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The aim of this study is to simulate a parabolic trough concentrating photovoltaic/thermal (CPV/T) sys-
tem and to investigate its performance from energy and exergy viewpoints in both laminar and turbulent
flow regimes. After validating the proposed model with available experimental data from the literature,
the effects of various parameters, including concentration ratio, pipe length, and diameter, on the perfor-
mance of the system were examined in detail. Further, the effects of glazing the system and using
nanofluids as the working fluid on the system efficiency were determined and discussed. The perfor-
mance of the CPV/T system was also compared to that of a flat-plate photovoltaic/thermal (PV/T) system.
The results showed that increasing the pipe length from 0.5 to 5 m decreases the total energy efficiency
by about 9.33% in the laminar regime and 1.09% in the turbulent regime, while it increases the total
exergy efficiency by about 33.65% and 10.37% in the laminar and turbulent regime, respectively. The
increment of the pipe diameter has a negligible impact on the system performance, for a given flow rate.
The results also indicated that applying nanofluids in the laminar flow is more effective compared to the
case of the turbulent regime. Furthermore, the PV/T system can reach greater energy and exergy effi-
ciency compared to the CPV/T system, whereas employing nanofluid in the CPV/T system is more efficient

compared to the case of the PV/|T system.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Reduction of fossil fuel sources, as well as their greenhouse gas
emissions, reflects the importance of using alternative energy
resources, such as renewable energies, that are clean, affordable,
and accessible [1]. It must be noted that renewable energy sources
cannot meet all the energy demand owing to their instability and
the complex process of integrating them with energy systems,
but they can decrease some of the fossil fuel consumption.

The sun is the most important renewable energy source, with
its endless supply of high-energy rays to the earth. Photovoltaic/
thermal (PV/|T) systems are a category of solar technologies that
simultaneously generate electrical energy and heat. Increasing
the PV cell temperature reduces the electrical efficiency, and there-
fore, solar cells in PV/T systems are cooled through flowing of heat
transfer fluids (HTFs), and the harvested heat can be used. Various
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configurations of PV|T systems have been proposed in the litera-
ture [2].

On the other hand, concerns about the environmental hazards
of photovoltaic technology have recently emerged. Manufacturing
of PV panels requires the use of chemicals, and there is a possibility
that toxic substances from manufacturing plants may leak into the
environment in the event of non-compliance with safety rules, as
was the case in a village in the central province of Henan [3].
Another concern involves the recycling of PV panels after the end
of their life cycle. These risks may be reduced if the energy demand
can be achieved by solar technologies using fewer photovoltaic
cells.

One solution is using concentrating photovoltaic/thermal (CPV/
T) systems that could yield a greater ratio of electricity to PV area.
The focusing of sunlight by using concentrators leads to high-
temperature thermal energy and expands its utilization for domes-
tic hot water (DHW), heating and cooling spaces, and process heat
of industries [4,5]. CPV/T systems work considerably better in the
presence of higher beam radiation, and are therefore appropriate
for tropical and subtropical zones.

The use of Fresnel lenses [6], parabolic [7], compound parabolic
[8], and hyperboloid [9] concentrators for focusing radiation on the
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Nomenclature

A area (m?)

CR concentration ratio

Cp thermal conductance of bond (W m~1 K1)
Cp specific heat capacity (J kg~! K1)
D diameter (m)

Epo PV output power (W)

f friction coefficient

g gravitational acceleration (m s—2)
he convection heat transfer coefficient (W m—2K™')
h; radiation heat transfer coefficient (W m—2 K1)
hy head loss

I solar radiation intensity (W m—2)
Ip beam radiation intensity (W m~2)
k thermal conductivity (W m~! K1)
L length (m)

m mass flow rate (kg s™')

Nu Nusselt number

pa packing factor

P pressure (Pa)

Ppump pump power (W)

Pr Prandtl number

AP pressure head loss (Pa)

