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HIGHLIGHTS

« Successful demonstration of a pilot solar thermoelectric co-generator (STECG).
« The STECG supplies electric power and hot water simultaneously.

« Theoretical calculations fit well with the pilot STECG experimental data.

« The designed STECG is low cost and suitable for large-scale production.
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We have designed a solar thermoelectric cogenerator (STECG), which can supply electric power and heat
simultaneously, by adding thermoelectric modules to the heat pipe in evacuated tubular solar collectors.
A pilot experiment shows that the STECG can generate 0.19 kW h of electrical energy and about 300 1 of
hot water at 55 °C in 1 day when the figure of merit of the thermoelectric module, ZTy,, is 0.59 and solar
insolation is less than 1000 W/m?. A theoretical model for accurately predicting the thermal losses, col-
lector efficiency and electrical efficiency of the STECG is also presented based on energy balance and heat
transfer equations. For thermoelectric modules with ZTy; =1, when the solar insolation, wind velocity,
ambient temperature and water temperature are 1000 W/m?, 1.3 m/s, 25 °C and 25 °C, respectively,
the collector efficiency, output electrical power and electrical efficiency are calculated to be 47.54%,
64.80 W and 1.59%, respectively. The results show that STECGs combining heat pipes with thermoelectric
modules in evacuated tubular solar water heaters are economical and practical, making them suitable for

commercial production.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The burgeoning number of solutions proposed for reducing
dependence on fossil fuels, particularly the increasing develop-
ment of solar power technology, reflects intense interest in har-
vesting renewable energy for high-power applications. Solar
energy is the largest and most widely distributed renewable en-
ergy resource on the planet, and can be utilized for a wide range
of applications, such as solar water heating, photovoltaic electricity
generation, solar thermal energy generation and all manner of pas-

* Corresponding author. Tel./fax: +86 20 87035351.
E-mail address: miaolei@ms.giec.ac.cn (L. Miao).
! Present address: Department of Physics, Graduate School of Engineering,
Yokohama National University, Yokohama 240-8501, Japan.

0306-2619/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.apenergy.2013.03.008

sive and active solar architectures [1]. It thus stands to make con-
siderable contributions to solving some of the world’s acute energy
problems.

Thermoelectric materials are able to convert heat to electricity
directly by the movement of charge carriers across a thermal gra-
dient (the Seebeck effect), and are thus an attractive means of gen-
erating electrical power from solar radiation. Compared to
conventional electrical power generator systems, thermoelectric
generators theoretically offer many advantages, such as being sim-
ple in design and having no moving parts or need for heat transfer
media, making them highly reliable as well as environmentally
friendly.

Devices for generating electricity using thermoelectric materi-
als under solar radiation, otherwise known as solar thermoelectric
generators (STGs or STEGs), have been a topic of research for some
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time [2-13]. Telkes [2] constructed the first STG in 1954 using a
flat-plate glazed solar collector, studying its physical and electrical
characteristics; a 0.6% conversion efficiency was obtained even
without using a concentrator or vacuum to produce a large thermal
differential. For many years only small improvements were
achieved, but recently, Kraemer et al. [3] developed a flat-panel
STG utilizing a high-performance nanostructured thermoelectric
module (TEM) and thermal concentration solar absorbers, achiev-
ing a peak efficiency of 4.6% under solar insolation of 1000 W/m?.
While still low compared with the overall system efficiencies of
other solar power conversion methods such as photovoltaics or so-
lar towers, which are typically over 10%, their work demonstrated
that thermoelectric materials should still be considered when for-
mulating any solar power generation strategy.

Another of the major challenges for STG technology is scaling-
up of the system. Traditional (fossil-fuel) thermal power plants
typically produce electricity in the megawatt-hour to gigawatt—
hour range, so to replace even a fraction of the infrastructure with
STGs will require an enormous scale-up. This will only be possible
if the STG is sufficiently low cost and highly efficient. STGs have the
advantage over photovoltaic-based hybrid systems [14-17] in that
the major components are already cheaper and mass-produced.
However, if the system is scaled up, the overall heat losses become
significant. Most solar thermal energy dissipates into the atmo-
sphere and/or the surroundings through both radiation and con-
vective heat transfer. Theoretical designs based mainly on the
thermodynamics of the TEM are also associated with large errors
with respect to the actual output because of the approximate nat-
ure of the calculation of solar collector efficiency. An important
step in the design of efficient systems that minimize energy loss
is thus the development of a reliable theoretical model for predict-
ing the performance of various designs.

