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a b s t r a c t

A new coupled optical, thermal and electrical model is presented in this study and applied to a
concentrating photovoltaic thermal (PV/T) system for predicting the system performance under various
operational conditions. Firstly, a three-point-based electrical model and a method for extracting its five
model parameters are developed by using the currents and voltages at the short-, open-circuit and
maximum power points provided in usual PV module/panel datasheets. Then, the model and method are
validated with the existing six flat-plate PV modules and subsequently are used to predict the hourly
electrical performance of the CPV/T roof-top system designed by us under outdoor conditions on four
clear days by integrating with a scaling law developed by us. Additionally, transient effect and water
temperature on the storage tank are examined. It turned out that the CPV system could operate for 6 h a
day with a peak instant electrical power of 50W/m2 and could generate 0.22kWh/m2 electricity a day in
MayeJuly. The error in hourly electrical energy gained between the predictions and observations is in a
range of (3.64e8.95)% with the mean of 5.53% in four days, and the estimated water temperature in the
storage tank agrees with the monitored one in range of 0.2e1 �C. The proposed methods as well as the
electrical models could potentially be applied widely across the solar energy field for the management
and operation of the electrical energy production from any CPV/T roof-top system.
© 2018 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Electrical parameters at short- and open-circuit, and maximum
power points are contained in all the flat-plate photovoltaic (PV)
module datasheets which are usually measured under standard
test condition (STC) (1 kW/m2 irradiance, 25 �C cell temperature),
whilst their current-voltage (IeV) curves are presented occasion-
ally. Therefore, establishing their IeV curves with the parameters at
the three points will be very attractive for the PV module opera-
tional management. This problem has been tackled since 2000's
based on only a single-diode electrical model for monocrystalline
silicon PV modules. Existing approaches for solving this problem
can be classified into three types, i.e. analytical method, analytical
plus optimization method, and optimization method. These
Paul).
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existing methods are summarised in Table 1 based on the work
presented in Refs. [1e21]. Most methods are of analytical and
usually associated with a variety of approximations as well as al-
gorithms. However, application of the last two methods, such as
analytical plus optimization and optimizationmethods, is appeared
to be very limited. Nevertheless, these methods have provided with
a useful tool for modelling the PV monocrystalline silicon PV
modules.

Investigation utilising an analytical method for the PV electrical
model based on the three points in the PV product datasheet albeit
started from 2001 and since then, various analytical methods have
been proposed for extracting the five model parameters namely
photocurrent Iph0, ideality factor n0, saturated reversal current Id0,
series resistance Rs0 and shunt resistance Rsh0 for flat-plate PV cells/
modules/panels. In Ref. [1], let Rsh0 ¼ þ∞ and Iph0 ¼ Isc0, and n0
was fixed, but Id0 and Rs0 were decided analytically by an IeV
equation and subsequently,dI=dV at the open-circuit point (OCP). In
Refs. [2e4], however, Rs0 and Rsh0 were given, then n0, Id0 and Iph0
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Existing methods for determining the five parameters in a single-diode electric model based on the measured I, V at three points under standard test condition.

Type of method No. of
method

Contributor Algorithm

Analytical
method

1 Walker (2001) [1] 1) Rsh0 ¼ þ ∞, n0 is selected and fixed, Iph0 ¼ Isc0;
2) Id0 is decided by the IeV equation at OCP, and Rs0 is determined by the slope of IeV curve at OCP.

2 1) de Blas et al. (2002) [2]
2) Celik & Acikgoz (2007) [3]
3) Saloux, Teyssedou & Sorin
M (2011) [4]

1) Rs0 and Rsh0 are selected and fixed;
2) n0, Iph0 and Id0 are determined explicitly at three points.

3 Villalva, Gazoli and
Filho(2009) [5]

1) n0 is selected and fixed;
2) Rs0, Rsh0, Iph0 and Id0 are determined explicitly and iteratively by increasing Rs0 with a proper step size until
the maximum power is achieved.

4 Lo Brano at al. (2010) [6] 1) Iph0 ¼ Isc0;
2) Determine Rs0, Id0, n0 and Rsh0 explicitly and iteratively by increasing Rs0 and n0 alternatively with a proper
step size until they are convergent.

5 Carrero et al. (2010) [7] 1) n0 is selected and fixed;
2) Rs0, Rsh0, Iph0 and Id0 are determined explicitly and iteratively at three points.

6 Carrero et al. (2011) [8] 1)n0, Rs0 and Rsh0 are determined explicitly and iteratively at three points;
2) Iph0 and Id0 are determined explicitly at two points at SCP and OCP.

