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Photovoltaic (PV) power generation is one of the attractive choices for efficient utilization of solar energy. Considering that the
efficiency and cost of PV cells cannot be significantly improved in near future, a relatively cheap concentrator to replace part of
the expensive solar cells could be used. The photovoltaic thermal hybrid system (PV/T), combining active cooling with thermal
electricity and providing both electricity and usable heat, can enhance the total efficiency of the system with reduced cell area. The
effect of nonuniform light distribution and the heat dissipation on the performance of concentrating PV/T was discussed. Total
utilization of solar light by spectral beam splitting technology was also introduced. In the last part, we proposed an integrated
compound parabolic collector (CPC) plate with low precision solar tracking, ensuring effective collection of solar light with a
significantly lowered cost. With the combination of beam splitting of solar spectrum, use of film solar cell, and active liquid
cooling, efficient and full spectrum conversion of solar light to electricity and heat, in a low cost way, might be realized. The paper
may offer a general guide to those who are interested in the development of low cost concentrating PV/T hybrid system.

1. Introduction

Solar energy is the richest renewable energy on Earth.
It is pollutant-free, widely scattered, and inexhaustible.
However, solar energy is of low density, dispersed, unstable,
and discontinuous. Currently, methods for solar energy
conversion mainly include solar hydrogen production, solar
thermal power generation, and photovoltaic (PV) power
generation. Compared with solar thermal power generation,
PV power generation can realize direct photoelectrical
conversion, leaving out the intermediate energy conversion
step. Thus, its generating efficiency is not restrained by the
Carnot cycle. Moreover, because of its less demand for solar
radiation intensity, PV power generation has more extensive
applicability and is the best choice for the distributed energy
supply, such as in a small-scale households [1, 2]. Two urgent
problems need to be addressed in solar PV application,
that is, the high cost of PV power generation and the
relatively low photoelectric conversion efficiency. Currently,
the industrial production of crystalline silicon solar cell

conversion efficiency is approximately 16% to 17%, the
highest being only about 22%.

Under the circumstances in which the efficiency and
cost of PV cells cannot be significantly improved in a short
period, the following two approaches can be adopted to
promote the large-scale commercialization of the technol-
ogy. (1) The highly efficient and low-cost concentration
technology should be developed. In this case, the unit area
incident light intensity of the PV cell should be improved
to reduce the cell area required for the given generated
power. A relatively cheap concentrator as a replacement
for the part of an expensive solar cell could be used. (2)
When sunlight reaches the PV cell, incident photon energy
should be converted into electric energy only. When the
incident photon energy is more than the band gap of the
semiconducting material, the extra energy not only cannot
be converted into electric energy but into wasted heat, which
severely affects the photoelectric conversion efficiency [3].
Experimental and theoretical researches on these two crucial
issues have been conducted.
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2. Traditional Concentrating PV System

The concentrator is an important component for concentrat-
ing PV systems. It is classified according to optical principle,
concentrator types, and geometric concentration ratio. The
line focus solar concentrator includes the lens, parabolic
trough, and line focusing parabolic collector. The point
focusing concentrator is called the axial concentrator. The
concentrator lens or reflectors of this type of concentrator
are on the same optical axis of the solar cell [4]. According
to the geometric concentration ratio, the concentrator can
be divided into a low-concentration system and a high-
concentration system with a solar tracking. Although the
concentration ratio of the low-concentration system is not
high, the scattered radiation can be used without a solar
tracking and be applied in the area with inadequate direct
radiation. Generally, if the concentration ratio is more than
10, the system can only use direct sunlight. As a result, the
tracking system must be adopted.

Since the mid-1970s, with a concentration ratio of 50
and efficiency of 12.7%, the first concentrating PV system
was developed in Sandia National Laboratories in US.
This technology has rapidly developed. In its earlier stage,
the Fresnel lens was superior in property to other light
concentrating devices. The passive cooling was also feasible
with the high-concentration ratio, and the application of
the diamond plate and copper heat sink promoted the
development of the technology. The schematic diagram of
the PV concentrator Fresnel lens is shown in Figure 1.