Another challenge for the practical application of STGs is lower-
ing the cost and increasing the solar conversion efficiency of the
system. The conversion efficiency of the thermoelectric module
influences the overall cost and efficiency significantly. Much re-
search is focused on developing nanostructured thermoelectrics
to improve figures of merit [18-21]. However, without a major
breakthrough, it is unlikely that the performance of thermoelectric
materials will improve dramatically or the cost decrease signifi-
cantly in the short term; a more practical approach for achieving
the above aims is to generate two or three kinds of useful outputs,
e.g., thermal energy, electrical power, and/or (chemical) fuel,
simultaneously with the one system; that is, use cogeneration or
trigeneration technology.

Thermal energy in the form of hot water is a resource that can
be utilized in domestic, institutional or industrial environments.
The demand for hot water increases year on year globally, leading
to greater consumption of energy resources. However, the cost of
evacuated tubular solar collectors in China has decreased substan-
tially over the last decade thanks to a well-established industrial
base and large market. An economical and straightforward way
of improving the efficiency and reducing the costs of STEGs is thus
to combine the heat pipes used in solar collectors with standard
thermoelectric modules, as this enables a greater portion of the
collected solar energy to be converted into useful forms. Systems
using evacuated tubes are particularly attractive as they offer good
energy efficiency, robustness and adaptability to a wide range of
applications [22,23].

Such a system has recently been reported by He et al. [4,5]. They
designed a prototype solar thermoelectric cogenerator (STECG)
system that can supply either hot water or electric power, or both
simultaneously, by incorporating TEGs into evacuated glass tube
solar collectors. They also constructed an analytical model for their
unit and predicted a maximum electrical power conversion effi-
ciency of 3.346% for 1000 W/m? solar insolation, but this decreases

to only slightly above 1% for a water temperature of 45 °C and solar
insolation greater than 600 W/m?, with a thermal efficiency of
about 55% [5]. Although the electrical efficiencies are still small,
the overall thermal efficiency is much greater than STGs because
a good proportion of the thermal energy is captured and stored
as hot water.

In a previous report [24], we presented a feasibility study for a
STECG comprising a TEM and evacuated tubular collector with par-
abolic trough concentrator. The thermal conversion efficiency and
the electrical conversion efficiency were found to reach 69% and
3.87% when the solar insolation, concentration ratio, and ZTy, were
1000 W/m?, 50, and 1, respectively, and a forced circulation cool-
ant was used on the cold side of the TEM.

In this paper we report the successful demonstration of a pilot
solar STECG system, based on direct incorporation of thermoelec-
tric modules within evacuated solar tubes, for supplying electric
power and hot water simultaneously. In Section 2 we present
details of the thermal losses, evacuated tubular solar collector effi-
ciency and electrical efficiency of the STECG, using a thermody-
namic analysis [25,26] based on an energy balance and heat
transfer theory. Results from the pilot STECG experiment are pre-
sented in Section 3, and compared with the theoretical calcula-
tions. Capital costs for constructing the STECG are outlined in
Section 4.

2. System components and analysis of system efficiency

Fig. 1 shows the structure of an evacuated tube with a TEM at-
tached to one end. The solar selective absorber (SSA) of each evac-
uated tube is heated by solar insolation, delivering thermal energy
to the heat pipe through the heat transfer fins. The heat pipe heats
up the hot side of the thermoelectric module, and the water jacket
cools the cold side, producing a temperature gradient between the
two, which establishes a voltage difference resulting in an electri-
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Fig. 1. The structure of an evacuated glass tube with TEM. (a) A glass tube with
TEM; (b) schematic cross-section of the evacuated tube; and (c) top section of the
tube with external tube, inner tube and fins removed to reveal the heat pipe.
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cal current. At the same time, the water flowing through the jacket
is warmed, so that even though less than 10% of the thermal energy
is converted to electricity, the remainder can be stored in the form
of hot water. As demonstrated by He et al. [4,5], the solar efficiency
of such a STECG can reach 50-60%, much higher than the solar effi-
ciency of a typical STG at less than 5%.

To model a large-scale STECG we combine solar heat transfer
engineering models for the solar collector with thermodynamic
calculations of the TEM properties. By modeling the collector as a
temperature node and equivalent thermal network, a more reliable
estimate of the efficiency of the overall system under optimum
conditions for the TEM and cooling components can be obtained
compared to other models reported so far.