7 Lo Brano, Orioli & Ciulla
(2012) [9]

1) Rsh0 and n0 are given;
2)Rs0, Iph0 and Id0 are determined solving three IeV equations at three points.

8 Orioli & Di Gangi (2013) [10] 1) Rsh0 is given empirically, and Iph0 ¼ Isc0;
2) Id0, n0 and Rs0 are determined by solving IeV equations at open circuit point and MPP, and the slope
equation at OCP iteratively until Rs0 is convergent.

9 Bonkoungou et al. (2015)
[11]

1) Iph0 ¼ Isc0, n0 and Id0 are calculated at open-circuit point;
2) Rsh0 is determined explicitly and iteratively by increasing Rs0 with a proper step size until the maximum
power is achieved.

10 Mares, Paulescu m and
Badescu V (2015) [12]

1) Provide n0, Rs0 and Rsh0 initial values;
2) Calculate n0, Rs0, Rsh0, Iph0 and Id0 are determined explicitly and iteratively until Rs0 is convergent.

11 Senturk and Eke (2017) [13] 1) n0 is selected and fixed;
2) Rs0, Rsh0, Iph0 and Id0 are determined explicitly and iteratively until Rsh0 is convergent.

12 Wang et al. (2017) [14] 1) n0 is selected and fixed;
2) Rs0, Rsh0, Iph0 and Id0 are determined explicitly and iteratively until the slope of power curve at MPP is zero.

13 Bai et al. (2014) [15] 1)Rsh0 ¼ þ ∞, n0, Rs0, Iph0, and Id0 are determined explicitly with the IeV equations at three points and the
slope equation of power curve at MPP;
2)Five parameters are decided explicitly with the IeV equations at three points and the slope equations of
power curve at MPP and OCP.

Analytical plus
optimization

1 Xiao, Dunford and Capel
(2004) [16]

1)Rsh0 ¼ þ ∞, calculate Iph0 and Id0;
2) Rs0 and n0 are determined numerically by minimising the slope of power curve at MPPwith an optimization
algorithm.

2 Sera, Teodorescu &
Rodriguez (2007) [17]

1)Solve the slope equation of power curve and IeV equation at MPP and the slope equation at OCP numerically
with an optimization algorithm to obtain Rsh0, Rs0 and n0;
2)Calculate Iph0, and Id0.

3 De Soto, Klein and Beckman
(2006) [18]

1)Iph0 ¼ Isc0;
2)Solve four nonlinear equations at three points numerically with an optimization algorithm to obtain n0, Id0,
Rs0 and Rsh0

4 Ding et al. (2014) [19] 1)Iph0 ¼ Isc0, and introduce parameter k which is a function of Isc0, Rsh0, Voc0 and Id0;
2)Solve the slope equation of power curve at MPP and the slope equation at OCP numerically with an
optimization algorithm to obtain Rs0 and Rsh0, then k.

Optimization 2 Lo Brano & Ciulla (2013) [20] Solve five nonlinear equations (3 IeV equations at three points, 2 slopes equations at MPP and OCP)
numerically with an optimization algorithm to obtain n0, Iph0, Id0, Rs0 and Rsh0.

3 Ma, Yang and Lu (2014) [21] Solve six nonlinear equations (3 IeV equations at three points, one slope equation at MPP, two slope equations
at OCP and SCP) numerically with an optimization algorithm to obtain n0, Iph0, Id0, Rs0 and Rsh0.

Note that: Iph0 n0, Id0, Rs0 and Rsh0 are respectively the photocurrent, ideality factor, saturated reversal current, series resistance and shunt resistance of a single-diode
electrical model, Isc0 is the current at the short circuit point, subscript 0 indicates the value under a standard test condition, MPP-maximum power point, OCP-open cir-
cuit point, SCP-short-circuit point.
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were calculated from the I, V values at the OCP, short-circuit point
(SCP) and maximum power point (MPP). In Ref. [5], n0 was fixed,
and the rest of the parameters were determined iteratively until the
maximum electrical power was reached while increasing Rs0 pro-
gressively at the OCP, SCP andMPP. In Ref. [6], let Iph0 ¼ Isc0, the rest
four parameters were decided iteratively by adjusting both Rs0 and
n0 alternately until their convergence at the three points was
reached. Whereas, in Ref. [7], n0 was fixed, Iph0, Id0, Rs0 and Rsh0
were calculated iteratively at three points.