The solar PV power generation has benefited from the
improvement of the Fresnel lens. For instance, the 20 kW
point focusing Fresnel lens array was developed by Amonix
and SunPower after 15 years of continuous research [5]. Ryu
et al. [6] designed the modularized and microfaceted Fresnel
lens with a moderate concentration ratio, bringing about
efficient superposition and finally uniform distribution of
incident solar flux. They also formulated a mathematical
model to solve the distribution of the energy flux on PV
panel and the collecting efficiency. The calculation indicates
that the nonuniformity of energy distribution remains
within 20%. Under the condition of the lower-middle
concentration ratios (50 times), the radiation transmittance
is more than 70%. Andreev et al. [7] designed the full-
glass high-concentration ratio PV modular with second-
concentration lens of small aperture between the Fresnel lens
and cells, which further improve the light concentration.
The concentrating ratio of the concentrator system reaches
1000, and the size of PV is only 1.2 mm. It is convenient to
scaleup the module and improve its weathering resistance.
Rosell et al. [8] designed a line focused PV system with
Fresnel lens. It was found that heat conduction between solar
cells and heat absorber is crucial to the energy efficiency
of the whole system. Recently, Wu et al. [9] conducted
extensive indoor experimental investigation on the heat loss
from a point focus Fresnel lens PV concentrator with a
concentration ratio of 100× under a range of simulated
solar radiation intensities between 200 and 1000 W/m2,
different ambient air temperatures, and natural and forced
convection. It was found that the solar cell temperature

Solar cell

Fresnel lens

Parallel light rays

Figure 1: Schematic illustration of PV concentrator Fresnel lens
[5].

increased proportionally with the increase in simulated
solar radiation for all experimental tests, indicating that
conductive and convective heat transfer were significantly
larger than the long wave radiative heat transfer within and
from the system.

The Fresnel lens belongs to the refractive concentrator,
leading to a small light aperture and hence a small battery
plate area. The reflecting concentrator can overcome this
weakness. The point focused rotating parabolic concentra-
tors and the line focused trough-type concentrators PV
systems are mostly employed in the reflective PV concen-
trator. A representative 10 m2 trough concentrator PV with
geometric concentration ratio of 30.8 is shown in the left part
of Figure 2 [10].

The trough-type PV system caused the solar cell to be
between the sun and the reflecting surface. The solar cell is
always below the reflective parabolic focal line where the rays
are inevitably sheltered, thus leading to optical nonuniform
flux distribution. In recent years, the butterfly-shaped PV
concentrator has been developed. A row of plane mirrors
is installed at its bottom. A solar cell module is fixed on its
top, reducing the shelter of sunlight by the PV devices to a
certain extent. Xu et al. [11] developed a butterfly-shaped
PV concentrator, as shown by the right part of Figure 2.
The sunlight reflected through the mirror plane uniformly
reaches the solar cell array of the corresponding side, with its
concentrations varying between 2 and 12 times.

A multidisc parabolic concentrator PV with a dual-axis
tracking system was developed by NREL of US. This disc-
type concentrator system includes 16 reflecting surfaces, with
each surface containing 76 reflecting blocks. The mirror
area of the system covers 113 m2 with a highly precise
tracking system and a concentration ratio of 250 [12].
The well-known Spanish solar energy research institution
PSA developed a multidisc PV concentrator demonstration
system with a concentration ratio of 2000. It includes the
heliostat, optical grating, multidisc concentrator, and PV
board and can simultaneously test the PV response to the
direct solar radiation and thermal flux distribution [13].