Ra Rayleigh number

Re Reynolds number

T temperature (K)

Ts sky temperature (K)

Tsun sun temperature, 6000 K

vy wind speed (ms™!)

w width (m)

X exergy rate (W)

Greek letters

o absorption coefficient

Br reference temperature coefficient
Ve intercept factor

0 thickness (m)

€ emission coefficient

& exergy efficiency

0 collector slope

p reflection coefficient, density (kg m~3)
n efficiency

7, reference solar cell efficiency

K Boltzmann constant, 1.381 x 10723 (J K1)
u viscosity (Pas)

1% Stefan Boltzmann constant (W m—2 K™%)
T transmission coefficient

® volume fraction

Subscripts

a air layer

abs thermal absorber

ad adhesive

b tube bonding

con concentrator

ele electrical

bf basefluid

g glass cover

i insulation

in input

nf nanofluid

np nanoparticle

out output

PV photovoltaic

CPV/T  concentrating photovoltaic/thermal
PV/T photovoltaic/thermal

S sky

t tube

th thermal

w working fluid

PV/T system has been studied. Among them, parabolic concentra-
tors are the most well-known owing to their ease of installation
and low price. Parabolic concentrators concentrate sunlight onto
receivers positioned at the focal point or the focal line of the
parabola.

A substantial amount of effort has been done to determine the
effective parameters in CPV/T systems. Li et al. [10] carried out
experimental and numerical studies on the parabolic trough CPV/
T system with various PV cells and concentration ratios. Their
results revealed that GaAs cells exhibit the best performance under
focused radiation. Ji et al. [11] concluded that increasing the con-
centrator reflectance of a parabolic trough CPV/T system improves
the performance of the system. Chaabane et al. [12] compared two
linear parabolic trough CPV and CPV/T systems. Their results
showed that, in addition to its thermal output, the CPV/T system
has higher electrical efficiency compared to the CPV system.
Coventry [13] reported thermal and electrical efficiency values of
57% and 11%, respectively, for a parabolic trough CPV/T system
with a concentration ratio of 37.

Karathanassis et al. [7] experimentally studied a parabolic
trough CPV/T system with three receiver configurations, incorpo-
rating different PV cells and cooling section designs. Their results
showed that wide PV cells achieve higher electrical efficiency,
and heat sinks with microchannels of stepwise-varying width are
promising owing to the significantly lower pump power
requirement. Widyolar et al. [14]| designed and tested a new

CPV/T configuration that includes a parabolic trough reflector for
focusing sunlight towards a compound parabolic concentrator
formed of GaAs solar cells. Their experimental system achieved
37% thermal efficiency and 8% electrical efficiency.

Ju et al. [15] comprehensively reviewed a CPV/T system using
spectral beam splitting (SBS) technologies. They found that
employing SBS technologies in CPV/T systems can increase the
outlet temperature without reducing the electrical output.
Otanicar et al. [16] theoretically compared two thermally coupled
and thermally uncoupled (using SBS) configurations. Their
research showed that both configurations are promising from an
exergy viewpoint.

In recent years, the use of nanofluids (a colloidal suspension of
nanoparticles into fluids) in solar energy systems has received con-
siderable attention. Verma and Tiwari [17] reviewed nanofluid
application in different types of solar technologies, especially solar
collectors. However, relatively little information is available on
using nanofluids in PV|T systems, especially in CPV/T systems.
Sardarabadi et al. [18] experimentally studied a PV/T system with
a silica/water nanofluid as its coolant and concluded that the nano-
fluid significantly enhances the energy and exergy efficiency of the
PV/T system. Sardarabadi and Passandideh-Fard [19] employed
ZnO, TiO,, and Al,03; water-based nanofluids in a sheet and tube
PV|T system. Their results indicated that TiO,/water results in
higher electrical efficiency and ZnO/water leads to greater thermal
efficiency.
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