,
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however, the hot-side temperature Ty, as well as the temperature
distribution in the p-type and n-type element, depends on the
current, leading to some nonlinearity in the I-V characteristics.
The results presented are from experiments where the temperature
of the solar absorber was not measured to avoid heat losses
from a thermocouple. However, we measured the temperature
during a few experiments and confirmed our theoretical
predictions. The absorber temperature drops significantly with
increasing current owing to the Peltier effect at the junction
(Supplementary Information). In Fig. 2c, we plot the measured
peak efficiency as a function of the thermal concentration. It
can be seen that there is an optimal thermal concentration for
a given thermoelectric element geometry and solar intensity
(Supplementary Information). If the thermal concentration is
too low, the opto-thermal efficiency 7, is high because the
solar absorber is at a lower temperature and the radiation loss
is low; however, the thermoelectric device efficiency 7 is low
because of the smaller temperature difference. If the thermal
concentration is too high, the maximum temperature reached is
too high and thus 7, is too low. In addition, the ZT decreases with
temperature after it reaches a maximum at about 100 °C. A higher
incident solar flux of 1.5kW m™2, or 1.5 Suns, leads to a lower
optimal thermal concentration, which consequently reduces the
radiation losses from the absorber, yielding a higher opto-thermal
efficiency. From the experimental results (Fig.2c) we obtained
the optimal thermal concentrations for the chosen dimensions
of the elements of approximately 299 (AM1.5G, 1kW m™2) and
196 (1.5 kW m™2).

NATURE MATERIALS | VOL 10 | JULY 2011 | www.nature.com/naturematerials

© 2011 Macmillan Publishers Limited. All rights reserved


http://www.nature.com/doifinder/10.1038/nmat3013
http://www.nature.com/naturematerials

NATURE MATERIALS boi:10.1038/NMAT3013

ARTICLES

STEG efficiency (%)
w

P — (=299 (sim)
O Cip = 299 (exp)
1k - T T (=168 (sim)
o Cy, = 168 (exp)
0 , , ,
0.2 0.6 1.0 1.4 1.8
Incident solar radiation flux (kW m~2)
C
% 10A
E
-*g 0.8 JAN
‘S
§ 06 AN
o
o
ﬁ 04 t A A
©
E A A
S 02t A
O L L L L L L L
0 1 2 3 4 5 6 7 8
Time (min)

b 7
S
B
C
Q0
K]
©
U]
= 5| 1kW m=2 (sim)
2 O 1kWm2(exp)
1L = = T 15kwm2(sim)
O 1.5 kW m=2 (exp)
O L L L L L
0 10 20 30 40 50 60
Cold-side temperature (°C)
d 70
S
£ 60 -
Q
&
°
2 50r
=
4
S
§ a0t Operational pressure of typical
o evacuated solar hot-water tubes
30 ! .
1074 1073 102 1077

Pressure (Pa)

Figure 3 | Performance under varying ambient conditions. a, Efficiency dependence of STEGs on solar radiation intensity (open circles for Cy, =299 and
open squares for Cy, = 168). b, Efficiency dependence on the cold-side temperature for STEG cells optimized for TkW m~2 and 1.5 kW m~2. ¢, Open circuit
voltage decay as a function of time. d, Dependence of open circuit voltage on pressure. The arrow in d shows the typical operating pressure of the widely
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Modelling was carried out (Supplementary Information) on
the dependence of efficiency (Fig. 2a) and power output (Fig. 2b)
on current, the I-V characteristics (Fig. 2b), and the dependence
of efficiency on the thermal concentration (Fig.2c) using the
measured properties of the thermoelectric materials and leg
dimensions. In general, the modelling results are in good agreement
with the experimental results (Fig. 2a—c). The small discrepancy
between modelling and experimental results can be attributed to
the uncertainties in the properties used, especially the temperature
dependence of the emittance of the solar absorbers. For the best
fit of the experimental results, we include an electrical contact
resistance that is 5% of the thermoelectric element electrical
resistance. This additional electrical contact resistance results in
a drop of the maximum STEG efficiency of approximately 0.2%
(absolute) compared with an idealized STEG neglecting those
losses, as shown in Fig. 2d.