In terms of the low concentration PV system, Solanki
et al. [14] integrated the monocrystalline silicon solar cell
into the V-type reflection trough made of aluminum foil,



International Journal of Photoenergy 3

(a) (b)

Figure 2: Representative trough (left hand) [10] and butterfly-shaped (right hand) concentration PV system [11].

which not only plays the role of reflection and concentra-
tion but also contributes to the heat dissipating capacity.
However, its concentration ratio is only 2. The working
temperature of the system is approximately the same as the
one required for the nonconcentration condition. As a result,
the efficient control of the temperature and the increase in
the current density improve the output of the open circuit
voltage. However, this type of concentrator not only has
a low concentration ratio but also nonuniform radiation
distribution and severe loss of reflection. In the different
types of concentrating PV systems mentioned above, with
the exception of the low-concentration V-type reflecting
trough, the Fresnel lens, trough-type concentrator, butterfly-
shaped PV concentrator, and multidisc parabolical mirror
concentrator systems all need high-precision single-axis or
dual-axis tracking, which uses only direct solar radiation
and diffuse reflections (generally occupying 30% of the solar
spectrum) which are unavailable for such tracking system.

Compound parabolic collector (CPC) is a nonimaging
collector designed according to the marginal optical prin-
ciple. Theoretically, all the incoming light with incident
angle smaller than the maximum half acceptance angle (θ)
could be line focused on the absorber. Both direct and
diffuse portion of the solar radiation could be utilized.
The performance of CPC is very close to that of the ideal
concentrator. If the CPC concentrator adopts the stationary
installation, the largest acceptance angle would be 30◦. In this
case, the concentration ratio would be less than 2 [15]. If the
installation is in the east-west direction, and the tilt angle is
adjustable, the largest acceptance angle would be less than
30◦, with the concentration ratio as high as approximately
4 [16]. Nilsson et al. [17] designed a compound PV system
with an asymmetric CPC and conducted investigation on the
output performance of the system in different seasons and
sunlight with MINSUN program. The research indicates that
the total annual reflecting power of CPC with the reflective
materials of anodic aluminum oxide and steel aluminum,
respectively, is very close. When the PV panel faces the CPC
light aperture, the output of the electric power per unit area is
205 Kwh/(m2 cell area), and the output of the thermal energy
in the cooling system is 145 kWh/m2. Hatwaambo et al.
[18] conducted research on the concentration PV system
based on a single CPC and investigated the influence of the

light incident angle and the tilt of CPC angle on the output
performance of PV. Radiation flux distribution on PV surface
was simulated by ray tracing. The theoretical model was
validated by experimental measurement.

3. Cooling of Concentrating PV System

For different types of concentration PV at a fixed temper-
ature, the general tendency of the change in the solar cell
efficiency corresponds to the change in the concentration
ratio. The cell efficiency increases with the increase in
the concentration ratio at the low-concentration ratio and
decreases with the increase in the concentration ratio at
the high-concentration ratio. Under the condition of the
given output power, the tandem-type cell may increase the
voltage output and reduce the ohmic loss. However, the
nonuniformity of light intensity distribution and the poor
heat dissipation leads to overheat of the cell panel, affecting
the current output of the whole cell array. This is the
called “the current matching problem.” The effective PV cell
cooling or the appropriate design of the concentrator may
lessen the consumption of the parasitic power [19].

Hein et al. [21] demonstrated that the distribution
of light intensity produced by the parabolic trough con-
centrator is similar to a Gaussian curve. Compared to
uniform illumination, both the open-circuit voltage and
efficiency of the concentrator PV cell would decrease. The
decrease could be aggravated when the peak intensity of
light distribution is increased. This decrease may lead to
a serious nonuniform flux distribution. Currently, tandem-
type module was adopted by most polycrystalline silicon
solar cells and the current output of each cell module is equal
in this case. For such type of module, the low light intensity
in some areas (corresponding to the smaller light current)
greatly limits the general current output of the whole PV
system. Therefore, in case one or more cells are shaded, for
example, like in Figure 3(a), module performance will be
limited by the output of these cells. For the thin film module
in Figure 3(b) however, all cells span across the full length of
the module. The current generation will therefore be equally
affected for each cell, and the power output is only reduced
in proportion to the shaded area [20].
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Figure 3: Schematic drawing of a conventional c-Si module (a) and a thin film module (b) under nonuniform illumination. For each
module, the order in which the cells are series connected is indicated with a dashed line [20].

