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Recent interest in concentrating photovoltaics (CPV) have led to research and development of
multiple CPV systems throughout the world. Much of the focus has been on 3D high concentration
systems without cell cooling. This research makes use of a system simulation to model a medium 2D
solar concentration energy system with an active cooling system. The simulation encompasses the
modeling of a GaInP/GaAs/Ge triple-junction solar cell, the ﬂuid and heat transfer properties of the
cooling system, and the storage tank. The simulation was coded in Engineering Equation Solver and
was used to simulate the linear concentrating photovoltaic system (LCPV) under Phoenix, AZ, solar
and climactic conditions for a full year. The output data from this simulation was used to evaluate the
LCPV system from an economic and environmental perspective, showing that over one year a 6.2 kWp
LCPV system would save a residential user $1623 in electricity and water heating, as well as displace
10.35 tons of CO2.
Ó 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
Because of their high electricity conversion efﬁciencies, multijunction cells have seen a signiﬁcant increase in research interest
and research funding over the last ten years. PV cell manufacturing
techniques have improved in recent years, assisting in higher
material purity and less material defects. As these techniques
improve, so too do the efﬁciencies of the multijunction cells. Of the
different solar cell technologies, the multijunction concentrator
cells have demonstrated the greatest increases in efﬁciency,
reaching a record breaking 41.1% [1]. Because of their high efﬁciency, multijunction cells have one of the largest potentials for
decreased solar energy production costs now and in the future. In
order to be cost effective, these systems must have a concentration
system, and therefore must also have a solar tracking system.
Further efﬁciency gains can be accomplished by including a cooling
system to reduce the cell temperature. As solar cells increase in
temperature, the cell efﬁciency decreases. This decrease can have
adverse effects on the cell efﬁciency and therefore power output at
medium and high concentration levels.
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This research focuses on the young and growing ﬁeld of
concentrating PV systems, speciﬁcally that of linear concentrating
systems that use high efﬁciency multijunction cells. The linear
concentrating photovoltaic system (LCPV) system that was simulated combines a linear Fresnel lens, high efﬁciency GaInP/GaAs/Ge
cells, and a ﬂuid cooling channel. A conceptual drawing of this
system can be seen in Fig. 1, where the solar radiation is focused
onto the multijunction cells and the heat is removed using an active
cooling system.
The cooling system is used to cool the cells so that higher cell
efﬁciencies can be maintained, and the excess heat that is withdrawn from the module is then stored and used as a heat source.
Fig. 2 gives a heat ﬂow example of how this heat would be extracted
and stored in a system designed for residential use. When the LCPV
system receives solar radiation, the pump turns on, constantly
circulating the ﬂuid from the storage tank. The ﬂuid in the tank
heats up, and can be used for heating purposes. The hot ﬂuid
produced by the LCPV system can thereby partially or fully displace
the energy consumption associated with hot water generation in
a residential home, for instance.
A three-dimensional drawing of the LCPV system as it would
look in service with a tracking system is shown in Fig. 3. This
drawing represents a 6.2 kWp system under standard test conditions of 1000 W/m2 solar radiation and 25  C ambient temperature.
The drawing does not include the entering and exiting ﬂuid piping
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Nomenclature

hcell
hcell
k
kliquid
m
n
r
rcitywater
rgas
rliquid
rtank,i1

efﬁciency
average efﬁciency
thermal conductivity (kW=m$K)
thermal conductivity of ﬂuid in liquid state (kW=m$K)
dynamic viscosity (kg=m$s)
kinematic viscosity (m2/s)
density (kg/m3)
density of city water (kg/m3)
density of ﬂuid in gas state (kg/m3)
density of ﬂuid in liquid state (kg/m3)
density of the ﬂuid in the tank from the previous
hourly iteration (kg/m3)
Acrosssection cross-sectional area ofkW=m$K the ﬂow channel
(m2)
Asurface outside surface area of the ﬂow channel (m2)
Bo
boiling number
Co
convection number
Cp
speciﬁc heat (kJ=kg$K)
hydraulic diameter (m)
Dh
Ecitywater thermal energy of city water ﬂowing into the storage
tank (kJ)
thermal energy ﬂowing from the channel to the
Ein
storage tank (kJ)
thermal energy leaving the storage tank through
Eloss
conduction (kJ)
thermal energy ﬂowing from the storage tank to the
Eout
channel (kJ)
thermal energy in the storage tank (kJ)
Etank
thermal energy leaving the storage tank for use (kJ)
Euse
f
friction factor
Froude number of ﬂuid in liquid state
Frliquid
G
mass ﬂux (kg=m2 $s)
enthalpy of ﬂuid bulk ﬂow (kJ/kg)
hbulk
hbulk,i1 enthalpy of ﬂuid bulk ﬂow from previous channel
segment (kJ/kg)
hcitywater enthalpy of the city water (kJ=kg$K)
change in enthalpy from gas to liquid state in ﬂuid (kJ/
hfg
kg)
enthalpy of ﬂuid in the gas state (kJ/kg)
hgas
enthalpy entering the ﬂuid in the ﬂow channel (kJ/kg)
hheat
enthalpy of ﬂuid in the liquid state (kJ/kg)
hliquid
ht
heat transfer coefﬁcient (kW=m2 $K)
ht
average heat transfer coefﬁcient (kW=m2 $K)

Fig. 1. Component Drawing of the Linear Concentrating Photovoltaic System.
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heat transfer coefﬁcient at channel segment i
(kW=m2 $K)
convective-boiling-dominant heat transfer coefﬁcient
htCBD
(kW=m2 $K)
heat transfer coefﬁcient of ﬂuid in liquid state
htliquid
(kW=m2 $K)
nucleate-boiling-dominant heat transfer coefﬁcient
htNBD
(kW=m2 $K)
enthalpy of the ﬂuid in the storage tank (kJ=kg$K)
htank
enthalpy of the ﬂuid in the storage tank at channel
htank,i
segment i (kJ=kg$K)
Length module length (m)
_
m
mass ﬂow rate (kg/s)
Masstank mass of the ﬂuid in the storage tank (kg)
Nu
Nusselt number
p
perimeter of the ﬂow channel cross-section (m)
LCPV system power (kW)
PCell
Pr
Prandtl number
Prandtl number of ﬂuid in liquid state
Prliquid
€heat
heat ﬂux entering the ﬂuid from the solar radiation
q
(kW/m2)
€rad
solar radiation (kW/m2)
q
heat entering the ﬂow channel (kW)
qtotal
Rchannel thermal resistance of the ﬂow channel insulation
(kW=K$m2 )
thermal resistance of the storage tank insulation
Rtank
(kW=K$m2 )
Re
Reynolds number
Reliquid Reynolds number of ﬂuid in liquid state
Rows
number of module rows in the LCPV array
SurfaceAreatank surface area of the storage tank (m2)
outdoor air temperature (K)
Tair
temperature of the bulk ﬂuid ﬂow in the channel (K)
Tbulk
T bulk
average temperature of the bulk ﬂuid ﬂow in the
channel (K)
temperature of the bulk ﬂuid ﬂow in channel segment i
Tbulk,i
(K)
indoor air temperature (K)
Troom
T surface average channel surface temperature (K)
temperature of the ﬂuid in the storage tank (K)
Ttank
velocity of the ﬂuid in liquid state (m/s)
Uliquid
average velocity of the ﬂuid ﬂow in the channel (m/s)
Um
volume of ﬂuid that leaves system due to use (m3)
Vuse
Widthconcentration width of the concentration area (m)
hti

Fig. 2. LCPV System with Flow Diagram.