We calculated the system efficiency of our STECG by carrying
out a thermodynamic analysis based on a combination of an
energy balance and heat transfer equations. To estimate the heat
loss and system efficiency, the following assumptions were made:

(1) The heat transfer in the system is steady state.

(2) Thermal and radiation properties of the component materi-
als are independent of temperature.

(3) Conduction heat transfer along the long axis of the evacu-
ated tubes is negligible.

(4) The Seebeck coefficient, electrical conductivity and thermal
conductivity of the TEM are independent of temperature
between 300 K and 500 K.

2.1. Optical efficiency

The optical efficiency, 7o, Which is usually defined as the ratio
between the net solar energy absorbed by the SSA of an evacuated
tube and the total solar incident energy impinged (solar insola-
tion), can be rewritten as [27]

Nopt = TeOlrfres (1)

where 7, is the transmittance of the evacuated tubular glass; oy is
the solar absorbance of the SSA; and fr is the multiple reflection
factor between the inner and external tubes of the evacuated tube.
The multiple reflection factor is given by

1
1 7prpeAr/AE7

where p,, p, Ar and A, are the reflectance of the inner tube, the
reflectance of the external tube, the area of the inner tube, and
the area of the external tube, respectively. The areas are calculated
from Lype, Dy, and D, which are the length of the evacuated tube,
the diameter of the inner tube, and the diameter of the external
tube, respectively, and ¢, and ¢, are the emittance of the SSA and
the external tube of the evacuated tube, respectively. All measured
parameters are given in Table 1.

fref =

2.2. Thermal losses

Fig. 2a shows the temperature node model for a single tube
used in the system thermal analysis. Some portion of the collected
solar thermal energy at the SSA is dissipated into ambient and/or
the sky through radiation heat transfer between the SSA and exter-
nal tube, forced convection heat transfer by wind and radiation

Table 1
Geometrical and physical parameters of an evacuated tube.
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Fig. 2. (a) Single temperature node model used in the system thermal analysis, and
(b) overall equivalent thermal network of an evacuated tube for thermal losses.

heat transfer between the external tube and ambient, as given in
Fig. 2b.

The thermal losses from the SSA through the external tube to
ambient and/or the sky can be decomposed into the following
three main heat transfer mechanisms:

(1) Radiation heat transfer between the SSA and external tube: The
radiation heat transfer coefficient in this case is given by [28]

o(Te +T)(Te +Ti) 2)
l+& 1_1
&r Ae

Ee

hr‘re =

where ¢ is the Stefan-Boltzmann constant (=5.67 x 1078 W/m? K%),
and T, and T, are the temperatures of the SSA and external tube,
respectively.

(2) Forced convection heat transfer: The experimentally approxi-
mated form of the forced convection heat transfer on the external
tube of the evacuated glass tube by the wind is given by [28]

heea = 5.7 +3.8v (3)

where v is the wind velocity in m/s.
(3) Radiation heat transfer between the external tube and the sky:
Here the heat transfer coefficient is given by [28]

hyes = GSE(Tg + T?ky)(Té’ + TSkJ/) 4)

where Ty, = 0.0522T;‘5, or Tgy, =T, — 6 K (summer), Ty, =T, — 20K
(winter), and T, and Ty, are the temperatures of the ambient envi-
ronment and the sky, respectively. The values used are listed in
Table 2.

When an evacuated tube is in steady state, the temperatures of
the SSA and the external tube should be constant. In this case the
energy balance equation of the external tube is as follows:

Table 2
Environmental parameters used in calculating the thermal losses of a single
evacuated glass tube.

Te or Pr Pe &r e D, (m) D. (I‘l’l) Leube (m)

Ta (°C) Ty (°C) v (m/s)

090 086 0.14 0.08 0.1 0.8  0.058 0.070 1.95

25 19 13
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q/e,s +Grre = qr,es +Gcea (5)
Here g, is the solar power absorbed by the external tube, as given
by

Ges = [oefres (6)

where [ is the solar insolation, and ¢, is the absorbance of the exter-
nal tube (0te =1 — 7, — pe).