We have tested more than 100 similar devices and routinely
achieved an efficiency in the range 4.3-4.6% at AM1.5G conditions.
This efficiency is seven times higher than that reported by Telkes**.
There are several factors that enabled efficiency improvements:
(1) nanostructured materials, (2) a selective surface and (3) high
thermal concentration and operation in an evacuated environment.
Figure 2d shows simulations carried out for different conditions
to demonstrate the impact of these three factors. We have
reported before on nanostructured thermoelectric materials with
significantly higher ZT, especially at higher temperatures, compared
to materials in the market optimized for cooling operations'2***°.
The effective ZT of our materials at optimal operation conditions
is 1.03, whereas that of the best conventional materials is
approximately 0.89. Devices built with such conventional materials
will have a lower performance (dashed line in Fig. 2d). Also shown
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in Fig. 2d are the predicted performances of devices built with
a black absorber, rather than a selective absorber, operating in
both vacuum and in air (dash—dotted line and solid line). Devices
operating in air can achieve a peak efficiency of ~0.5%. We also note
that these three factors together not only enhance the performance
of the STEG but also influence the optimal thermal concentration.
Figure 2d shows that our optimized design has a much higher
thermal concentration compared to STEGs operating in air with a
black absorber. Consequently, our design uses less TE material and
will result in cost savings.

Figure 3a shows the experimental efficiencies at different solar
radiation intensities for two different thermal concentrations
of 299 (open circles) and 168 (open squares), together with
modelling results (solid and dashed lines). Experimental conditions
were chosen such that the hot-side temperature is maintained
below the solder melting point (232°C), particularly for the
experiments at higher incident radiation fluxes and higher cold-
side temperatures. The experimental results show that to achieve
maximum performance, STEGs should be equipped with different
thermal concentrations depending on the incident solar flux. In
locations with a high average solar flux the devices should have
a lower average thermal concentration than devices in locations
with lower avearage solar flux. For all those cases, however,
the optimal operational absorber temperature of our proposed
STEG design lies around 200 °C, which is significantly lower than
other solar thermal power conversion technologies. In Fig. 3b,
we show the dependence of the experimental efficiency on the
cold-side temperature of STEGs with a thermal concentration
of 299 (open circles) and 168 (open squares) together with
modelling results (solid and dashed lines). The drop in efficiency
is small as the temperature increases. The efficiency of the STEG
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is still ~3.5%, respectively, 4% when the cold side reaches
50°C, indicating the potential for the possible co-generation of
electricity and hot water.

Another unique feature of the STEGs is the delayed thermal
response resulting from the heat capacitance of the system, which
enables the continuation of the power output even when the sun
is partially blocked by clouds. In Fig. 3¢, we show the open circuit
voltage of a STEG as a function of time after the simulator is
turned off. The time delay for a 50% drop in cell voltage is ~3 min.
This time delay is mainly due to the heat capacitance of the solar
absorber. This feature is attractive because temporary clouding can
cause large power fluctuations for PV systems.

Although a vacuum is needed to eliminate air conduction heat
leakage, we should point out that 106 millionm? of evacuated
solar water collectors had been installed worldwide by 2007 with
a lifetime greater than 15 years®. As is the practice of the industry,
out-gassing was compensated for by enclosing a getter in the tube to
maintain a low pressure of 5 x 10~* Pa. We show in Fig. 3d that the
efficiency of our STEG changes very little when the pressure is below
1072 Pa, compatible with the industrial practice used for evacuated
solar hot-water collectors. The typical pressure of existing hot-water
tube collectors is indicated by the arrow in Fig. 3d. Therefore,
vacuum-based STEG technology is compatible with widely used
evacuated solar hot-water collector tubes, indicating the potential
of STEGs for co-generation of electricity and hot water, thus leading
to improved system efficiency and reduced cost.

Making use of a vacuum environment in our STEG design
enables the exploitation of a high thermal concentration with
flat-panel absorbers. The advantages of such a high thermal
concentration are that only a small amount of thermoelectric
material and no complicated optical system is needed. The length
of the thermoelectric elements used in our experiments are
approximately 1.6 mm, which means the amount of thermoelectric
bulk material used has an equivalent thickness of 5-6 um if it were
uniformly distributed over the solar absorber area. Therefore, the
bulk-material-based STEGs not only have the advantage of lower
manufacturing costs associated with bulk materials and devices'
but also use smaller quantities of thermoelectric materials. For a
generated electrical peak power output of 60 mWp based on one pair
of thermoelectric elements, only 0.04 g of Bi,Te;-based material is
needed. At the current price of approximately $250kg™" Bi,Te;,
the cost of the thermoelectric material is about $0.17 per electrical
watt generated. Further reduction of the use of generator material
is possible by using even smaller thermoelectric elements. The
advantage of being able to harvest the complete solar spectrum with
a small amount of thermoelectric material in a bulk form makes
solar thermoelectric power conversion a promising technology.

