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ABSTRACT

Solar thermoelectric generator (STEG) systems are attractive because they can convert solar heat directly into
electricity via solid-state thermoelectric generators. Nevertheless, its low energy conversion efficiency has
prevented it from wide-scale implementation and commercialization. To date, the best experimental efficiency
for STEG without concentrated is 4.6%, and only testing single thermoelectric unicouple within a specific ap-
plication deployment context. In this paper, a mathematical model containing various heat losses ignored by
previous studies are developed and validated to confirm the possibility of improved STEG performance. We
developed a high-performance solar thermoelectric hybrid device composed of heat pipe evacuated tubular
collector, solar selective absorber, and TE modules by conducting a comprehensive optimization in terms of
thermoelectric material, the optical and thermal efficiency of solar selective absorber, heat management and
device integration. The experimental results show that the thermoelectric conversion efficiency of proposed
device was enhanced significantly, it produced a peak electrical efficiency of 5.2%. And the residual solar energy
is stored for either power generation or domestic used. The peak exergy efficiency of the system reached up to

7.17%. The efficiency is higher than the previously reported best value. We experimentally demonstrated the
feasible of the scale application of solar thermoelectric generators. And the results indicated that STEG system is

a promising alternative solar energy thermal utilization technology in the small scale co-generation applications.

1. Introduction

With the rapidly

industrial and economic development, the pro-

thermal conversion processes, STEGs are solid devices with no me-
chanical or moving parts. Since the TEGs is composed of two type of
thermocouples in series and in parallel, the STEGs is stretchable.

blems related to environment and energy gradually drew worldwide
attentions. How to solve these problems is a major global challenge of
the world [1]. Solar energy utilization is a promising choice to solve it.
There are many technologies available to harvest solar energy, the two
main of those are solar photovoltaic [2] and solar thermal conversion
processes [3—5]. Photovoltaic process can convert some of the spectrum
directly into electricity, while solar thermal processes convert solar
energy into heat and utilize this heat for power generation by me-
chanical heat engines [6-8].

Being no moving parts, no chemical reactions,
friendly, silent, and reliable, thermoelectric generator (TEG) is emer-
ging as a promising alternative way of utilizing solar heat [9]. It gains
significant renewed interest in the field of solar energy, known as solar
thermoelectric generators (STEGs) [10]. Unlike the existing solar
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Compared with PV technology, STEGs can almost utilize all of the solar
spectrum while PV technology can only use the fraction of spectrum
above the bandgap, allowing for higher energy conversion efficiency.
Although the first concept for a STEG was proposed in 1888 and it has
been developed for more than one century [11,12], the low energy-
conversion efficiency and/or complicated and bulky designs have pre-
vented its application and commercialization [13]. During this period, a
lot of research work including theoretical and experimental research
was carried out to improve the efficiency of thermoelectric generators.
The first documented detailed study for a STEG was published in 1954
by Telkes [14]. The maximum efficiency achieved of a flat-panel STEG
was 0.63%. After that, early work [14-18] showed low conversion ef-
ficiency almost << 1% due to thermoelectric materials with low con-
version efficiency and low hot-side temperature, And STEGs have been
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Table 1

Previous study results for STEG before 2011.
System and composition Conditions Efficiency Year Author
ZnSb alloys & Bi alloy 1 >< sun 0.63% 1954 Telkes [14]
Bi,Te; alloys 1 >< sun =1% 1980 Goldsmid [15]
Bi,Te; alloys 1 > sun =1% 1982 Dent and Cobble [19]
Commercial Bi, Te; thermoelectric module 1 >< sun 0.85% 1998 Omer [17]
Commercial Thermoelectric module 1 > sun 0.65%-1.1% 1999 Rockendorf [20]
Commercial Thermoelectric module low concentration =1% 2005 Vatcharasathien [16]

designed and optimized for space applications, and none of earth-based
STEGs made significant improvement over Telkes’ work. Table | sum-
marizes the previously published experimental results for different solar
thermoelectrics.

