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This paper proposes a power system concept that integrates photovoltaic (PV) and thermoelectric (TE)
technologies to harvest solar energy from a wide spectral range. By introduction of the ‘spectrum beam
splitting’ technique, short wavelength solar radiation is converted directly into electricity in the PV cells,
while the long wavelength segment of the spectrum is used to produce moderate to high temperature
thermal energy, which then generates electricity in the TE device. To overcome the intermittent nature of
solar radiation, the system is also coupled to a thermal energy storage unit. A systematic analysis of the
integrated system is carried out, encompassing the system configuration, material properties, thermal
management, and energy storage aspects. We have also attempted to optimize the integrated system.
The results indicate that the system configuration and optimization are the most important factors for

© 2013 Published by Elsevier B.V. on behalf of Chinese Society of Particuology and Institute of Process

Engineering, Chinese Academy of Sciences.

1. Introduction

We are living in an era where energy security faces multiple
threats; the oil spike is signaling an end to energy security, while
geo-political instabilities are pushing even the most powerful
nations to search for local energy solutions. One obvious conse-
quence of this change is the global drive toward renewable energy
options. The European Union and China plan to harvest 20% and
15%, respectively, of their total power generation from renewable
energy sources by 2020. As a renewable energy source, the Sun
is the oldest and most potent source of energy and life known to
humanity. Human civilization has been tied to the Sun so closely
that the Sun was revered as a God long before the discovery of
photocatalysis in plants. The Sun delivers 1.2 x 105 TW of solar
radiation to the Earth, which is three orders of magnitude higher
than the current total energy consumption on the planet (Crabtree
& Lewis, 2007; Thirugnanasambandam, Iniyan, & Goic, 2010).
Solar power is artificially extracted in the forms of electricity
(solar photovoltaic, PV) and heat (solar thermal). Solar PV panels
are the most straightforward way to convert solar radiation

* Corresponding author. Tel.: +44 01133432543.
E-mail addresses: y.l.li@leeds.ac.uk, yongliang.li@hotmail.co.uk (Y. Li).

into high-grade electricity, but the theoretical upper limit of the
conversion efficiency of these panels is estimated to be around
30% (Beard & Ellingson, 2008; Nozik, 2001; Odeh & Behnia, 2009;
Yang & Yin, 2011). In practice, the efficiency depends on a variety
of factors, and is typically approximately 40-50% below the
theoretical maximum (Royne, Dey, & Mills, 2005).

This low conversion efficiency has become a major problem
in solar cell science and engineering, and has made it impossi-
ble to capture energy from across the wide solar spectrum with
a single semiconductor material (Vorobiev, Gonzalez-Hernandez,
Vorobiev, & Bulat, 2006). Although the use of combinations of dif-
ferent and specialized materials with intermediate band gaps has
been proposed to overcome this problem (Henry, 1980; Luque &
Marti, 2001), these materials are expensive. An alternative option
is the integration of PV cells with a heat-to-electricity energy con-
verter in the form of a thermoelectric (TE) generator, which can
directly convert thermal energy into electricity. Despite the com-
prehensive attention that PV-TE hybrid systems have gained in
the recent past (Kraemer et al., 2008; Miljkovic & Wang, 2011;
Rockendorf, Sillmann, Podlowski, & Litzenburger, 1999; Vorobiev
etal., 2006; Yang & Yin, 2011), the low conversion efficiency of the
TE modules based on current materials and the elevated PV oper-
ating temperature, which reduces the cell efficiency, remain major
obstacles to the development of these systems. In addition, the