In Ref. [8], n0, Rs0 and Rsh0 were calculated at three points, but
Id0 and Iph0 were determined at SCP and OCP. In Ref. [9], Rsh0 and n0
were given, but Rs0, Iph0 and Id0 were estimated by solving IeV
equations at three points. In Ref. [10], Rsh0 was prescribed and let
Iph0 ¼ Isc0, then Rs0, n0 and Id0 were calculated iteratively by
solving IeV equations at OCP and MPP as well as dI=dV equation at
OCP. In Ref. [11], let Iph0 ¼ Isc0, n0 and Id0 were calculated at OCP
firstly, then Rsh0 was determined by updating Rs0 at MPP. In
Ref. [12], n0, Iph0, Id0, Rs0 and Rsh0 initial values were specified, then
they were iteratively updated by using their expressions derived at
three points until Rs0 is convergent. In Ref. [13], n0 was given, but
Iph0, Id0, Rs0 and Rsh0 were determined iteratively with their ex-
pressions at three points. Similarly, in Ref. [14],n0 was selected, Iph0,
Id0, Rs0 and Rsh0 were determined iteratively until dI=dV ¼ 0 at MPP.
In Ref. [15], Rsh0 was supposed to be infinitive, and Iph0, Id0, Rs0 and
Rsh0 were calculated with IeV equations at three points and the
power curve slop dP=dV equation at MPP initially; then the five
parameters were updated with IeV equations at three points and
dP=dV equation at MPP and dI=dV equation at OCP.
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Rs0
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Fig. 1. Single-diode electrical model for flat-plate PV modules at STC, Ish0 is the shunt
current, which is expressed in terms of Rsh0, Rs0, I and V , Ish0 ¼ ðV þ IRs0Þ=Rsh0.
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In the category of the analytical plus optimizationmethod, a few
selected parameters were usually calculated by using a couple of
analytical expressions, but the rest were determined by using an
optimization algorithm. For instance, in Ref. [16], let Rsh0 ¼ þ ∞,
then Iph0 and Id0 were calculated analytically at OCP and SCP; then
Rs0 and n0 were optimized by minimising dP=dV at MPP with an
optimization algorithm. In Ref. [17], firstly, Rsh0 Rs0 and n0 were
optimized based on the dP=dV equation at MPP and dI=dV equation
at OCP by using an algorithm; then Iph0 and Id0 were determined
with their expressions derived at OCP and SCP. However, in
Ref. [18], Iph0 ¼ Isc0 was fixed, and four equations at three points
were solved with an optimization algorithm to obtain n0, Id0, Rs0
and Rsh0. Likewise, in Ref. [19], Iph0 ¼ Isc0 was specified, an auxiliary
variable k was developed to correlate Isc0, Rsh0, Id0 and voltage at
OCP, Voc0; secondly, dP=dV equation at MPP dI=dV equation at OCP
were optimized with optimization algorithm to get Rs0, Rsh0 and k,
and subsequently Id0.

In the optimization method, five parameters are usually deter-
mined implicitly with an optimization algorithm based on five
equations involving these parameters at three points, and these
equations are three IeV equations at three points, and the
dP=dVequation at MPP and the dI=dV equation at OCP [20]. In
Ref. [21], besides the five equations, one dI=dV equation at SCP was
involved.

In this work, as part of the SUNTRAP research project a 2nd
generation concentrating photovoltaic/thermal (CPV/T) hybrid
roof-top system with a series of crossed compound parabolic con-
centrators (CCPC) (27� 27 CCPCs) was modelled to update the 1st
generation roof-top collector [22]. We propose an analytical plus
optimization method for extracting the five parameters of a single-
diode electrical model for the new roof-top system based on the
sensitivity analysis of n0, Iph0, Id0, Rs0 and Rsh0 performed previously
in Ref. [23]. It was showed in that paper that the influence of n0,
Iph0, Id0, Rs0 and Rsh0 on I has a ranking n0 > Iph0 > Id0 >Rs0 >Rsh0
from the most important to the least important. Thus, based on this
outcome, we propose that the three parametersn0, Id0 and Rs0,
should be decided by an optimization algorithm defining the IeV
equations at three points and the dP=dV equation at MPP, while Iph0
and Rsh0 are calculated analytically and iteratively with their ex-
pressions derived at SCP and MPP to achieve a better accuracy for a
set of five parameters. Furthermore, a properly specified range of
Id0 in the method can prevent from any unphysical phenomenon of
Rsh0 < 0 during the solution process. This joint approach is for the
first time to be applied in a CPV/T system, therefore is novel.

Furthermore, the model will be combined with a scaling law
developed by the authors recently [24] in order to predict the
electrical performance of the system in Penryn campus at the
University of Exeter, UK, under outdoor conditions. The estimated
results will also be compared with the observations to confirm the
feasibility of the method.