Under the high concentration ratios, for instance, the
multidisc concentrator with 150 concentration ratios, the
PV system has a severe cooling problem. Such PV system
requires active cooling and a lower thermal resistance [22–
24]. To some extent, nonuniform flux distribution even exists
in the CPC. For the CPC with a concentration ratio of 3
to 5, the concentration ratio in some points may reach 50.
The nonuniform distribution of light intensity and poor
heat dissipating may cause temperature gradient, especially
in the high-concentrating PV. Recent research shows that
the “Thomson effect” produced by the interaction between
the temperature gradient and the electrical current may
either improve or lower the power output of the cell [25],
that is, when the current passes through the conductor
with the temperature gradient, heat exchanges could take
place absorbing or dissipating heat. Therefore, in the process
of numerical simulation, the Thomson effect has to be
considered.

As regards the cooling of the PV cell panel, except for
the usual air or water cooling measures, techniques such
as heat tube cooling, jet flow, microchannel cooling, and
liquid immersion cooling has been investigated [26–28].
The liquid immersion cooling may effectively eradicate the
contact thermal resistance caused by the traditional PV back
cooling, thus improving cell efficiency. However, the study
reveals that despite the quite uniform distribution of the
temperature in the system, the long time immersion in the
deionized water may also lower the I-V output performance
of PV.

4. The Photovoltaic Thermal Hybrid
System (PV/T)

The cooling modes mentioned above not only have a poor
heat dissipating effect, but they also generate waste heat. The
photovoltaic thermal hybrid system (PV/T) combining active
cooling with thermal electricity provides both electricity and

usable heat which can enhance total efficiency of the system.
The area covered required for PV/T is also reduced compared
to traditional PV. These factors are especially beneficial to the
distributed energy supply.

For the nonconcentration, plate PV/T system as devel-
oped by Sandnes and Rekstad [29], the silicon PV cell is
attached to the flat plate surface that is covered with the
glass. For such system, the experiment was conducted mainly
at a low water temperature. Saitoh et al. [30] developed
a PV/T collector by attaching the silicon PV cell to the
aluminum plate, whose back is made of copper tubing. The
thermal output performance of the system was tested using
salt water as working medium. Zakharchenko et al. [31]
proposed a PV/T collector with its surface covered with a
black PVC absorber, and the collector itself can combine with
different PV cells. They found that when the area of the PV
cell is smaller than that of the collector plate, and that the
cell is located at the cooling water inlet, a better cooling
effect and higher thermal efficiency could be achieved.
Theoretically, the total energy efficiency of the PV/T system
may reach 60%–80% [32]. Dupeyrat et al. proposed a real
size PV/T module tested at Fraunhofer solar test facilities.
The PV/T module showed a total efficiency of above 87%
(79% thermal efficiency plus 8.7% electrical efficiency, based
on the absorber area) [33]. An experimental flat plate PV/T
collector was built by the same group using the single
package lamination method, focusing on an improved heat
transfer between PV cells and cooling fluid and on improved
optical performance. The thermal efficiency at zero reduced
temperature was measured at 79% under PV operation with
a corresponding electrical efficiency of 8.8%, leading to a
high overall efficiency of almost 88% [34].

Kostic et al. [35] studied the effect of reflectivity on the
energy efficiency of a plate-type PV/T and optimized the
installing position and tilt angle. The study shows that the
reflection coefficient of the plate-type receiver made of alu-
minum plate and that of aluminum foil is almost the same.
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However, the reflecting surface made of aluminum foil
enhanced the concentration intensity, thus improving the
total thermoelectricity conversion efficiency.

