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We have designed a new solar thermoelectric cogeneration system consisting
of an evacuated tubular solar collector (ETSC) with a parabolic trough con-
centrator (PTC) and thermoelectric modules (TEMs) to supply both thermal
energy and electricity. The main design concepts are (1) the hot side of the
TEM is bonded to the solar selective absorber installed in an evacuated glass
tube, (2) the cold side of the TEM is also bonded to the heat sink, and (3) the
outer circulated water is heated by residual solar energy after TEM genera-
tion. We present an example solar thermal simulation based on energy bal-
ance and heat transfer as used in solar engineering to predict the electrical
conversion efficiency and solar thermal conversion efficiency for different
values of parameters such as the solar insolation, concentration ratio, and
TEM ZT values.
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INTRODUCTION

Development of alternative and efficient energy
technologies to reduce recent increases in energy
consumption that contribute to global warming has
become an important issue for every country. After
the Fukushima disaster in Japan in 2011, the dan-
ger of relying on large-scale nuclear power stations
has been recognized by the public. Solar energy is
the largest and most widely distributed renewable
energy resource in the world, representing an
attractive alternative. Solar thermal power gener-
ation (STPG) and photovoltaic (PV) power genera-
tion are currently the two main ways of solar power
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generation. In comparison with PV systems, the
advantages of STPG can be summarized as: feasi-
bility of constructing large-scale systems with out-
puts in excess of the megawatt (MW) range, low
cost, utilization of a wide range of the solar radia-
tion spectrum, and durability against damage dur-
ing high-temperature operation under intense
radiation and in severe temperature environments.
On the other hand, disadvantages include the
requirement for huge heat transfer/removable sys-
tems such as large molten-salt storage tanks,
plumbing and pumping components for circulation
of the fluid heat-transfer medium, auxiliary heating
boiler coupled with a gas turbine, etc., which usu-
ally require costly maintenance during long-term
operation. One alternative technology is thermo-
electric (TE) power generation based on the Seebeck
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effect, in which two different metallic or semicon-
ducting (both n-type and p-type) materials are
bonded together and connected to make a closed
circuit. When a temperature difference is applied
between the two terminals, a thermoelectric voltage
is generated. This technology is attractive from two
points of view: (a) the ability to convert energy from
high entropy to low entropy, and (b) the possibility
of combining various waste heat sources with that
from solar. Furthermore, a power generation sys-
tem utilizing a TE module reduces the expensive
maintenance costs, because no moving parts are
involved and thermal deterioration of the system
should not occur.

Telkes® studied the physical characteristics of the
first solar thermoelectric generator (STEG) in 1954
by collecting thermal energy using a flat-plate
glazed solar collector without a concentrator or
vacuum. Due to the unattractive performance of the
system, however, until recently the concept was
abandoned for a long time except for specialist
applications such as the autonomous STEGs used in
deep-space missions by the National Aeronautics
and Space Administration (NASA) during the 1970s
and 1980s, and in remote-area telecommunication
stations. Since then, significant progress has been
made in improving thermoelectric conversion effi-
ciencies®™ thanks to progress in materials science,
particularly in the area of low-dimensional nano-
structures. However, the application of thermo-
electric materials in large-scale renewable energy
conversion has not yet succeeded.’ Conventional
wisdom is that thermoelectrics are most suitable for
waste heat recovery and that materials with sig-
nificantly higher figures of merit, ZT, are needed for
commercialized production.®® Kraemer et al.’
demonstrated that STEG is an attractive alterna-
tive for converting solar energy into electricity by
the integration of a high-performance nanostruc-
tured TEM with a solar selective absorber (SSA)
plate backed with thick thermal insulation in an
evacuated vessel, achieving peak efficiency of 4.6%
under solar insolation of 1000 W/m? The results
show that STEG is feasible as a competitive tech-
nology to STPG and PV generation, requiring only
modest further improvements to be attained.®
Motivated by this promising new approach, a recent
theoretical calculation of STEG in combination with
a concentrator showed that the maximum efficiency
exceeds 10% in a system with a geometric optical
concentration ratio of 45 (a value obtainable with a
p—n junction of skutterudite and bismuth telluride,
which has a ZT value ranging from 1 to 1.5).1! More
recently, an analytical model of a STEG using a
heat pipe (HP) solar collector was reported by
He etal.’®> A maximum power conversion effi-
ciency of 3.346% was predicted for 1000 W/m? solar
insolation.