1674-2001/$ - see front matter © 2013 Published by Elsevier B.V. on behalf of Chinese Society of Particuology and Institute of Process Engineering, Chinese Academy of Sciences.
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presence of TE devices in the market is fairly limited because of their
low ‘figure of merit’ (ZT). For instance, bismuth telluride (Bi,Tes),
which is the preferred TE material in the current PV-TE hybrids,
has ZT ~ 1 (Omer & Infield, 1998; Rowe, 1995; Tritt, Bottner, & Chen,
2008). Yang and Yin (2011) showed through their experiments that
there was literally no difference in electric power output between
a water-cooled PV system and a PV-TE-hot water system. Van
Sark (2011) argued that for PV-TE hybrid systems to become eco-
nomically viable, the conversion efficiency of the TE module must
increase by a minimum of 10 times that of the present efficiency.
Therefore, what is really needed to make these systems viable is
a breakthrough in TE materials development. Although quantum
well and quantum dot techniques promise to produce highly effi-
cient and cost effective TE materials (Kovalenko et al., 2010; Nolas,
Sharp, & Goldsmid, 2001; Scheele et al., 2009), these materials may
not reach the market in the foreseeable future. With regard to the
issue of reducing the PV operating temperature, attention has been
drawn to a solar spectrum splitting system in which the PV cells
and the thermal processes run in parallel (Kraemer et al., 2008). A
spectral beam splitter would only allow the short wavelength solar
spectrum to reach the PV receiver, thus substantially reducing both
the heat load and the operating temperature of the cell (Imenes &
Mills, 2004).

However, matching the Sun’s diurnal power supply with the
time-dependent power demand remains a major challenge for
solar-to-electricity systems (Li, Zhu, Cao, Sui, & Hu, 2009; Maclay,
Brouwer, & Samuelsen, 2007). Although this problem can be solved
by exchanging power with the electricity grid, the addition of cer-
tain energy storage devices to the PV systems is desirable to reduce
the load change on the grid and even provide power-on-demand
via a stand-alone PV system. The conventional lead-acid battery is
still the most common energy storage device, while thermal energy
storage is emerging as a promising alternative option. Recently,
greater focus has been placed on high-grade cold storage tech-
nology, which enables high performance recovery of solar thermal
energy (Li, Chen, & Ding, 2010; Li, Jin, Chen, Tan, & Ding, 2011).

In this paper, we propose a spectral beam splitting based PV-TE
hybrid power system with an integrated high-grade cold storage
device. The PV cell and the TE generator can operate either sep-
arately or synchronously, depending on the power demand. At
off-peak times, the ambient resources supply the cooling load of
the system, and the excess electricity is stored in the form of high-
grade cold in a deep freezer. At peak times, the stored cold is used
to supercool both the PV cell and the TE generator to increase their
power output. This integration scheme would enable the system to
deliver power at the desired times and rates.

2. Description of the integrated system

PV cells are one of the most promising technologies for con-
version of incident solar radiation into electric power. However,
this technology is still far from being able to compete with fossil
fuel-based energy conversion technologies because of its relatively
low efficiency and energy density. Theoretically, there are three
unavoidable losses that limit the solar conversion efficiency of a
device with a single absorption threshold or band gap Eg: (1) incom-
plete absorption, where photons with energies below Eg are not
absorbed; (2) thermalization or carrier cooling, where solar pho-
tons with sufficient energy generate electron-hole pairs and then
immediately lose almost all energy in excess of Eg in the form of
heat; and (3) radiative recombination, where a small fraction of the
excited states radioactively recombine with the ground state at the
maximum power output (Hanna & Nozik, 2006; Henry, 1980). Tak-
ing an air mass of 1.5 as an example, for different band gap E; these
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Fig. 1. Graphical analysis of the efficiency of a single band gap PV cell (Henry, 1980).

three losses can be calculated and the results are indicated by areas
$1, 82, and S3 in Fig. 1. Note that the area under the outer curve is
the solar power per unit area, and that only S4 can be delivered to
the load.