The PV/T system with the parabolic trough concentrator
(concentration is 37 times, and the peak light intensity in
some areas is 100 times) was developed by Coventry [36].
It has thermal efficiency of 58%, electrical efficiency of
11%, and total energy conversion efficiency of 69%. Wang
et al. [37] constructed a trough-concentrating solar PV/T.
Under the 10 times solar concentration, the monocrystalline
silicon solar power could be increased by 5.05 times. Sun
and Shi [38] analyzed the thermoelectric properties of
the PV/T system with a parabolic solar concentrator and
radiating fin. They established a one-dimensional steady-
state mathematical model of the heat transfer process inside
the PV/T. They also conducted a numerical simulation of the
heat transfer process and analyzed the air mass flow, incident
light intensity, concentration ratio, ambient temperature,
height of the upper channel, and effect of the fin parameters
on air temperature, cell plate temperature, and thermal
efficiency of the system.

Studies on the system with a low concentration of CPC-
based PV/T have also been conducted. However, most of
them have fixed CPCs or CPCs that could only be quarterly
adjusted. These PV/T systems adopt simple air cooling or
water cooling. For instance, Garg and Adhikari [39] studied
a PV/T with CPC as the concentrator and air as the cooling
medium. The parametric analysis showed that with the
increase in the length of the collector, the amount of air
flow or the surface covering ratio of the collector would
greatly enhance the heat and electricity output properties,
whereas the increase in the width of the air flow channel
is not beneficial. Othman et al. [40] designed a CPC-
based double channel solar air collector installed with heat
conducting fins. The air passes through the upper channel
containing the glass plate and the PV panels. The PV plate
is directly heated by the sun. Air coming out of the upper
channel flows out from the channel at the bottom, where
the heat exchange of air in the direction of the PV may be
enforced, improving the efficiency of the system. The authors
simultaneously analyzed the heat transfer efficiency of the
system by adopting the one-dimensional steady-state model.

Brogren et al. [41] introduced a water-cooled PV-thermal
hybrid system with low concentrating aluminium compound
parabolic concentrators, as shown in Figure 4. The system
was installed at 60.5◦N 17.4◦E of Sweden. The following are
the system parameters: C = 4, the peak power output is
0.5 kW, the corresponding annual electric power output of
the solar cell in the unit area is 250 kWh, and the thermal
output is 800 kWh. The optical efficiency was calculated to
be 0.71. The research also showed that the antireflection
coating on the optimized glass plate and the improvement of
the reflecting ratio of the reflecting material could improve
the power output by approximately 20% [41]. It is worth
noted here that most of CPC-based PV systems use very
simple design either employing fixed installation or with
periodical adjustment in a few months. The design will
lead to significant variation under different solar azimuth
(such as 9 a.m and 5 p.m. contrast), so the system output

Figure 4: A representative PV-CPC is installed in Sweden (60.58◦N,
17.48◦E). The cooling water is flowing (from west to east) in copper
pipes integrated in the aluminum fin on the backside of the m-Si
cells [38].

Cooling water outlet

Cooling water inlet

Figure 5: Our design of PV/T hybrid system composed of
integrated CPC plate with low precision solar tracking.

would show great fluctuation in one working day. Here,
we propose a new concept of integrated flat CPC plate for
effective solar collection. As shown in Figure 5, the integrated
CPC plate could be adjusted in two axes manually or by
electric machinery. Such low precision solar tracking ensure
effective collection of solar light with a significantly lower
cost compared to traditional high-precision solar tracking.
However, the total reception of solar irradiation in one day
could be significantly enhanced. In fact, our such design of
integrated CPC plate has been successfully applied to the
solar-to-hydrogen conversion and the technique is therefore
believed to be also applicable to concentrating PV/T [42, 43].