Interest in STEGs is increasing, as explained
above, but recent work has focused more on opti-
mization of TE devices, e.g., searching for high-ZT
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materials,'® optimizing the design of the TE module
structure,'* carrying out thermodynamic analysis of
the TE generator,’>'® and theoretical analysis of
the performance of a single unit using a flat
panel®!! as the solar collector, or an evacuated
double-skin glass tube on the laboratory scale.!?
Very few reports analyze the efficiency of new solar
thermoelectric cogenerator (STCG) systems, which
provide both electricity and thermal energy (solar
cogeneration), based on solar engineering concepts.
A parabolic trough concentrator (PTC) combined
with an evacuated tubular solar collector is a well-
known configuration in current STPG systems. In
an attempt to increase the feasibility of STCGs, we
have designed a new STCG installation, in which
the hot side of the TEM is tightly bonded to the rear
side of the SSA fin which faces the PTC through the
half-cylindrical part of the evacuated tube fixed at
the focal line of the PTC, while the cold side of the
TEM is tightly bonded to the heat sink which faces
the sky through another half-cylindrical part of the
evacuated tube. The idea behind solar cogeneration
is to increase the total solar utilization efficiency up
to 60% to 70% compared with the case of single
generation of either electricity or thermal energy
(30% to 40% under normal solar insolation and
environmental thermoconditions). The additional
distinguishing features of the new installation are
that it can be used on a small and/or compact scale
for distribution systems in remote areas, being
mostly free from the weak points described above
for the conventional STPG system. In particular,
long operation hours and stable output can be
achieved by using auxiliary waste heat supplies
from industrial plants, power stations, and even
scavenged waste heat from homes. Its ability to use
a solar spectrum range covering the ultraviolet—
visible-near infrared (UV-VIS-NIR) is also attrac-
tive from the solar engineering point of view.

It is important to study how the thermal losses
affect the system efficiency when establishing a
high-performance STEG system. Thermal engi-
neering analysis for the present system is more
complicated than for a solar collector on its own
because the added TEM generates Joule heat dur-
ing operation. This is taken into account in the
present study.

We present details of the overall heat loss coeffi-
cients Ui, from the SSA (most high-temperature
component) to the surroundings (at ambient air
temperature T,.,) and the sky (at temperature
Tky) for the present system as shown in Fig. 1. Uy,
is decomposed into the radiative heat transfer from
the SSA to the evacuated tubular glass (ETG), etc.,
which is described in more detail in Sect. 2.3.

The feasibility of using the present STEG for
cogeneration is thus confirmed. The conversion
efficiency can reach 3.87% under 1000 W/m? solar
insolation when a commercial TE module (ZT = 1) is
used, and the solar thermal conversion efficiency
exceeds 69%.
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Fig. 1. Schematic of the newly designed cogeneration STEG. An evacuated tubular glass (ETG) with diameter D = 0.12 m and length L = 5.6 m
is installed along the focal axis of the PTC. The right-hand side shows a magnified view of the evacuated tubular solar collector cross-section, in

which the TEM is bonded to the SSA installed in the ETSC.
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Fig. 2. (a) Single-temperature-node model for the system thermal analysis. (b) Overall equivalent thermal network of the system.

SIMULATION OF OVERALL SYSTEM
EFFICIENCY

Solar Thermal Conversion Efficiency

We present the results of a solar thermal simu-
lation based on energy balance and heat transfer
that allows us to predict system efficiency. Follow-
ing the well-known method used in solar thermal
engineering, ' we assume the single-node temper-
ature model, which represents the average tem-
perature of the respective component (or module) of
the system shown in Fig. 2. The representative
parameters used here are: the mean temperature of
component y, T; the projection area of component y,

A,; the radiative heat transfer coefficient between
components x and z, h.,; the conductive heat
transfer coefficient from the SSA to the TEM,
A cond,p-cona; the heat transfer coefficient between the
glass tube and the surroundings by forced wind
convection (called the wind coefficient), 4; and the
emittance of component y, ¢,.