In Fig. 1 the actual work per absorbed photon W is related to
the operating temperature and the concentration ratio, and is cal-
culated using the following equations (Henry, 1980):

- A eVm

W= Eg T In(gn )+ n(1 + S 1 1)
2me(n? + 1)E2kT

A:—( Eg . (2)

h3c2

Here, «, e, h, and c are the Boltzmann constant, an electron
charge, the Planck constant, and the speed of light, respectively.
T, C, and n,, are the operating temperature, the concentration ratio
(defined as the average solar flux through the receiver divided by
the ambient direct normal solar radiation), and the solar flux in pho-
tons, respectively. nis a constant related to the radiation angles that
can be assigned a value of 3.6. The voltage at the maximum power
point eV}, is governed by the equation shown below:

A Vv
eVin = Eg — kT 1n(m)+m(1+%) . (3)
p

Fig. 1 shows that a decrease in the radiative recombination loss
can be seen within the PV cell when the distance between the outer
curve and the inner curve is reduced. The influence of operating
temperature of the PV cell can also be examined using the above
approaches and the results are shown in Fig. 2, which indicates
that a decrease in the operating temperature would enhance the
efficiency of the PV cell. As a result cooling and even supercooling
of the cell play an important role on its performance. Areas S4 in
Figs. 1 and 2 show that the best band gap at the maximum power
point may vary, depending on the operating temperature.

Similarly the effect of the concentration ratio on the cell per-
formance is shown in Fig. 3. The concentration ratio has a much
smaller effect on the efficiency of the PV than the temperature.
More importantly, the concentrating devices may offer cost bene-
fits by reducing the PV area required to convert a specific amount
of solar power (Imenes & Mills, 2004). However, it should be noted
that an increase in the concentration ratio is accompanied by a
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Fig. 2. Effect of the operating temperatures of the PV cell (C=1) on cell performance.

potential increase in the PV cell temperature or the cooling load
per unit cell area, which are both undesirable.

As mentioned earlier, photons with energies lower than Eg are
not absorbed by the PV cell. This proportion of the total energy
is quite large, especially for semiconductor materials with rela-
tively wide band gaps (accounting for approximately 50% of the
solar radiation in the case of a semiconductor with Eg = 1.75 eV).
Removing this portion of the radiation from the PV cell via spectral
beam splitting technology could not only reduce the cooling load,
but could also enable energy recovery in the form of high grade
thermal energy.

TE generators for thermal energy recovery operate silently and
have simple structures with no moving parts (Chen, 1996). They
are as reliable as PV panels, and could work for 10 to as much as 30
years on average without any major technical problems (Vorobiev
et al., 2006).

The ideal efficiency of the TE generator is dependent on the
hot side temperature Ty, the cold side temperature T, the dimen-
sionless thermoelectric coefficient ZT (a dimensionless figure of
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Fig.3. Effectofthe concentration ratios of the PV cell (T=300 K) on cell performance.
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Fig. 4. Effect of the hot side temperature on the ideal efficiency of the TE generator
at T.=300K and different values of ZT.

merit) of the TE material, and the average operating temperature
(T=(T;+Ty)/2), according to the equation below:

Te, V14+2ZT -1
n=(1-5) Y 4)
H~M+n+ﬁ
The figure of merit (Z) is defined as:
2
z2=27 (5)

k

where S, o, and k are material properties, i.e., the Seebeck coef-
ficient, the electrical conductivity, and the thermal conductivity,
respectively. The value of ZT could be estimated reasonably
well by using the following values in the calculations: ZT=1 for
modern industrial thermoelectrics, ZT =2 for thermoelectrics pro-
duced in laboratories (nano-scale microstructures), and ZT=4 for
thermionic converters with quantum tunneling (Vorobiev et al.,
2006).

The effects of the hot side temperature and the cold side tem-
perature in an ideal TE generator are shown in Figs. 4 and 5,
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respectively. Increasing the hot side temperature and lowering
the cold side temperature could improve the TE generator perfor-
mance. However, lowering the cold side temperature seems to be
more prominent when considering TE generators with lower ZT
values.