Until 2011, Kraemer et al. [10] set a new efficiency record for STEG
by using a selective absorber and advanced Bi,Te; based nanocompo-
sites. And the experimental work on STEG technology showed pro-
mising results for large-scale and potentially cost-effective deployment
on rooftops or for the integration in solar hot water systems. Chen et al.
[10,21] modeling of the solar thermoelectric generators. The results
showed STEGs can have attractive efficiency with little or no optical
concentration working in the low temperature range (150-250 °C) by
operating in an evacuated environment. In 2012, He et al. [22] pro-
posed a vacuum tube solar heat pipe system combined with a ther-
moelectric generator for water heating and electric power. The ex-
perimental prototype unit showed 1% electrical efficiency for the solar
irradiance of 700 W/m? and the ambient temperature of 20 °C. In 2013,
Miao et al. [23] designed a pilot solar STECG system. But for thermo-
electric modules with ZTM = 1, when the solar insolation, wind velo-
city, ambient temperature and water temperature are 1000 W/m?2,
1.3 m/s, 25 °C and 25 °C, respectively, the electrical efficiency is only
1.59%. In 2016, Liet al. [24] proposed the conceptual development and
theoretical analysis of a solar collector-incorporated thermoelectric
generation which could generate both electricity and hot water. The
thermal efficiency of the system could be reach up to 57.35% and the
electrical efficiency up to 0.58% under the solar radiation intensity of
600 W/m?. In 2017, Lvet al. [25] optimized He’s design [22] by using
the flat-plate heat pipes that are more efficient in contact with ther-
moelectric modules. It also reduces contact thermal resistance and heat
loss, increases the power generation efficiency of the STEG system to
3.0%, and is equal to the electrical efficiency (3—4%) of the organic low
temperature Rankine cycle system.

However, To date, the best experimental efficiency for STEG
without concentrated is 4.6% et al. [10], and only testing single ther-
moelectric unicouple within a specific application deployment context.
Most previous studies were theoretical or small-scale validation ex-
periments used thermoelectric monomers or single modules
[10,25-29]. Furthermore, scale solar thermal applications of STEG has
not yet been proven [30,31] and the efficiency of these designs is so low
that they cannot be scaled up. Up to now, STEGs is still debated its
applicability for scale implementation [30].

Based on the above discussion, realizing a high-performance and
large-scale STEG system (STEGs) would be a significant contribution. In
the present work, we constructed and tested a novel high-performance
STEGs without optical concentration. Four key parts have been im-
proved throughout the system: (1) high performance thermoelectric
materials matching the temperature of collector, (2) high performance
selective coating and (3) optimization of TE devices by filling the in-
sulating and (4) the use of radiation-reducing shield. As a result, a new
record experimental efficiency of 5.2% at a normal solar irradiance of
1000 W/m? was found. And the cogeneration system have been proved
to provide electricity and heat simultaneously and economically. Small-
scale solar thermoelectric applications has been developed and its ap-
plicability for wide-scale implementation has been proved. In addition,
this work has developed a mathematical model containing various heat
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losses that analyzes the performance of STEG in cogeneration applica-
tions and validates the thermodynamic model by establishing experi-
mental prototypes, confirming the possibility of improved STEG per-
formance. The previous assessments of STEG were based on the first law
of thermodynamics. Since the essence of energy utilization is to extract
as much available energy as possible, these assessments cannot per-
fectly assess the performance of the STEG. Thus, evaluating STEG based
on the second law of thermodynamics is conducted, which revealed a
system with a reasonable degree of energy. It provides guidance and
advice for system optimization and improvement. The details are dis-
cussed in the following sections.

2. Model

The design of a STEG unit as shown in Fig. 1. It consists of solar
collecting system and thermoelectric power generation system. One
major challenge in the STEG system is to create a significant tempera-
ture difference across the TE module. Thus, for a high electric power
conversion efficiency, all solar heat were supposed to be conducted
over the TE module.

Some assumptions were made in the modeling:

(1) The temperature of selective surface maintained constant and uni-
form with the help of superconducting heat pipe and so did the hot
side temperature of the TE elements.

(2) The properties of thermoelectric materials are independent of
temperature for the systems operated in a small temperature range
[32].

(3) Electrical and thermal contact resistances are negligible.

The energy balance equation for the solar absorber surface can be
written as:

TgOs Cth qSAs
= Oy + 8504, (T} = TH + e1e0 (A — A ) (T} = T

+ Eb3 + Eb4 + hmnv,hfa(As - Ateg)(n - T;) + Qcon (l)

where ¢, is the solar insolation per unit area, 7, is the transmittance of
the glass tube, a; is the absorptance of the selective surface, C, is

thermal concentration ratio which is similar to optical concentration
[25], & is the effective emittance between the selective surface and the
ambient, ¢, is the emittance between the hot side and the cold side of
TE. Ey; and E,, are the radiative and convective heat losses ¢ of TE
module respectively. O, is the heat flow from the TEG to the cold side.
Ay is the selective surface are and A4, is the cross section area of TEG
module.