The ad hoc assumptions applied are: (a) the solar
insolation I (W/m?) impinging onto the aperture of
the PTC of area Ayough is reflected by the PTC
mirror (reflectance p=0.95) and transmitted
through the ETG (transmittance t = 0.91), finally
being absorbed at the solar selective absorber (SSA),
which has high solar absorbance (« = 0.93) and low
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emittance (¢ = 0.2) for long-wave radiation (with
width D =0.06 m and length L = 5.6 m), being
IAoughpte, while the maximum temperature is
reached at the SSA (T) in the system; (b) absorp-
tion of solar insolation by both the mirror and the
ETG is negligibly small; (c) the lower half-cylinder of
the ETG faces the mirror, and the upper half-cylinder
faces the sky; (d) heat resistance between the SSA and
the hot side of the TEM (with figure of merit Z and
thermal conductance «) is negligibly small, where
TrEM hot 1S Tepresented by T', to a good approximation;
(e) the cold side of the TEM is closely bonded to the
heat sink, and is always cooled down by the forced
circulation coolant. Consequently, the temperature
difference between the hot and cold sides of the TEM
is kept in the range from 127 K to 177 K; (f) the heat
resistance between the rear side and the surface side
of the designated heat sink is negligibly small, so that
to a good approximation TrTeM,cold = THTS surface =
Turts rear (represented by T, hereafter); (g) the upper
half-cylinder of the ETG is cooled down by the forced
wind convection (with velocity v, assigned ad hoc an
average wind speed of 1.3 m/s) at ambient air tem-
perature (T,), and radiative heat transfer occurs in
the direction of the sky.

In Fig. 2, the respective temperature node is con-
nected to the appropriate heat resistance (written
using the reverse formula of the designated heat
transfer coefficients) for the simulation using a con-
ventional thermal network. Some portion of the col-
lected solar thermal energy at the SSA (represented
by @) is used both for TEM generation (@Tg) and as
useful thermal energy (®,) converted by the circu-
lated coolant, and the residual energy defined as
@ — (QTg + Q) is finally dissipated to the sky with
temperature T, and/or the surroundings with
ambient air temperature T, through both radiative
heat transfer and wind heat transfer as overall heat
loss (@1.). The resultant thermal network between the
SSA and the surroundings represented by ambient
air or the sky is simplified as shown in the magnified
view in Fig. 2 under the above ad hoc assumptions.

The solar thermal conversion efficiency # is
defined as the ratio between the total useful energy
Qiherm (Rtherm = @TrE + Qw) and the total solar
energy impinging on the PTC aperture, which can
be rewritten as

n=(Qu+ QTE)/IAtrough =(Q— QL)/IAtrougha (1a)

n=pt— UIAP(TP - Ta)/(AtroughI) (1b)
=MNopt — UL(TP - Ta)/(IC)v

Nopt = PTO, (1c)

where Ui, is the overall heat loss coefficient from the
SSA to the surroundings, 77,4 is the optical efficiency,
and C is the concentration ratio (= Ayougn/Ap), by
consideration of the heat flows in Fig. 2b following
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energy conservation. Equation 1b can be rewritten
in another form as

N =topt, — F'UL(Tg — Tamp)/(IC), (1d)

£ = hw + hr,gftrough + hr.gfamba (1e)
where F' = (Ag/24,).

The Thermal-to-Electrical Conversion
Efficiency of the TEM

The thermal-to-electrical conversion efficiency of
a TEM can be expressed as®

:(TH—TC)(V1+ZTM_1) (2)
e =y (VI + 2T + To/Th)

where Ty is the mean temperature of the hot and
cold sides of the TEM, i.e., Ty :%. In this
expression, the Joule heat generated in the TEM
has been taken into account.®

In the simulations, we used two typical values of
TE cold, Namely 323 K and 373 K, with two ZT1g »y
values of 1 and 0.64, respectively, while the hot
side of the TEM was fixed at 500 K as given in
Table I. The obtained 5rg values are also listed in
Table 1.

Thermal Losses

Formulas for the heat transfer -coefficient
required in Fig. 2b were obtained by straightfor-
ward modification of the appropriate formulas in a
standard solar engineering textbook!” as follows:

(a) The radiative heat transfer coefficient between
the SSA and the ETG is given by

a(Tg + Tg) (Tp + Ty)
hrpg = T : (3)

&p &g

where ¢ is the Stefan—Boltzmann constant
(= 5.76 x 10°® W/m? K*).