5. Total Utilization of Solar Light by
Spectral Beam Splitting Technology

The studies previously mentioned all aimed to improve the
energy utilization efficiency of the whole system from the
perspective of active and passive heat dissipation from the
PV panel itself. In recent years, the concept of effective
utilization of solar light by spectral beam splitting technology
was proposed [44]. In contrast to the traditional solar PV
utilization, this method achieves the photo-electricity and
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thermal-electricity conversion by separately using the differ-
ent parts of the solar spectrum. The thermal management
problem in the traditional PV concentrator was effectively
overcome by this method. Studies showed that the spectrum
splitting PV/T hybrid system has several potential advantages
over a PV-only system and it is especially suitable for working
under high concentration conditions [45]. In such system,
the thermal unit is no longer limited by the photoelectric
unit, and the nanofluids directly absorbed solar radiation
to achieve efficient photo-thermal conversion [46]. For
instance, Jiang et al. [47] proposed such a PV/T design with a
two-stage parabolic trough concentrator. A spectral splitting
filter was added between the parabolic trough and the PV,
filtering out the IR light. Based on the zero-dimensional
optical model and the ray tracing method, the distribution
of the energy flow was also analyzed.

Jiang et al. [48] achieved beam splitting with a 13-layer
film and established a three-dimensional optical model by
considering the solar angle. They studied the effect of the
spectral beam splitting on the heat and electrical output
properties of the semiparabolic trough concentrator in PV/T
system. The spectral distribution in the system and the
solar flux density distribution on the PV cell surface were
investigated. Calculation showed that the optical efficiency of
the system under the AM1.5 solar spectrum is 58.7%. The tilt
angle of the cell should be optimized to achieve the uniform
energy density for different concentrator apertures.

In terms of theoretical studies, Zhao et al. [49] conducted
a numerical simulation of the absorption characteristics of
the absorption medium, assuming the maximum passing
through of the 200–800 nm and the maximum absorption
of the 800–2000 nm solar spectrum. The simulation is
based on the Lorentz-Drude model with damped oscillation.
The derived expressions were validated by Kramers-Kronig
conversion. The calculations indicated that the thermal unit
could absorb 89% of the infrared and pass through 84%
of visible light. If the upper flow rate is reduced, the outlet
temperature may reach 74◦C.

6. Conclusion and Perspective

To sum up, concentration PV can be classified into three
categories in accordance with the comprehensive utilization
of electricity or heat. (1) The temperature-control mode
concentrating PV system with high concentration ratios
(e.g., the immersion mode). It usually maintained a high
electrical efficiency with low working temperature of below
50◦C. It is unable to supply usable heat due to the small area
of the cell unit. (2) The PV/T mode system, which uses PV as
the major thermal supply, provides the usable heat at higher
temperature such as 80◦C. However, the power output of the
PV will often be affected. (3) The full spectrum utilization of
solar energy, that is, by spectral beam splitting technologies.
It lowers the working temperature of PV, maintaining its high
efficiency, and supplies the required thermal output due to its
large PV surface area.

As described above, the current research on concentrat-
ing PV/T focuses mainly on the concentrators of Fresnel,
trough-type, and butterfly-type, and so forth. The common

weaknesses of these collectors are their high cost required
by sun tracking. More importantly, these collectors cannot
use the diffused solar light, which occupy a considerable
part of the solar radiation and cover a large area of land.
A few studies related to CPC concentrating PV/T system
showed that CPC might be a good choice. However, most
of these systems use very simple design of the CPC either
employing fixed installation or with periodical adjustment
in a few months. The design will lead to significant variation
under different solar azimuth and therefore fluctuation in
output. We proposed a PV system with integrated CPC plate
as illustrated in Figure 5 to overcome these drawbacks. On
the other hand, the maximal receiving and utilization of
solar flux itself could be obtained by beam splitting of solar
spectrum, such as by nanofluids. Combination of thin film
solar cell to overcome nonuniform light distribution, active
cooling for heat utilization and integrated CPC plate as solar
collector, and efficient and full spectrum conversion of solar
light to electricity and usable heat, in a low cost way, might
be realized.
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