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Abstract: This paper presents the optical and thermal analyses for a linear concentrating photovoltaic /thermal collector
under different operating conditions. Linear concentrating photovoltaic system (CPV) consists of a highly reflective
mirror, a receiver and semi-dual axis tracking mechanism. The CPV receiver embodies two strings of triple-junction cells
(100 cells in each string) adhered to a mild steel circular tube mounted at the focal length of trough. This system provides
560 W of electricity and 1580 W of heat which needs to be dissipated by active cooling. The Al2O3/Water nanofluid is
used as heat transfer fluid (HTF) flowing through circular receiver for CPV cells cooling. Optical analysis of linear CPV
system with 3.35 m2 aperture and geometric concentration ratio (CR) of 35 is carried out using Advanced System
Analysis Program (ASAP) an optical simulation tool. Non-uniform intensity distribution model of solar disk is used to
model the sun in ASAP. The impact of random errors including slope error (σslope), tracking error (σtrack) and apparent
change in sun’s width (σsun) on optical performance of collector is shown. The result from the optical simulations shows
the optical efficiency (o) of 88.32% for 2-cell string CPV concentrator. Thermal analysis of CPV receiver is carried out
with conjugate heat transfer modeling in ANSYS FLUENT-14. Numerical simulations of Al2O3/Water nanofluid
turbulent forced convection are performed for various parameters such as nanoparticle volume fraction (φ), Reynolds
number (Re). The addition of the nanoparticle in water enhances the heat transfer in the ranges of 3.28% - 35.6% for φ
=1% - 6%. Numerical results are compared with literature data which shows the reasonable agreement.

INTRODUCTION
In recent times, CPV systems have shown great potential due to higher efficiencies and useful heat recovery. The
CPV systems are co-generative systems which produce electricity as a high grade energy and heat for process heat
application [1]. CPV systems use the optical system such as mirrors or lenses to concentrate the incident sunlight
onto solar cell array or module to reduce the cost solar electricity. The reduction in solar absorber area allows us to
use more costly, but higher efficiency PV cells. However, only fraction of the incoming sunlight falling on the cell is
converted into electrical energy whereas, remaining portion of the absorbed energy is converted into heat that heats
up the solar cell [2]. Therefore, cooling of the solar cells plays a major role as the electrical efficiency decreases
with increase in temperature under high concentration [3]. Parabolic trough concentrator is the most promising
technology for the combined heat and power generation commonly known as combined heat and power system
(CHAPS) [4]. The CHAPS receivers consists of solar cells mounted on an aluminum extrusion bonded to a copper
tube containing the HTF. HTF acts as a coolant flowing through the circular tube carrying away the heat from the
cells. We are facing the problems of using low thermal conductivity HTFs that limits their heat exchange efficiency.
Nanofluids are the potential HTFs in solar application because of its enhanced thermophysical properties.
Volumetric absorption of heat is the absorption deep into the absorber without conductive and convective
resistances. Absorption characteristic of HTF is seen in face of improved thermal and optical efficiencies and higher
outlet temperature. Volumetric absorption of the solar radiation by nanofluid receiver through radiative heat transfer
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increases the heat transfer rate, because addition of trace amount of nanoparticle into water/oil considerably
improves absorption characteristic of the working fluid [5].
In the present study performance analysis of linear CPV system is studied by carrying out optical and thermal
analyses. The analyses performed will be helpful while designing the linear CPV system for better optical
performance and heat recovery.

MODELING OF THE SOLAR LINEAR CPV SYSTEM
The linear CPV system with effective aperture area of 3.35m2 and 2-cell string CPV receiver of geometric
concentration 35 is simulated. The linear CPV system with receiver is shown in Fig.1. The system uses the reflective
mirror that focuses the beam radiation at the focal plane along the length. The receiver is mounted at the focal plane
which consists of solar cell strings covered with transparent glass cover. In this model two strings of triple-junction
solar cells are used. Solar cell module is mounted on an aluminum extrusion which is then bonded to the mild steel
(MS) tube by means of thermally conductive tape. MS pipe containing the Al2O3/Water nanofluid is used to cool the
solar cell array because the solar cell efficiency degrades as the temperature increases beyond a particular
temperature value. Nanofluid takes up the heat from the solar cell module which can be used for co-generation
purpose such as hot water application. The system uses the semi-dual axis tracking mechanism to track the sun
continuously throughout the day.
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FIGURE 1. (a) Schematic of linear CPV system; (b) Schematic of the cross-sectional view of linear CPV system