The efficiency of STEGs can be improved by several means:
(1) improving the ZT of the thermoelectric materials, (2) improving
the performance of selective surfaces, especially reducing their
emittance at higher temperatures, and (3) using a combination of
thermal and optical concentration. Figure 4a shows the predicted
maximum efficiency of a flat-panel STEG as a function of
the effective ZT without optical concentration, for different
effective emittance values. The optimal hot-side temperatures
corresponding to the maximum efficiency are less than 250°C,
which expediently matches the working temperature range of
Bi, Te;-based materials (the best known thermoelectric materials).
Figure 4b shows the effect of varying the optical concentration
while limiting the hot side to a maximum temperature of
220°C. As can be seen from equation (2), increasing the optical
concentration reduces the radiation losses and increases the opto-
thermal efficiency, which leads to improved system efficiency.
Results for optical concentrations less than three are particularly
interesting, as such systems do not need tracking. For a fixed optical
concentration and hot-side temperature, the thermal concentration
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Figure 4 | Directions for improvement. Predicted STEG efficiency as a
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without any optical concentration, b, for different optical concentration
ratios when the hot side is maintained at 220 °C and ¢ = 0.03, and ¢, for
different optical concentration ratios with the hot-side temperature
optimized by thermal concentration.

and the resulting efficiency of the STEG is determined for a specified
geometry of the thermoelectric elements. Stationary STEGs with
a moderate optical concentration (less than 3) can reach an
efficiency of 8-10% with ZT = 1.5-2 (Fig. 4b). Figure 4c shows
the maximum system efficiency as a function of ZT for different
optical concentrations without a limit on the absorber temperature.
For each optical concentration, the thermal concentration is
optimized such that the maximum efficiency can be reached. The
efficiency approaches 14% with a ZT =2 and 10 times optical
concentration (Fig. 4c) and the corresponding optimum absorber
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temperature is ~300 °C for a device with similar radiative properties
and geometries as those used in this paper. This temperature
range of operation most likely requires multistage or segmented
thermoelectric generators using different materials. Recent progress
made in thermoelectric materials®'® raises the hope of achieving
the predicted efficiency. Our experimental results demonstrate that,
with further research and development, solar thermoelectric power
conversion is a promising approach with the potential of becoming
a key method of solar energy utilization.

Methods

To vary the cold-side temperature the copper plates are mounted onto a
ceramic plate for electrical insulation and put in good thermal contact with a
temperature-controlled sample holder. In practical applications, the cooling
mechanism and the operational cold-side temperature will depend on the
application. A passive heat sink to the environment based on natural convection
will be sufficient to maintain the cold-side at a temperature similar to the
operational temperature of PV cells. A commercial solar absorber is used, which
is a multi-layer thin-film spectrally-selective surface on a copper substrate. The
copper side of the solar absorber is in both thermal and electrical contact with
the thermoelectric elements (Fig. 1). The selective surface has a specified solar
absorptance of 94.4% and a thermal emittance of ~5% at 100 °C (Supplementary
Information). The rear side of the solar absorber and the front side of each
bottom copper plate are polished to reduce their emittance. The vacuum levels
are maintained in the range of 5 x 1073 x 1072 Pa during the experiments.
In comparison, the typical vacuum level of evacuated solar hot-water tubes is
5x 107* Pa (ref. 34).

The optimum design of the STEGs depends on the incident solar radiation
power, the solar absorber properties, the thermoelectric material properties,
the cold-side temperature, and the device geometry. Numerical simulations
determine the optimum absorber plate sizes for the thermoelectric elements that
are used in the experiments (Supplementary Information). The actual energy
flux concentration provided to the thermoelectric elements is the product of the
thermal concentration, the optical concentration, and the opto-thermal efficiency
(equation (3)) at the operational temperature. The thermal flux concentration is
system specific and dependent on operational conditions such as incident flux
and cold-side temperature. Modelling results show that the temperature drop
within the solar absorber is smaller than 2 °C for the thermal concentrations used
(Supplementary Information). The temperature drop along the bottom copper
plates is even smaller.

A solar simulator with an AM1.5G filter is used as the light source. The incident
flux is measured with a calibrated power meter provided by the manufacturer
of the solar simulator. In addition, we also use an NREL-calibrated solar cell to
cross-check the radiation flux. The thermoelectric devices, similar to PV, need
load optimization to maximize the power output. We determine the optimal load
condition by using a current source as a variable resistor*!, and we simultaneously
measure both the current and the voltage drop across the copper electrodes on the
cold side. The STEG efficiency, n = IV /(g;A,), is calculated from the voltage V,
the current I, the absorber area A, and the incident solar radiation flux g;. This
efficiency includes the glass transmission loss and the solar absorber loss as well as
possible parasitic electrical and thermal losses of the system. The transmittance of
the glass enclosure is measured to be 94%.
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