2. Method and validation

For a flat-plate PV module, a single-diode electrical model as
shown in Fig. 1 is developed and its IeV curve is expressed math-
ematically by the following equation

I ¼ Iph0 � Id0

�
exp

�
qðV þ IRs0Þ

n0kT0

�
� 1

�
� V þ IRs0

Rsh0
(1)

where Iph0, n0, Id0, Rs0 and Rsh0 are the photocurrent, ideality factor,
saturated reversal current, series resistance and shunt resistance of
the electrical model. Here, subscript 0 indicates the value of a
parameter at STC; q is the electron charge and k is the Boltzmann
constant.
In Li et al. [23], a sensitivity analysis of the five parameters above
on I was performed and a ranking list such as n0 > Iph0 > Id0 >Rs0 >
Rsh0 was identified from the most to least important. This thus
suggests that if these five parameters are determined with an
optimization method based on a series of experimental data of I
and V, the error in their determination from the highest accuracy to
the lowest one will yield this ranking list. Since Iph0 is usually very
close to an experimental short circuit current Isc0, it is therefore
unnecessary to determine Iph0 through optimization. Moreover,
Rsh0 has the least effect on I, and its value is unimportant to a IeV
curve; surely it cannot be determined by the optimization method
accurately and precisely. Therefore, three parameters, n0, Id0 and
Rs0, will be decided with the optimization method, while the other
two parameters, Iph0 and Rsh0, will be estimated analytically.

At SCP, the short circuit current Imsc to be predicted through the
optimization algorithm with a set of temporary three parameters
n0, Id0 and Rs0 is written under V ¼ 0 condition as

Imsc ¼ Iph0 � Id0

�
exp

�
qIsc0Rs0
n0kT0

�
� 1

�
� Isc0Rs0

Rsh0
(2)

Similarly, at MPP, the current ImMP predicted with the same set of
parameters is expressed under V ¼ VMP0 and I ¼ IMP0 conditions as

ImMP ¼ Iph0 � Id0

�
exp

�
qðVMP0 þ IMP0Rs0Þ

n0kT0

�
� 1

�
� VMP0 þ IMP0Rs0

Rsh0
(3)

Further, at MPP, the slop of the electrical power with respect to
voltage i.e.dP=dV ¼ dðI � VÞ=dV is expressed as

dP=dV ¼ IMP0 �
Id0q
n0kT0

exp
�
qðVMP0 þ IMP0Rs0Þ

n0kT0

�
þ VMP0 þ IMP0Rs0

Rsh0
(4)

Finally, at OCP, the current Imoc under the V ¼ Voc0 and I ¼ 0
conditions is predicted from

Imoc ¼ Iph0 � Id0

�
exp

�
qVoc0

n0kT0

�
� 1

�
� Voc0

Rsh0
(5)

The optimization of the three parameters (n0, Id0 and Rs0) con-
siders the following objective function to be minimum,
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Fig. 2. Flowchart of our proposed method.

W. Li et al. / Renewable Energy 130 (2019) 400e415 403
f ðn0; Id0;Rs0Þ ¼
�
Imsc � Isc0

	2 þ �
ImMP � IMP0

	2 þ �
Imoc � 0

	2
þ ðdP=dV � 0Þ2/min (6)

where Isc0 and IMP0 are known from the datasheet of a PV module,
‘0’ in the last two terms are the theoretical values of the current at
OCP and the slope dP=dV at MPP.

When the objective function in Eq. (6) is evaluated, Iph0 and Rsh0
must be available in advance, and Iph0 at SCP should also obey the
following equation, based on Eq. (1)

Isc0 ¼ Iph0 � Id0

�
exp

�
qIsc0Rs0
n0kT0

�
� 1

�
� Isc0Rs0

Rsh0
(7)

From Eq. (7), Iph0 can be further expressed in terms of the known
Isc0, Id0, Rs0, n0 and unknown Rsh0 by the following equation

Iph0 ¼ Isc0 þ Id0

�
exp

�
qIsc0Rs0
n0kT0

�
� 1

�
þ Isc0Rs0

Rsh0
(8)

To make the evaluation above successful, an initial value of Rsh0
is first determined from this equation [12].