(b) The radiative heat transfer coefficient between
the rear surface of the heat sink for coolant
circulation and the ETG, A, earg, is obtained
from a similar formula to Eq. 3 with T, and ¢,

Table I. Thermal-to-electrical power conversion
efficiency of a TEM

Tc (K) T (K) ZTwm nre (%)
323 500 1 7.12
323 500 0.64 5.16
373 500 1 4.87
373 500 0.64 3.52
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replaced with Tiear (=T coolant) aNd &pear, respec-
tively;

(c) The radiative heat transfer coefficient between
the ETG and the mirror of the PTC, A, ¢_trough, iS
also obtained from a similar formula to Eq. 3 by
substituting T, and e, for Tiough (=Tamp) and
etrough (1 — p = 0.05), respectively;

(d) The radiative heat transfer coefficient between
the ETG and the atmosphere is given by

Ty = o0 (T2 + 1% ) (Tg + Tag). - (@)

(e) The wind heat transfer coefficient is given by
McAdams’ empirical formula'” as

hy =5.7+ 3.8v. (5)
From Egs. 1a and 1b, the total solar energy (@)
absorbed on the SSA is given by
Q= IAtroughp'w‘ = IAtrough"]opt = I’]optApC
= Inopi(d x L)C.

From the appropriate mechanism for thermal-
to-electricity conversion, the inner heat generated
by TE, @rg, is given by

(6)

1
Qrg =SITy + K(Ty — Tc) — EIZR, 7

where the right-hand side terms in Eq. 7 correspond
to Peltier heat, thermal conduction, and Joule heat.
It is difficult to obtain @rg from Eq. 7 because the
Peltier heat, thermal conduction, and Joule heat are
complex in a TEM. The heat energy absorbed at the
hot junction, @, is supplied by the solar energy (@)
absorbed on the SSA. Therefore, the heat energy
absorbed at the hot junction, @rg, can also be given
by @t = @ — Qioss, Where qioss 18 the heat loss
from the SSA to ETG, qioss =Ldh,po(Tp —T).
Therefore,

Qre = Q — Ldh,p_o(Tp — Ty). 8)

The total useful energy can be determined by
calculation of the thermal flow based on the thermal
network shown in Fig. 2b according to

A
cherm = ILdCVIopt - ?ghr,gftrough (Tg - Ttro)
A
- fhr-gfsky (Tg - Tsky) _AghW(Tg - Ta)'
9)

Therefore, the electrical conversion efficiency of
the system is simply given by

_ Qae _ QrENTE
lele = 77.4C ~ "ILAC ° (10)

where Qg is the thermal energy for electricity
generation.

The solar thermal conversion efficiency is given
by

_ cherm
Nsolar = ILdC (11)

When the hot side of the TEM is bonded closely to
the SSA, the approximation Ty = T} is valid. In this
case the temperature of the cold side of the TEM is
taken as T¢ = Trear, T being the coolant tempera-
ture averaged over the tube inlet and the tube out-
let. As the functional forms in Egs. 3, 4, 8, and 9 do
not contain linear relations between the designated
temperatures, we calculated the appropriate values
for the designated radiative heat transfer coefficient
and wind heat transfer coefficient until sufficient
numerical convergence had been obtained. The
optimal results are given in Table II under the
ad hoc assumption that the optimal values are
Te=350K, T,=500K, Tiear=373K, ¢, =02,
&g = 0.8, €rear = 0.2, and &, = 0.1.

SIMULATION RESULTS AND DISCUSSION

Figure 3 shows the concentration ratio (C)
dependency of the electrical conversion efficiency of
the designed STCG system for three different solar
insolation values of 1000 W/m?, 800 W/m?, and
600 W/m?2. These correspond to good, common, and
yearly averaged Guangzhou data cases, respec-
tively. The conversion efficiency of solar energy into
electricity (as defined in Eq. 10) increases with
increasing figure of merit ZT; of the TEM as shown
in Fig. 3a, b. When the concentration ratio is low,
the efficiency increases rapidly with increasing C in
both cases, but after C reaches a certain value, the
efficiency becomes constant.