The left side of the equation is the solar energy input. The first term
at right side of equation is the heat conducted to the hot side of TE
module, second and third term represents the radiative and convective
heat losses from absorber surface to ambient respectively, and the
fourth and last term represents heat losses of TE module. In order to
diminish the radiative and convective heat losses within the TE module,
insulating materials fill the gaps between n-type and p-type thermo-
electric materials. The heat loss of the solar absorber and thermal
concentrator by air convection is eliminated by enclosing it inside a

teg
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Fig. 1. Schematic of a STEG and thermoelectric (TE) elements for numerical simulation of TE device. a, Energy balance, b, TE device with adiabatic fillers. c,

Discretization of thermoelectric (TE) elements for numerical simulation of STEG.

vacuum tube [33]. Thus, we neglect convective heat losses from ab-
sorber surface to outside ambient and the radiative and convective heat
losses related to TEG module in the right side of Eq. (1), such that Eq.
(1) becomes:

Tgaxcthq;As = Qh + &04 (T}‘,1 - T:) + Qcon (2)

Qcon 1s the conduction and convection loss determined by the filling
quality and the thermal conduction of the filling materials.

Now, the heat leaving the absorber’s surface via the TE module can
be expressed as:

1 W (T, - T)
=8IT, + K(I;, - T.) — =IR, - —~ "<
Oy h T - 1) 7R > 3)

_ Ly o (T = T)
Q= SIT + K(Th = ) + JI°Ri + 4)
where S is the Seebeck coefficients of the thermoelectric materials, I is
the current flowing through the thermoelectric elements, K and R; are

the thermal conductivity and electrical resistances, respectively.

S=N(S,-S,) (%)
k,A
K=N(K,+K,); K,= 2L K, = by Ay
P P
L, Ly (6)
p,A4 A,
R=N(R, + R); Rp:p_p, R":p"_
Ly L, @)

where A and L represents cross-sectional area and the length of the p-
type and n-type thermoelectric elements, respectively.
The electrical output of the STEG can be expressed as follows:

F=1[N(S, = S)(T — I) - IR] (8)
The electrical output of the STEG can be expressed as follows:

[N (S, = S) (T = L) = IR Rioaa
[N (Rn + Rp) + Rload ]2 (9)

FPour = 12Rload =

where Rj,qq is the load resistance.
Differentiating Eq. (9), that is,

dP
deuad (10)
Rearranging Eq. (10) gives:
_ N(R, + R,
Rigaa = | _ W@®+Ry) dar
T M dRiow an

which represents external resistance for maximum output power.
The efficiency of the STEG unit can be expressed as follows:

g = P~ ST = 1)1 = PR =l (T, = T)
¢ Oin CingsAs (12)
The efficiency of STEG can also be written as follows:
Qh Fou
N = X = = 1,0
CugAs O " (13)

If the heat rejected at the cold side of TE module could be collected,
the energy efficiency of cogeneration system can be expressed as:
. _S@G T PR (T = T) + O

system Cth q, As

(14)

Earlier assessments of STEG were based on the first law of ther-
modynamics. Since the essence of energy utilization is to extract as
much available energy as possible, these assessments cannot perfectly
assess the performance of the STEG. Thus, evaluating STEG based on
the second law of thermodynamics is necessary, which revealed a
system with a reasonable degree of energy.

To find the exergy efficiency of STEG, the exergy input of the solar
radiation has to be found out which is given by Petela [34]. If the
output of STEG is the electricity which is pure exergy. The exergy ef-
ficiency of the STEG can be expressed as:

B _S(G, = T) = IR - ul (T, < T)

4
Ex iy af
Qf"(1_37 +3(T ))
a5)

Similarly, if the heat rejected at the cold side of TE module are
collected and used for power generation instead of space heating or
domestic hot water, the exergy of the waste heat has to be found out
which is given by [35]. And the exergy efficiency of cogeneration

Y, =
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system can be expressed as:

P+ B
Ex;,

S, = 1)1 = PR =l (5, = T) + Gy (T =

)

Y, =

L, — IIn

7;)14
Tin

4 Ta
3 Tsun

1

3

Ta

Tsun

(16)

3. Design and fabrication
The STEG systems are composed of:

(a) High efficiency Bi,Tes-based modules for thermoelectric power
generation between 100 and 300 °C. This high efficiency thermo-
electric module depends on high performance p-type Bi,Tes-based
thermoelectric materials with their properties given in [36]. Those
n—p Bi,Tes-based materials are fabricated to five prototype TE
modules. The dimensions of p-n type thermoelectric element are
1.5 > 1.5 >< 1.7 mm?®. 71 pairs of p—n type element were assembled
in series or in parallel with the ceramic substrates as the electrically
isolated foundation. Aerogel are selected as insulating materials to
fill the gaps in TE module.