The radiation heat loss between the SSA and the external tube,
Qrre 1S given by
Grre = Nrre(Tr — Te) (7)

while the radiation heat loss between the external tube and the sky,
Qres» 1S given by

Qres = hr-ﬁ’S(Te - Tsky) (8)

and q. ., is the forced convection heat loss from the external tube by
the wind, given by

Qeea = Neea(Te — Ta) 9)

The energy balance of the external tube of an evacuated tube
can thus be rewritten as

Iixefref + hr.re(Tr - Te) = hr.es(Te - Tsky) + hc‘ea (Te - Ta) (10)

From Eq. (10), the relationship between T; and T, can be calculated
for different solar insolations. Hence from Egs. (2)-(4), the heat loss
coefficient, U;, for different solar insolations can be obtained from
[27]

)
‘ AY’ hr,reAr (hc,ea Jr hr.es)Ae

(11)

2.3. Thermal resistances

The heat transfer rate, Qpeqs, Of a system is defined as

AT
Qheat = Ri (12)
thermal
where AT is the temperature difference between the heat
source and the heat sink, and Ryerma is the thermal resistance.
The thermal power Qperma Of an evacuated tube is thus limited
to

T, —T
chermal = % (13)

where R is the thermal resistance between the SSA of an evacuated
tube and water, and T, is the ambient temperature. Qpermar iS a USE-
ful parameter for characterizing the performance of an evacuated
tube collector.

The thermal resistance between the SSA of an evacuated tube
and water can be written as [29]

R=R+Ri + Ry +Rs + Ry + Rt + Rie + Rz (14)

where Ry is the thermal resistance of a heat transfer fin; Ry is the
thermal resistance of the outer wall of the evaporation segment of
the heat pipe; R, is the thermal resistance of the liquid-vapor
phase change of the evaporation segment; Rs is the thermal resis-
tance of the vapor-liquid phase change of the condensation seg-
ment; R, is the thermal resistance of the outer wall of the
condensation segment of the heat pipe; R is the thermal resis-
tance between the condensation segment of the heat pipe and
the hot side of the thermoelectric module; Ry is the thermal resis-
tance of the thermoelectric module; and R, is the thermal resis-
tance between the cold side of the thermoelectric module and
water.

R1, Ry, R3 R4 and Ry, are given by

Om

R =l (15)
R, = RT=V2nRTs (16)
PR, d,l,
RT,27RT,
R, - RTsV27RT, (17)
P i, .
Om
Re = T dnle (18)
Rp—— b (19)
2™ henDol,

where ¢, =1 (Do — D;);dm = 1(Do + Dy); Do is the outer diameter of
the heat pipe; D; is the inner diameter of the heat pipe; . is the
length of the condensation segment of the heat pipe; L. is the length
of the evaporation segment of the heat pipe; d, is the diameter of
the steam chamber; T is the temperature of the interface between
the liquid in the heat pipe and the pipe wall; h. is the convective
heat transfer coefficient between the cold side of the thermoelectric
module and water; hy, is the latent heat of vaporization; and R is
the gas constant.

R; to R4 are negligible compared with the overall thermal resis-
tance. The main resistances are R, and Ry, which affect the evac-
uated tube collector efficiency. Table 3 lists the values used in the
calculation.

2.4. Evacuated tube collector efficiency

The collected solar energy at the SSA is used both for thermo-
electricity generation and for heating up water, and the residual
energy is eventually dissipated into ambient and/or the sky
through both radiation and convection heat transfer.

The thermal power Qpnerma Teceived by an evacuated tube is gi-
ven approximately by

Qthermar = noptlASSA —UA(T; = Tq) — Ig‘RLuad (20)

where Assy is the area of the SSA absorbing solar energy and IﬁRLoad
is the output electrical power. When the thermal-to-electrical con-
version is low, I%Rmd is small, and can be neglected. The evacuated
tube collector efficiency, b, is then defined as

Q erma
Muase = s 21

The temperature of an SSA is difficult to measure or calculate,
but measuring the temperature of hot water is easy. The evacuated
tube collector efficiency can thus be calculated from [28]

, u
Ntube = Ff ;/Iop - Tt(Tf - Tﬂ) (22)

where Ty is the temperature of water heated up by the evacuated
tube collector, and Fy is the evacuated tube collector efficiency
factor:

1/U; 1/nD,LU;

Fr= 1/U, 1/aD,LU; +R @3)

Fig. 3 shows that the evacuated tube collector efficiency varies
with the solar insolation (I) and the temperature difference be-
tween the mean temperatures of the hot water (T;) and ambient
environment (T,). For example, the solar collector efficiency is
47.54% when the solar insolation is 1000 W/m? and the tempera-
ture differential is 30 K. As expected, the temperature of the SSAs