Based on our proposed ‘spectrum beam splitting’ and thermal
energy storage schemes, the PV-TE integrated system is proposed
and illustrated in Fig. 6. The system is a combination of a PV cell and
a TE generator designed to generate electricity. In contrast to the
earlier direct-contact back-to-back structures (Van Sark, 2011), the
PV cell and the TE generator in the proposed system are constructed
separately on the two sides of a cooling chamber. This novel con-
figuration enables a lower PV operating temperature and a lower
TE cold side temperature. The concentrated solar radiation is split
by the solar spectrum splitter, with the short wavelength portion
directed to the PV cell and the long wavelength portion sent to
produce moderate to high temperature thermal energy. The ther-
mal energy stored in the heat storage medium is used to supply
the hot side with energy for the TE generator. The cooling cham-
ber can be cooled either by ambient air or by other cold sources,
using a low freezing point liquid as the circulating fluid. At off-peak
times, ambient air is used to cool the circulating fluid in an external

Table 1

heat exchanger, and the excess electricity is used to power a deep
freezer to generate high-grade cold. The stored cold is then used to
supercool the circulating fluid at peak times to increase the power
output by reducing the operating temperatures of both the PV cell
and the cold side of the TE generator.

Because both the PV cell and the TE generator require stable
operating temperatures, it would be efficient to store the thermal
energy (for both heating and cooling reservoirs) in phase change
materials (PCMs). Inorganic eutectic salt mixtures are strong candi-
dates for thermal energy storage at moderate to high temperatures.
These materials are shown in Table 1. For high-grade cold storage,
eutectic solutions should be considered. PCM eutectic solutions are
mixtures of two or more chemicals, which, when mixed in a partic-
ular ratio, have a freezing/melting point that is below the freezing
temperature of water, and could offer thermal energy storage facil-
ities down to 159 K. Table 2 provides a list of such materials.

3. System performance and sensitivity analysis

The total conversion efficiency of the hybrid system can be
defined as:

(6)

Ntotal = XpvPV + XTENIANTE-

Inorganic eutectic salt mixtures with potential for use as PCMs for moderate to high temperature heat storage applications (Demirbas, 2006; Zalba, Mar1'n, Cabeza, & Mehling,
2003).

Compound Melting temperature (K) Heat of fusion (kJ/kg) Thermal conductivity (W/(mK)) Density (kg/m?)
68.1% KCl, +31.9% ZnCl, 508 198 na. 2480
NaNO3 580 199 0.5 2257
KNO3 606 266 0.5 2110
KOH 653 150 0.5 2044
38.5% MgCl, +61.5% NaCl 708 328 na. 2160
11.8% NaF +54.3% KF +26.6% LiF + 7.3% MgF, 722 n.a. n.a. 2160
35.1% LiF + 38.4% NaF + 26.5% CaF, 888 na. na. 2225
32.5% LiF +50.5% NaF + 17.0% MgF, 905 na. na. 2105
51.8% NaF +34.0 CaF, + 14.2% MgF, 918 n.a. na. 2370
48.1 LiF+51.9% NaF 925 n.a. n.a. 1930
MgCl, 987 452 na. 2140

%: percentage in weight; n.a.: not available.
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Table 2
PCM eutectic solutions with potential for use in high-grade cold storage applications (Medrano, Gil, Martorell, Potau, & Cabeza, 2010).

PCM type Phase change temperature (K) Heat capacity (kJ/kg) Thermal conductivity (W/(mK)) Density (kg/m3)

E-46 227 240 0.54 1405

E-50 223 218 0.56 1325

E-60 213 172 0.44 1180

E-62 211 180 0.58 1125

E-75 198 102 0.17 902

E-78 195 115 0.14 880

E-90 183 90 0.14 786

E-114 159 107 0.17 782

Here, apy and aqg are the operational efficiencies of the PV cell 10° P
and the TE generator, respectively, indicating the ratios of the net
practical electric power output of the devices to the corresponding 9371 0/358 0.345 0.333
ideal outputs. Considering that the best efficiencies for all well- 0,:/378 4 ) ’
developed PV cells and TE generators are around 0.8, it is reasonable 4 /
to set the two operational efficiencies as 0.75 in the calculations 102| |
(Vorobiev et al., 2006). Note also that the operational efficiency 0313
includes the heat losses in the heat storage process for the TE gen-
erators. In the equation, 74 is the incomplete absorption efficiency, ©)
which denotes the split from the solar radiation to the generator at 0365 043
moderate to high temperature thermal energies. From the descrip- 10l 7 e
tions given in Section 2, we see that the total conversion efficiency /A
can be expressed as follows: 0382 0338 0326032 S G
Ntotal :f(Egv C9 ZL Thv TC) (7) 9'307, ','y,
: . /0204 /
An optimal band gap Eg exists that leads to the best system per- 10° ‘ ‘ ‘ T A
160 180 200 220 240 260 280 300