High-performance wavelength-selective solar absorbers, a wave-
length-selective selective
sivity in the thermal wavelength range and high visible absorptivity
for the solar spectrum was used in our system (provide by Beijin
Jintaiyang Co., Ltd.). The properties of solar absorber coating and
test results are shown in Fig. 2. The results shows that the surface
temperature can be reached 300 °C even without optical con-
centration, which matched with the optimal operation temperature
T,, of our Bi,Te;-based materials.

An innovative design that uses a high thermal concentration by
lateral heat conduction within the highly thermally conductive
absorber substrate such as superconducting heat pipes. This method
of concentrating heat has been used in various thermal systems
[10,37]. The higher the absorptance and high thermal concentra-
tion, the higher operating temperature. Following Kirchhoff's law of
thermal radiation, the high temperature caused large radiation heat
loss [38]. Thus, an aluminum heat shield is add below the absorber
to reduce radiation heat loss caused by thermal concentration and
improve the thermal performance of it in a cost-effective manner
[39].

(b

=

absorbers with exceptionally low emis-

(©)

Our experimental system is illustrated in Fig. 3a. Five devices were
fabricated, and a systematically optimized process and integration
techniques were used to make them to be portable like domestic solar
collectors. It can be used on flat ground or residential and commercial
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rooftops depends on users’ wishes. Moreover, as is shown in Fig. 3¢ the
STEG unit in which the solar selective absorption coating is directly
applied to the thermal end of the fabricated prototype TE modules
(Cin, =1) also fabricated as contrast group for comparison to put on the
bench.

4. Performance

Fig. 4b and c show the performance of our fabricated STEGs under a
solar simulator around solar irradiance of 1 kW/m’ corresponding to
AM1.5G. When the cold side is maintained at 20 °C, the electrical ef-
ficiency of the STEG system reached up to a record-high efficiency of
5.2%, which is almost twice as efficient as Telkes’ best device. The
STEG power output reaches 5.3 W. More than 10 similar units and 100
repeated experiments have been tested and routinely achieved an effi-
ciency in the range 5.0-5.2% around AM1.5G conditions. Meanwhile, A
MATLAB code written based on the thermodynamic model above was
also carried out for the same condition as the experiment. In order to
better match the results of the experiment, an electrical resistance of
1.02Q is included to replace contact loss. The results of efficiency,
power output, and I-V characteristics were shown in Fig. 4. The con-
ventional TEG system is a constant temperature difference system while
our STEG system is a constant heat input system. It also validates the
Eq. (11). It can be seen that the efficiency of STEGs first increases and
then decreases. Thus, there is an optimal solar irradiance for a given TE
module. The phenomenon can be explained as: when the solar absorber
is at a lower temperature. Thus, the output efficiency of STEG is low
because of the smaller temperature difference between TE modules. At
this time, the emissivity is also very low. With the increase of high solar
radiation, the thermal efficiency grows fast firstly and then have des-
cendent tendency as the solar radiation continue to rise. If the thermal
concentration is too high, the temperature reached too high, the ra-
diation loss is high, the increase of irradiation intensity has more in-
fluence on radiation loss. In addition, when the temperature exceeds
the best working temperature of the thermoelectric materials, resulting
in a decrease in STEG efficiency. And as is shown in Fig. 4f, the exergy
efficiency shows some same development tendencies, such as it in-
creased firstly and then decreased when solar radiation increases. It is
clear from both the figures that there is a solar irradiance at which both
energy and exergy efficiencies are maximum, such as the peak exergy
efficiency of the system is as high as 7.17% at the solar irradiance of
1032 W/m? and a peak output efficiency of 5.2% at the solar irradiance
of 1021 W/m?, which can be obtained from the figures or equations.
Further, the exergy efficiency is higher than the energy efficiency be-
cause of lesser exergy content in input solar heat, and the overall exergy
efficiency is considerable when considering the exergy efficiency of
waste heat.