To generate stable electricity, the temperature
difference between the hot and cold sides of the
TEM needs to be constant. The thermal losses are
nearly constant for the designed STCG system as
expressed by Q1. Therefore, it is necessary that the
waste heat module be exposed to a heat source at
night or under poor solar insolation.

Thermal energy is another supply form for the
STCG system. The dependence of the solar-to-ther-
mal conversion efficiency on the concentration ratio
is plotted in Fig. 4. To enhance solar to thermal
energy conversion, a larger concentration ratio of up
to 100 might be favorable if cost performance is not

Table II. Optimal values of the designated radiative
heat transfer coefficient and wind coefficient

hepg 3.42 W/(m? K)
2.04 W/(m* K)
0.84 W/(m? K)

r,rear—g

r,g—trough
r,g—sky 5.92 W/(m? K)
hw 10.62 W/(m? K)
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Fig. 3. Efficiency of converting solar energy into electricity versus
concentration ratio C for two different figures of merit ZTy of TEM:
(a) ZTy = 1 and (b) ZTy = 0.64. Saturation of the efficiency curve at
low Cis apparent in the inset.

an issue. However, for conversion of solar energy
into electricity by the TEM as shown in Fig. 3, a
larger concentration ratio is not feasible. To repre-
sent a balance between conversion to electricity and
thermal energy, we set C =50 for the present
experimental system.

When the solar insolation, C value, and ZT' are
1000 W/m?, 50, and 1, respectively, the electrical
conversion efficiency of the TE can reach 3.87%,
assuming that the solar efficiency is about 69% at
the absorber temperature of 500 K, the ambient
temperature is 293 K, the ETG temperature is
350 K, and the rear surface of the TE has a tem-
perature of 373 K by use of the forced circulation
coolant, being the optimal values in the simulation.

The maximum solar-to-electricity conversion effi-
ciency is 3.87% when the solar insolation, C value,
and ZTy are 1000 W/m?, 50, and 1, respectively, as
shown in Fig. 3a. Although the conversion efficiency
is about 7.12% for the TEM at a temperature
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Fig. 4. Efficiency of converting solar into thermal energy versus
concentration ratio C.

difference of 177 K, as listed in Table I, according to
the simulation the system efficiency decreases
greatly due to the overall thermal loss. Solar ther-
mal engineering analysis and subsequent system
design are thus very important for increasing the
system efficiency, and studying how the thermal
losses affect the system efficiency is helpful for
establishing a high-performance STEG system for
solar cogeneration purposes.

We propose a solar cogeneration system due to
the low efficiency of thermal-to-electrical energy
conversion (<10%) of the present TEM. About 69%
of the solar energy can be converted into thermal
energy. With an efficiency of 3.87% for the TEM,
surplus solar thermal energy is needed to enhance
the total solar energy utilization of this system.
There are three feasible technologies for achieving
this. Hot water utilization is a simple and common
way. The second way is installation of an auxiliary
gas-turbine-type electric generator using a low-
boiling-point fluid for high-pressure gas production.
The third one is hydrogen production installed uti-
lizing a thermal decomposition chemical reaction at
a reasonably low temperature such as a solar ther-
mal cell reaction. Although the details of this will
appear elsewhere, the feasibility of using pentane
(CsH12), which has a boiling point of 36.1°C, and
2-propanol [CH;CH(OH)CHs], which has a decom-
position temperature of 82°C to 83°C, has been
confirmed previously by one of the authors (T.T.)
using a solar thermal process.'®!? Both candidate
solvents have sufficiently low boiling and/or
decomposition point for use as the surplus solar
thermal energy source in the new system.

CONCLUSIONS

We confirm the feasibility of using a solar ther-
moelectric cogeneration system with a TEM
installed in an evacuated tubular collector with
parabolic trough concentrator. When the solar
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insolation, concentration ratio, and ZT,; are
1000 W/m?, 50, and 1, respectively, the solar-
to-thermal conversion efficiency is 69% and the
solar-to-electrical conversion efficiency can reach
3.87% when a forced circulation coolant is used with
the TEM. To enhance the total solar energy utili-
zation of this system, we briefly outline three new
additional subsystems for providing hot water,
auxiliary electricity from gas turbines, and/or
hydrogen production using a solar thermal cell.
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