formance level, depending on the PV operating temperature T, and
the concentration ratio C. For given T, and C, the optimal band gap
can be found be maximizing Eq. (7). This process has been coded
in Matlab environment using genetic algorithm. The simulation
result is shown in Fig. 7, from which we can see that the optimal
band gap varies slightly with changes in operating temperature. In
other words, a cell with a suitable band gap could provide good
performance over a wide operating temperature range.
Obviously, the optimal band gap decreases with increasing con-
centration ratio. Using the optimal band gap obtaining in Fig. 7, the
total efficiencies for given operating temperature and concentra-
tion ratio are shown in Fig. 8, with the assumptions that ZT = 2 and
T, = 600 K. Itreveals thata higher concentration ratio produces a
higher total efficiency. It also shows that a tenfold increase in the
concentration ratio contributes an increase of approximately 0.8%
to the total efficiency. In terms of the operating temperature, this is

1.47 T
—8—c=1
1.46 —A— =10
145 —¥— C=100
’ —6— C=1000
1.44
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Fig.7. Optimum energy band gap for the PV under different operating temperatures
and concentration ratios.

T, (K)

Fig. 8. The contour demonstrating dependence of the total efficiency on the oper-
ating temperature T, and the concentration ratio C for T, =600K and ZT=2.

equivalent to a decrease of 14 K. By deeply decreasing the operating
temperature from the ambient temperature down to approxi-
mately 160K, the total efficiency improves by about 8%, regardless
of the concentration ratio. This corresponds to an increase of nearly
30% in the output power. However, increasing the concentration
ratio raises the cooling power load per unit area linearly on the
PV surface, as shown in Fig. 9. For this reason, the concentration

107 589 ‘ .
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Fig.9. The contour demonstrating dependence of the cooling power per unit area of
the PV surface Q (W/m?) on the concentration ratio C and the operating temperature
Te.
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dimensionless thermoelectric coefficient ZT, with C=100 and T, =200K.

ratio must be kept below 100 in practical applications (Meneses-
Rodriguez, Horley, Gonzalez-Hernandez, Vorobiev, & Gorley, 2005).

The dependence of total efficiency on the hot side temperature
Tn and dimensionless thermoelectric coefficient ZT of the TE gen-
erator is shown in Fig. 10. It shows that the total efficiency has
increased, but the rate of this increase declines with increasing hot
side temperature. In contrast, doubling the value of the dimension-
less thermoelectric coefficient ZT yields an improvement of more
than 2% in the total efficiency. From Fig. 10, we can also see that at
peak times, the total efficiency of the integrated system is around
31-34%based on currently available TE materials (ZT = 1). This indi-
cates that the proposed system can deliver more than double the
power of current PV cells alone. Although part of the power out-
put comes from the stored thermal energy (both cold and heat), this
indicates that the hybrid system is potentially capable of delivering
power to end-users at the desired times and rates.

4. Conclusions

This paper proposes conceptually a hybrid PV-TE power system
that is integrated with a high-grade heat and cold energy stor-
age facility for efficient solar energy harvesting. The concept of
supercooling of the PV cell has been introduced to increase the
output power at peak times. Calculations based on the basic prin-
ciples show that a 30% improvement in the output power could be
achieved by adding a high-grade cold energy storage system under
reasonable working conditions. In addition, a suitable single band-
gap PV cell could produce good performances at both peak and
off-peak times because it is independent of the operating tempera-
ture. Increases in the concentration ratio, the hot side temperature
and the dimensionless thermoelectric coefficient also contribute to
an increased total efficiency, despite the other associated difficul-
ties.

The simple structure and the absence of moving parts mean that
the proposed system could potentially be used as a domestic power
generator that supplies not only electricity but also heat and cold
throughout the year.
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