The measured efficiency changed with solar irradiance are shown in
Fig. 4d. The STEG will perform at its peak under optimal conditions.
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Fig. 2. The properties of solar absorber coating and test results. a, The properties of solar absorber coating, b, Test temperature of the coating under 800 W/m? Solar

Irradiation.
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Fig. 3. Design and fabrication of STEGs. a, Schematic of a STEG unit,
assembly and photos of key parts. d, the STEG system.

However, one of the major challenges of solar technologies is the
varying ambient conditions over the course of a day and a year. The
effects of changing ambient conditions on the STEG performance are
illustrated in Fig. 4. From Fig. 4b—d, and f, we know that the external
resistance for maximum output power of STEG system and that of
conventional TE device are different because of different input condi-
tions. As is shown in Fig. 4c, it is clear that the high solar radiation
responds to the high absorber temperature. The STEG performances

peak at solar irradiances of approximately 1000 kW m~2 and the STEGs

operate with an absorber temperature of 270-290 °C which also mat-
ches the best operated temperature of our TE materials. And at this time
the STEG efficiency is also up to the highest (Fig. 4c, d). It can be seen
that there is an optimal thermal concentration for a given solar intensity
and size of the STEG. The solar intensity varies over the course of a day
even when the sun is partially blocked by clouds. A decrease of 100 W/
m? in the solar flux density, the drop in the STEG efficiency is less than

20%, which is smaller than a purely thermally concentrating STEG in
previous study [23]. The STEGs is the delayed thermal response re-
sulting from the heat pipe vacuum tube.

Comparison with previous work, besides borrowing previous ex-
perience such as: the use of selective surface, the combination with heat
pipe vacuum tube and operation the STEG in a vacuum environment.
There are several points that improved efficiency: (1) high performance
thermoelectric materials matching the temperature of collector, (2)
high performance selective coating and (3) optimization of TE devices
to decrease the heat loss of the module by filling the insulating and (4)
the use of radiation-reducing shield in the solar collector. The effective
ZT of the thermoelectric materials we used at optimal operation con-
ditions is 1.03, averaged ZT values of up to 0.8 between 100 and 300 °C.
Even though the performance of our system is no better than STEGs
with high optical solar concentration, it is still a remarkable improve-
ment for STEG without optical solar concentration over previous re-
ports [10,20,28,37], as is shown in Fig. 5. Fig. 5b shows simulations
and experiments carried out for a STEG module which the solar selec-
tive absorption coating is directly applied to the hot end of the fabri-
cated prototype TE module (the thermal concentration is equal to 1) to
demonstrate the impact of these improvement. Generally speaking the
simulated performance results are in good agreement with the experi-
The small discrepancy between modeling and

mental  results.

73

Energy Conversion and Management 196 (2019) 69—76

Fresium

| 3 |

mesireny wams

Vvl qrren

Moo st

oy bl
[ BT w—

Tliwsal snngen <

bl 'A.'J‘M
jdit 4 * folm sckictbe coulinss
(R

(£ ||.|-1-

b, A schematic diagram of the combination of solar collector and TE. ¢, Fabricated STEG

experimental results can be attributed to the uncertainties of the some
properties in simulation. For example, the effective TE device ZT is
substantially lower compared to the TE material ZT due to experimental
imperfections such as contact resistances and thermal loss in the bond
part. However, the record-high STEG efficiencies demonstrated here at
solar irradiances about 1000 W/m? are still 2 times higher compared to
best values of previously reported. Thus, most economically and likely
to operate in practice. And the four key design features enable a stable
and efficient STEG operation with much larger operating time and
operation in a real environment. So, our devices are most likely to be
used in practice for residential and commercial rooftops.