M. Zhang et al. / Applied Energy 109 (2013) 51-59 55

Table 3
Thermal resistance values (K/W) used in the evaluation of the total thermal resistance of an evacuated glass tube.
Ry Ry R; R4 R R Rre Ry
416 x 107 2.78 x 1076 5.29 x 107° 7.90 x 107 0.02 0.48 1.24 0.15
Th
n [ [Sp(T) — Sn(T)]dT
50 Ic = fc (26)

48 -
46 -
44 |

42

40 4

] —=—| = 600 W/m®
38 4 : —e— 1| = 800 W/m®
\ | —A—1=1000 W/m’
—v—1=1500 W/m’

Vacuum Tube Collector Efficiency %

36

0 15 30 45 60 75 90 105 120 135 150
Tt—Ta (K)

Fig. 3. Evacuated tubular collector efficiency vs. the temperature difference of the
water.

increases as the solar insolation increases. Although the thermal
losses to the surroundings also increase, the increase in thermal
energy harvested is greater than the increase in thermal losses
and the output electrical power. Consequently, the evacuated tube
collector efficiency increases with the solar insolation. As the tem-
perature of the hot water increases, however, thermal losses also
increase, resulting in decreased evacuated tube collector efficiency
with increasing temperature differential.

2.5. Electrical conversion efficiency of a TEM

The thermoelectric module consists of a p-type element and an
n-type element. Whenever there is a temperature difference be-
tween the hot side and the cold side of the thermoelectric module,
heat is converted directly into electricity by the movement of elec-
tronic charge carriers.

The open circuit voltage (thermal electromotive force) of a TEM
comprising a p-type element and an n-type element based on the
Seebeck effect can be expressed as

Ty
E= Tl/r [Sp(T) — Sa(T)]dT (24)

where n is the number of thermoelements in the TEM, Ty is the tem-
perature of the hot side of the TEM, T¢ is the temperature of the cold
side of the TEM, and S is the Seebeck coefficient. The subscripts n
and p stand for n-type elements and p-type elements, respectively.
The voltage output of a TEM is given by [3]

Ven /TH [S,(T) — Sa(T)]dT

Tc

T, T,
H & ] H & 1
‘"’C</TC M dTp/dxdT‘”/u H drn/dxdT"> (23)

where p is the electrical resistivity, x is the length of the
module, and A is its cross-sectional area. The current, I, may be
expressed as

T (0o 1 T [pn| _1
Tl( TCH [A_S] dTp /dx dTp + chH [A_J dTy /dx dT") +RLoad

where R} 44 is the load resistance, and

o T, T,
. TPy 1 /H Pn 1

is the inner resistance of the TEM. The power output can be calcu-
lated from Pre= V.

It is well known that the Seebeck coefficient, electrical conduc-
tivity and thermal conductivity depend on temperature. However,
thermoelectric properties can be assumed to be independent of
temperature with an acceptable degree of accuracy for reasonably
narrow temperature ranges.

Fig. 4 shows the measured values of open circuit voltage, short
circuit current and output electrical power of the TEM as a function
of the temperature difference across the TEM relative to a cold side
temperature of 30 °C. The hot side of the TEM was heated by an
electric heater, and the cold side cooled by water. The temperature
of the hot and cold sides of the TEM were controlled by changing
the power provided by the electric heater and the temperature of
the cooling water. The temperatures of the hot and cold sides of
the TEM were measured using a resistance thermometer (PT100)
based on the relationship between electrical resistance and tem-
perature of the resistance thermometer. The measuring accuracy
was +41-46 mK. With increasing temperature difference, the ther-
mal electromotive force increases, leading to an increase in all
three values.

Unfortunately, it was difficult to measure the Seebeck coeffi-
cient, electrical conductivity, thermal conductivity, and tempera-
tures of the cold and hot sides of the TEMs in the pilot
experiment. The electrical efficiency of the STECG was therefore
calculated based on the energy balance and heat transfer equations
presented in Section 2.6.

2.6. Electrical efficiency of the STECG

The heat used by the TEM to generate electricity, Qrg, can be
separated into contributions from the Peltier heat, thermal conduc-
tance and Joule heat [30], giving

1
Qe = SIcTy + K(Ty — Tc) — jIgRe (28)

It is difficult to obtain Qs from Eq. (28), because the relation-
ships between Peltier heat, thermal conductance and Joule heat
are complex in a TEM. Qrg, however, is supplied by the solar energy
absorbed on the SSA, so that Qg can be obtained from

Qe = NopelAssa — UeAr(Tr — Ta) (29)

The thermal-to-electrical conversion efficiency of a TEM can be
expressed as [30]