PERFORMANCE ANALYSES OF LINEAR CPV SYSTEM
The performance analyses of linear CPV include optical, thermal and electrical analysis. In the present study,
only optical and thermal analyses are carried out. The methodology developed while doing optical analysis
quantifies effect of concentrator surface quality, imperfect tracking along with sunshape. Concentrated flux values
obtained from optical analysis are used in the thermal analysis to get the temperature of the cells strings and
nanofluid.

Optical Analysis of Linear CPV System
Ray tracing is carried out using an optical simulation tool ASAP [6]. The optical model developed here
incorporates the total error which embodies sunshape error, slope error and tracking error. A location under present
study is Chennai (13ᵒN, 80.27ᵒE), India. Solar radiation falling on the aperture is assumed as 650W/m2, which is
close to the direct normal irradiance (DNI) of 690 W/m2 at Chennai. The numerical model is validated with Cheng
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et al. [7]. The optical efficiency shows the decreasing trend with increasing total error. Total error is calculated
statistically by determining the standard deviation of the total reflected energy distribution, at normal incidence as
follows

2 + 4 σ2
2
σ tot = σ sun
slope + σ track

(1)

A real reflector differs from the design slope by an error σ
and thus the reflected ray reaches the receiver at
an angle 2σ
away from the desired direction. So while calculating the total error statistically the actual slope
error value to be considered is 2
.
Where,
σ
Standard deviation of the energy distribution of the sun’s rays at normal incidence (mrad)
Standard deviation of the distribution of local slope errors at normal incidence (mrad)
σ
σ
Standard deviation of the distribution of the tracking error at normal incidence (mrad)
Optical efficiency is an important parameter which embodies intercept factor, reflectivity of trough,
transmissivity of glass tube, absorption of PV cell module and incidence angle modifier and is given as follows

Optical Efficiency ( η o) =

Flux absorbed by the CPV receiver (I ab )
Incoming flux onto the trough aperture ( I b)

(2)

FIGURE 2. Optical efficiency variation for linear CPV system

Optical efficiency gives the amount of energy absorbed by the CPV receiver out of the total incoming radiation.
Figure 2 shows the variation of optical efficiency under different error values ranging from 4.66 mrad to 30 mrad.
Total error is calculated and its effect on optical efficiency is studied. The optical efficiency is calculated
considering the rays intercepted and absorbed by CPV receiver. Optical efficiency decreases with increasing optical
error because most of the rays will be spilled over the CPV receiver due to slope and tracking error. Slope error that
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is normally distributed is due to the perturbed surface of the parabolic trough which causes the reflected ray to
follow non desired path. Tracking error is induced due to inadequate precession of solar tracker that adds to optical
loss. It is very important to know the average flux value and the flux distribution at the solar cell strings to estimate
the electrical power and uniformity of flux respectively.
Concentrated flux across the PV cell string width in terms of angular position over the circular tube, under
different optical error is found. Angular range covered on tube by cell string-1 is from 125.3 degree to 177.7 degree
and by cell string-2 is from 182.29 degree to 234.65 degree. For ideal case ( = 4.66 mrad) i.e. under no optical
error, the distribution is generally two peak Gaussian on the bottom part of tube wall. The part of the flux
concentrated towards the tube is intercepted by the PV cell strings. Therefore, at cell string-1 and cell string-2 the
combined flux distribution is similar to the part of the flux distribution on bare tube as shown in Fig. 3 (a) and Fig. 3
(b). This is the reason, why there is peak in the flux distribution at cell string-1 and cell string-2. In this case,
because of the geometry symmetry, the flux distribution is also symmetrical on this PV strings and the average flux
value is found to be 19.57 kW/m2. As the total error increases above 5 mrad, the distribution on the tube is no longer
the two peak Gaussian distribution. Increase in total error, specifically tracking error, causes the rays to focus more
on one side of the tube which shifts the two peak Gaussian profile. The results show that the increase in the slope
error causes the transverse displacement of the sunlight on the focal plane. The transverse displacement of flux
distribution (Gaussian profile) gives the unsymmetrical flux distribution on cell string-1 and cell string-2. At higher
error values flux distribution becomes uniform but there is a tradeoff between uniformity and average flux value.