5. Economy

Ultimately, the value of any new technology is determined not only
by efficiency but also by cost. Although our collector is specially pro-
cessed, it will be cheap by manufacturing on a large scale after fina-
lizing the design. By 2017, the annual production of solar collectors had
exceeded 30 million m?and the total installation area had reached 150
million m? [40,41]. As a consequence of this mass production, the cost
heat pipe based solar collectors is decreasing year by year, widely
available and of good quality. STEGs made from the heat-pipe vacuum
tube solar collector with integrated TE are easy to fabricate and only
slightly more expensive than solar collectors on their own [42]. Com-
pared to the existing solar water heating systems, the price of our STEG
system is mainly determined by the cost of TE module. The cost for the
TE modules can be estimated by the cost of its materials. The prototype
TE modules are fabricated by n—p Bi,Te;-based materials. A commer-
cially available hot extruded Bi,Te;-based material was chosen as the n-
type counterpart and Biy 5Sb; 405Cug gosTes were selected as the p-type
materials. At the present, prices of the bismuth telluride and copper
antimony based materials used, at the current price of approximately
$250 kg~ ' Bi,Tes, the cost of the our TE material is approximately $26
per kg or $0.71 per electrical watt generated. The actual cost of mod-
ular manufacturing is certainly higher than this. The discrepancy is due
to the cost of the assembly such as ceramic plates used to fabricate the
TE module. The costs for heat exchangers of the TE device is another
obstacle to cost reduction [43]. Fortunately, our system has overcome
those problem. Furthermore, it should be acknowledged that the
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electricity efficiency of STEG of about 5-6% is 45 times lower than the
efficiencies of existing solar panels. The waste heat rejected from TE
cold side have be collected for heating water or space heating, to
compensate for the low electrical efficiency and improve economy.
Evacuated tube solar collectors are widely used in solar hot-water
systems housing stock worldwide [42], especially in China. The water
temperature is usually required in the range of 35-50 °C for domestic
hot water according to Chinese solar water heating system design
principle [22,33]. As is shown in Fig. 5a, the low cooling water tem-
perature imply that with a small expense of its electric efficiency, Our
STEG system can be used to obtain higher temperature waste heat to
enhance the user experience and improve economy. We have confirmed
that the system can achieve costs below $1/W if the waste heat rejected
from TE cold side was taken into consideration.
The case study area is situated on the No.I villa on the peninsula, in
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Hefei, China. Aerial views of the building under investigation are
shown in Fig. 6b. The region is characterized by a Subtropical monsoon
climate (2014-2016: 2.18 m/s). The intensity of solar radiation was
taken as 800-1000 W/m?, which corresponds to the direct normal ir-
radiance (DNI) in Hefei, China, at 30° of northern latitude, at the
summer time of the year. Fig. 5a depicts the building under study, the
exterior spaces around them and the topography of the area. If 50%
solar energy available area on the roof of the house is equipped with
STEGs. Since the active surface area of the STEGunit was 0.114 m?, 48

STEG units can be installed on the roof.

The results shows that our STEG system can generate 3.3 kWh of
electrical power. If the STEGs works at the reported capacity over eight
hours of good sun irradiation per day, it can meet 165% of a small
house demand, which daily electricity consumption is approximately
2 kWh [44]. Furthermore, the solar thermal heat collected during this
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period can provide an additional ~18.4 MJ (e.g. a 1 m? effective en-
dothermic area operating at 40% thermal efficiency [20]), which would
fulfill the entire domestic heat need for hot water or space heating, as is
shown in Fig. 6. The results indicated that with further improvements in
STEG system, it could fully satisfy the electrical and heating needs for
the household.

6. Conclusion

In this work, a record high efficiency of a STEG system has been
built and tested. The results show that our STEG system has many ad-
vantages and advanced points compare compared with previous work.

(1) Improve the efficiency of photo-thermal conversion, making high
performance TE materials work in them optimum temperature
ranges, optimizing thermoelectric devices and reduce the heat loss
of each part. Those four key design features enable a stable and
efficient STEG operation with much larger operating time and op-
eration in a real environment. So, our devices are most likely to be
used in practice for residential and commercial rooftops.

In order to improve the performance of STEG, besides the devel-
opment of materials with improved thermoelectric properties, fu-
ture research directions should target further reduction of heat
losses and improving contacts.

TEG is compatible with popular used evacuated tube collector, in-
dicating the potential of STEGs for co-generation of electricity and
hot water, thus leading to improved system efficiency and
economy.

@

3)

This work demonstrated not only are STEGs growing into a com-
peting alternative technology to the solar energy utilization, but they
are also economical and simple to implement. And it could be suitable
for real-world application. Large-scale experiments are now under way
in house and rooftops to demonstrate the robustness and practicality of
our solar thermoelectric co-generators under typical real-world condi-
tions. This work gives hints for future improvement of the solar ther-
moelectric cogeneration system, and future research should focus not
only on improving the TE materials efficiency and creating a new re-
cord but also on the practical application.
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