—— (Th —Tc)(V1 42Ty - 1)
T Tu(VT1+ZTm + Tc/Th)

where Ty, is the mean temperature of the hot and cold sides of the
TEM, i.e., Ty = (Ty + T¢)/2; and ZTy, is the figure of merit, which de-
pends on the thermoelectric parameters (Seebeck coefficient, ther-
mal conductivity, and electrical conductivity). From Eq. (12), the

(30)
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Fig. 4. Open circuit voltage, short circuit current, and output electrical power as functions of the temperature difference across the TEM.

temperature difference is directly proportional to the heat transfer
rate and thermal resistance:

Te =Ta+QreRea (31q)
or Te=T—Qr(Rf +Ri +Ro+Rs + Ry + Ra) (31b)
Ty =Tq + Qre(Re2 + Rar) (32a)
or  Ty=T—Qu(R+Ry+Ry+Rs+Rs+Re1 +Rrg) (32b)

The output electrical power of the evacuated tubular solar col-
lector is

Pre = Qelyg (33)

The electrical efficiency of the STECG may be defined as the ra-
tio of the electrical power output to the received solar insolation,
ie.,

_ Qrelre
’/’Ele - IASSA (34)

The temperature is directly influenced by the solar insolation.
From Fig. 5a it can be seen that both Ty and T¢ increase with
increasing solar insolation, but the increase in Ty is larger than that
of Tc, so that the temperature difference between Ty and Tc also in-
creases. Although the thermal losses to the surroundings and
atmosphere also increase, the rate of increase in electrical power
output is larger than the rate of increase in thermal losses. There-
fore increased solar insolation promotes greater electrical power
output and electrical efficiency.

Fig. 5b shows that the value of ZTj, has a large impact on output
electrical power and electrical efficiency as well. The larger value of
ZTy leads to a significant increase in output electrical power and
electrical efficiency. Thus increasing both solar insolation and the
value of ZTy, can produce significant improvements in the ther-
mal-to-electrical efficiency of the STECG system.

According to this model, when the solar insolation, wind veloc-
ity, ambient temperature and temperature of water are 1000 W/
m?, 1.3 m/s, 25 °C and 25 °C, respectively, the calculated results
show that the output electrical power and electrical efficiency
are 1.22 W and 1.08%, respectively, when ZT,;=0.59; and 1.80 W
and 1.59%, respectively, when ZTy, = 1.

3. Pilot experiment: results and discussion

The pilot STECG system (Fig. 6) comprises 36 solar evacuated
tubes (70 mm x 2100 mm) and 36 Bi,Te; TEMs (TEC1-127; Suzhou
ICY Cooler Electronic Co., Ltd.) with a thermal resistance of 1.24 K/
W per TEM and a module ZT), of about 0.59. The size of the TEM is
40 mm x 40 mm x 4.0 mm and composed by the matrix of 127
thermoelements which had a length of 1.5 mm. Each solar evacu-
ated tube contains one heat pipe and one TEM. The electrical
power generated by the pilot STECG system as a function of time
over a 1-day period is shown in Fig. 7. From Fig. 5b, as the solar
insolation increases, the temperature across the TEM can also be
seen to increase. A larger temperature difference across the TEM,
which is proportional to the heat transfer rate, improves the
thermal electromotive force generated by the Seebeck effect and
increases the electrical efficiency, so that the electric power of
the STECG increased sharply with increasing solar insolation be-
tween the hours of 9:00 AM and 12:00 noon, reaching a peak
around noon. When the solar insolation, wind velocity, ambient
temperature and temperature of water were 958 W/m?, 1.3 m/s,
25 °C and 25 °C, respectively, the output electrical power reached
41.3 W, with a system electrical efficiency of 1.06%. The output
of generated electricity during the experiment reached 0.19 kW h.

At the same time as generating electrical energy, the STECG also
successfully heated up water as it passed through the heat pipes.
About 3001 of water was warmed from 25 °C to 55°C by the
STECG. The daily solar exposure was 1.987 x 107 J/m?, and the area
of the collector for absorbing solar energy is A=D; x Lype
x 36 =4.07 m?, giving an average evacuated tube collector effi-
ciency of 46.72% according to Eq. (21). The measured electrical effi-
ciency and evacuated tube collector efficiency match with the
calculated results (1.03% and 47.54%) very well, and are compara-
ble to the results of He et al. [5]. The success of the pilot
experiment and its simple design demonstrates that scaling up of
these cogenerator systems is eminently feasible.