(a)
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(b)
FIGURE 3. Flux distribution across the cell width under different optical error at: (a) cell string-1; (b) cell string-2

Thermal Simulation of CPV Receiver
Thermal modeling of the CPV receiver is carried out using ANSYS FLUENT-V14 [8]. CPV receiver embodies
circular tube absorber over which 2 cell strings of triple-junction solar cells are pasted by means of thermal
conductive adhesive tapes. The parabolic trough concentrates beam radiation on to the receiver. The top surface of
circular tube receives non-concentrating solar radiation. Turbulent modeling of forced convection of Al2O3/water
nanofluid through circular tube is carried out to know the effect of nanoparticle in heat transfer enhancement. The
complete CPV receiver assembly is enveloped by the glass tube to avoid any radiation and convection loss. In the
present thermal modeling the heat loss by convection and radiation are not considered. Numerical procedure is
validated with Kasaeian et al. [9] shown in Fig. 4 (a).
Nusselt number (Nu) and Pressure drop (ΔP) variation is plotted with Re which increase with increase in the
nanoparticle loading shown in Fig.4 (b). The particle loading causes the increase in the pressure drop along the tube
length due increase in the friction factor. Therefore, pumping power increases with nanoparticle loading to flow
nanofluid through the receiver.
Nusselt number is the non-dimensional heat transfer coefficient which is the ratio of convective to conductive
heat transfer across the solid-fluid boundary and is given as.

Nu =

h*L

(3)

kf

Where, h (W/m2K) is the heat transfer coefficient, L (m) is the characteristic length and kf (W/mK) is the thermal
conductivity of fluid. In the present study, characteristic length is equal to the diameter of the tube (d) and thermal
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conductivity is considered for nanofluid. Nusselt number has the significance in both free and forced convection
heat transfer. A Nusselt number of order unity would indicate a sluggish motion little more effective than pure fluid
conduction for example, laminar flow in a long pipe. A large Nusselt number means very efficient convection for
example, turbulent pipe flow yields Nu of order 100 to 1000.
The flow of nanofluid through the tube under study is forced turbulent flow where Nusselt number values would
be high. In forced convection Nusselt number is the function of Reynolds number (Re) and Prandtl number (Pr).
Higher values of nusselt number indicate more convective heat transfer from solid boundary to fluid. Therfore, heat
transfer enhancement can be seen in terms of Nusselt number. The result shows, Nusselt number increases with the
increase in nanoparticle volume fraction because of increase in heat transfer coefficient. The reason for the increased
heat transfer coefficient is due to the enhanced thermophysical properties mainly thermal conductivity. However,
the nanoparticle volume fraction causes the increase in the pumping power because of the increase in the pressure
drop along the tube length.

(a)
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(b)
FIGURE 4. (a) Model validation for heat transfer coefficient along the tube length; (b) Nusselt number and Pressure drop
variation with Re at different Al2O3 nanoparticle concentration (φ)

CONCLUSIONS
The present paper focused on optical analysis and thermal management of 2 cell string linear CPV system of
560W and 1580W of electrical and thermal output. The optical efficiency of the CPV concentrator for the above
arrangement of the cell is found to be 88.32%. For the present arrangement of the solar cell string, the flux
distribution across the cell width gets more uniform with increase in optical error, but the average flux value onto
the cell string decreases. The addition of the nanoparticle in water (φ=1% to 6%) enhanced the heat transfer in the
ranges of 3.28% - 35.6% however, it is accompanied by the increase in pressure drop. A good agreement is found
among the results of this study and the reference data that allow us to conclude that single phase nanofluid model is
satisfactory for the numerical simulation.
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