4. Improving the efficiency of the STECG

A solar thermoelectric cogenerator (STECG) can supply electric
power and hot water simultaneously. The system efficiency is thus
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insolation.

Fig. 6. The pilot STECG co-generator comprised of two evacuated tubular solar
collectors, each with 18 tubes. Each tube contains a thermoelectric module.

composed of two main parts: the electrical efficiency and the evac-
uated tube collector efficiency.

The value of ZT,, of the thermoelectric module is the most
important parameter for improving the conversion efficiency of so-
lar energy to electricity, as shown in Fig. 5b. The commercially
available TEMs used in our pilot experiment have a low figure of
merit of ZTy; = 0.59 (compared to the best conventional materials
which have ZT,, = 0.89) so that for a typical solar insolation on a
sunny day in the northern hemisphere of 1000 W/m?, the electrical
efficiency is 1.08%; this can be increased by 50% when ZTy, = 1, giv-
ing an electrical efficiency of 1.59%. Such materials have been
prepared at the laboratory level, but are still expensive and require
further research [33]. Materials with ZTy;=2 would provide an
even higher electrical efficiency of 2.46%. Intense research is being
carried out into developing thermoelectric materials with high fig-
ures of merit, with the use of nanostructured or low-dimensional
oxides, semiconductors, and even organic-based materials being
the focus of much attention [34]. Over the next 5-10 years, some
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Fig. 7. The output power from the STECG pilot system operated for 1day as a
function of time.

of these materials will no doubt find their way onto the market,
making STECGs an even more attractive alternative to the heavily
polluting and carbon-intensive technologies that most industries
and households currently rely upon to meet their energy needs.

The second most important parameter for improving the con-
version efficiency is the solar insolation. When the solar insolation
increases from 1000 to 1500 W/m?, electrical efficiency increases
to 2.2% under ZTy,; = 1 as shown in Fig. 5b. If ZT), = 2, the electrical
efficiency will be 3.37%. Simultaneously, as seen in Fig. 3, evacu-
ated tube collector efficiency increases modestly with increasing
solar insolation as well, from 47.54% under 1000 W/m? to 48.09%
under 1500 W/m?. This means the thermoelectric co-generator
should be sited in a position most favorable for catching the sun’s
rays, and will be most effective in locales with long periods of fine
weather. Another important aspect of STECG design is to optimize
insolation, and this may be achieved, for example, by introducing
automatic sun-tracking functionality or use of solar-concentration
devices. These promising aspects are topics for future research.

The third most important parameter for improving the conver-
sion efficiency is the thermal resistance of the system. According to
Eqgs. (31a)-(32b), as the thermal resistance of the TEM increases
and Ry ~ Ry decreases, the temperature difference between the
hot and cold sides of the TEM increases, which increases the output
electrical power. At the same time, a decrease in the thermal resis-
tance Ry ~ Ry increases the evacuated tube collector efficiency. Fi-
nally, improvements in the optical efficiency of the glass tubes
through materials design and engineering will not only optimize
solar ray concentration, but also produce a high overall electrical
efficiency over the lifetime of the apparatus.

Assuming that such targets can be achieved, namely ZTy, = 2 un-
der a solar insolation of 1500 W/m?, the combined electrical effi-
ciency of 3.37% and evacuated tube collector efficiency of 48.09%
will provide a total system efficiency of 51.46%. This value is higher
than any solar TEG system reported to date.

5. Capital costs of the pilot STECG

There is already a huge market for evacuated tubular solar col-
lectors in China. They currently account for more than 80% of solar
water heating in China because of their high efficiency and nonsus-
ceptibility to freezing [35]. By 2006, the annual production of solar
collectors had exceeded 20 million m? and the total installation
area had reached 90 million m? [35]. As a consequence of this mass
production, evacuated tubular solar collectors and the evacuated

tube heat pipes used in their production are inexpensive, widely
available and of good quality.

The size of the STECG tested in the pilot experiment is initially
envisaged for use by a single household to generate electricity for
direct domestic consumption and provide hot water for showering,
washing, cooking, etc. However, with improvements in efficiency
and scaling up of these systems, feeding of excess electricity gener-
ated into the main grid is another scenario with a high probability
of being realized in the future, and may be an economical means
for the owner to recover the capital costs in a shorter time if this
electricity can be sold at competitive rates. It may also provide a
useful means of load balancing if sufficiently large numbers of
households have STECGs installed.

The costs of the various components used in the pilot STECG
examined in this study are listed in Table 4. The total cost of a
STECG comprising 36 evacuated tubes (with heat pipes) and 36
TEMs for bonding to the heat-pipe terminations is about
US$2380.86, making it affordable for most middle-income house-
holds. Our pilot experiment showed that the STECG can generate
0.19 kW h of electrical energy and about 3001 of hot water at
55°C in 1day under typical conditions. Based on our results,
assuming 220 days of sunlight per year, 2552 kW h of energy is
saved per year. The average retail price of residential electricity
was 11.76 cents/kW h as of March 2012 in the United States. These
figures thus suggest a return on investment in about 8 years
[31,32]. With the aid of subsidies and assuming an increase in cost
of more conventional energy sources (i.e., fossil fuels), this time
period may be significantly shortened.

Our estimated costs can be compared with typical costs of res-
idential solar water heating systems, which were about US$6000 in
the United States (decreasing in many places to US$2500 once sub-
sidies and tax rebates are taken into account) in 2010 for a
2800 kW system [36], and about US$4800 in the United Kingdom
[37], providing savings of about 200 kW h/month. Solar cell prices,
on the other hand, currently vary somewhere between US$0.79
and US$2.44 per watt depending on the location, manufacturer,
and country [38]. In comparison, our pilot STECG system could pro-
vide a saving of about 212.7 kW h/month (2552 kW h per year)
even without further optimization. The total cost of the STECG
used in our pilot experiment is significantly lower than systems
sold in the USA or UK, but even if one assumes higher installation
costs, etc., in these countries, they are clearly competitive with
other solar energy units currently on the market. Finally although
prices of photovoltaic systems are declining rapidly year on year
[39], similar economies of scale are expected to apply to STECG
systems, and any subsidies or other financial incentives will make
them even more attractive to consumers.

According to the manufacturer specifications, the evacuated
tubes and TEMs both have lifetimes of around 20 years, so the
STECG can be expected to have a comparable lifetime. Our pilot
study demonstrated that not only are STECGS easy to manufacture,
but they are also economical and simple to implement. Long term
studies are now under way to demonstrate the robustness and
practicality of our solar thermoelectric co-generators under typical
real-world conditions; the results presented here serve as a proof-
of-concept, and suggest that there are no serious hurdles to over-
come before they can be implemented on a wide scale.

Table 4
Breakdown of the cost of the pilot STECG.
Module Unit price (US$) Number Cost (US$)
Evacuated tube 23.81 36 857.16
TEM 15.87 36 571.32
Battery, water tank, etc. 952.38 1 952.38
Total 2380.86
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6. Conclusions

We have presented results from a pilot experiment of a low-
cost solar thermoelectric co-generator (STECG) based on evacuated
tubular solar collectors incorporating thermoelectric modules
(TEMs), which can supply both electricity and heat simultaneously.
Our pilot experiment demonstrates that STECGs are economical
and practical, and should be suitable for real-world application.
Further breakthroughs in materials R&D will only accelerate this
process.

The thermal losses, evacuated tube collector efficiency and elec-
trical efficiency of the STECG were analyzed using a thermody-
namic model based on an energy balance and heat transfer
concepts. The accuracy and reliability of the model makes it helpful
for predicting the performance of the STECG under a range of envi-
ronmental conditions, and can also be used for designing and
improving STECGs.

The pilot experiment generated 0.19 kW h of electrical power
and about 3001 of hot water at 55°C in 1 day when ZT,;=0.59
and solar insolation was less than 1000 W/m?. When ZT); =1 and
solar insolation is 1000 W/m?, the efficiency of evacuated tubular
solar collector, output electrical power and electrical efficiency
were predicted to be 47.54%, 64.80 W and 1.59%, respectively, even
when the evacuated tube collector efficiency and ZTy, value for the
TEM are low.

STECGs made from evacuated tubular solar collectors with inte-
grated TEMs are easy to fabricate and only slightly more expensive
than solar collectors on their own. The total cost of our STECG,
which consisted of 36 heat pipes in 36 evacuated tubes with 36
TEMs, was about US$2380.86. The return on investment of the
STECG is estimated to be about 8 years. The STECGs can supply
electric energy and hot water simultaneously, will have a wide
field of application and require little maintenance, making them
ideal for providing power to regions where there is as yet no elec-
tricity network. Our pilot study shows that these low cost alterna-
tives to PV or PV-hybrid solar power systems are an attractive
solution to the problem of increasing energy demand and CO,
emissions that, after further field testing, should be comparatively
easy to implement.
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