Rsh0 ¼ VMP0

Isc0 � IMP0
(9)

After Iph0 is estimated, the initial Rsh0 needs to be updated by
using the IeV equation at MPP, namely

IMP0 ¼ Iph0 � Id0

�
exp

�
qðVMP0 þ IMP0Rs0Þ

n0kT0

�
� 1

�

� VMP0 þ IMP0Rs0
Rsh0

(10)

Based on Eq. (10), a Rsh0 yielding the IeV equation at MPP is
decided by the following equation precisely

Rsh0 ¼ VMP0 þ IMP0Rs0

Iph0 � IMP0 � Id0
n
exp

h
qðVMP0þIMP0Rs0Þ

n0kT0

i
� 1

o (11)

Three parameters n0, Id0 and Rs0 each are subject to two bounds
which arewith a lower bound and an upper bound. Their values are
calculated with the two bounds and a variable in the flowing
manner8<
:

n0 ¼ n0min þ x1 � ðn0max � n0minÞ
Id0 ¼ Id0min þ x2 � ðId0max � Id0minÞ
Rs0 ¼ Rs0min þ x3 � ðRs0max � Rs0minÞ

(12)

Usually, the low bounds n0min ¼ Id0min ¼ Rs0min ¼ 0; n0max ¼
200, Rs0max ¼ 1U, Id0max ¼ 10�7 � 10�5 A, depending on a specific
PV module, especially, a larger Id0max can result in a negative Rsh0
which is unphysical. Thus this case should be avoided. x1, x2 and x3
are the optimal variables in a range of 0e1 generated by the opti-
mization algorithm based on the objective function values; here the
trust-region-reflective algorithm is adopted by using lsqnonlin
function in MATLAB [23]. Initial values of x1, x2 and x3 are specified
by the random function in MATLAB. A flowchart for the method
proposed is illustrated in Fig. 2.

Six flat-plate PV modules produced by six PV module makers in
the world [25e30] were selected to validate the method. The data
at SCP, OCP and MPP from their datasheets were used as an input.
The IeV curves at STC in the datasheets were digitized by means of
software and the data were read by the code to validate the pre-
dicted IeV curve with the extracted parameters. It was identified
that the values of I, V at the three points for some PV modules were
inconsistent with a series of the scattered points in the datasheet,
i.e. SCP or MPP or OCP was off the curve. Therefore, the I, V values at
SCP or MPP or OCP had to be corrected for these PV modules ac-
cording to the digitized IeV curves in the datasheets. The input
data, extracted parameters and related errors are listed in Table 2.
The errors are defined by the following equations

8>>>>>>><
>>>>>>>:

εIoc ¼


Imoc0

�Isc0 � 100%

εIMP
¼ 

ImMP � IMP0



�IMP0 � 100%
εIsc ¼



Imsc � Isc0


�Isc0 � 100%

εdP=dV ¼ jdP=dV j=IMP0 � 100%

εcurve ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN
i¼1


Ii � Iexpi

�2,
N

vuut ,
IMP0 � 100%

(13)

where Nis the number of scattered points defining an experimental
IeV curve in a datasheet.

In Table 2, it is shown that the error in the current at MPP is zero,
i.e. εIMP

¼ 0%, while the error in the current at SCP is maximum, i.e.
εIsc ¼ Oð10�1Þ%. The error for the other parameters such as εIoc and
εIdV=dV is in the order of Oð10�4Þ � Oð10�3Þ%. This thus suggests that
the percentage of errors at the three points is significantly small. In
comparisonwith a series of the scattered I, V points at STC, the error



Table 2
Extracted parameters of six flat-plate PV modules at STC.

Item Parameters AWS240P [25] Suntech SPT280 [26] BP5170 [27] Ispfoton 150s [28] Sharp NU-E245s [29] Siemens SP150 [30]

Datasheet Voc0(V) 37.15 44.60 44.20 21.66 36.42 43.40
Isc0(A) 8.56 8.28 5.00 9.44 8.61 4.80
VMP0(V) 29.80 36.36 36.00 17.30 30.50 34.00
IMP0(A) 7.80 7.66 4.62 8.75 8.04 4.40

Input ½n0min;n0max�(�) [0,200] [0,200] [0,200] [0,200] [0,200] [0,200]
½Rs0min;Rs0max�(U) [0,1] [0,1] [0,1] [0,1] [0,1] [0,1]
½Id0min; Id0max�(A) [0,1� 10�5] [0,1� 10�7] [0,6� 10�8] [0,5� 10�7] [0,2.5� 10�7] [0,6� 10�8]

Output n0(�) 1.0589� 102 9.5271� 101 4.6496� 101 5.0320� 101 8.1688� 101 1.0982� 102

Rs0(U) 8.6575� 10�2 2.1041� 10�1 4.4859� 10�1 1.1306� 10�1 2.2310� 10�2 5.3651� 10�1

Id0(A) 1� 10�5 1� 10�7 1� 10�8 5� 10�7 2.5� 10�7 1� 10-8
Iph0(A) 8.5789 8.3055 5.0237 9.4826 8.6136 4.8303
Rsh0(U) 6.5935� 102 3.8158� 102 3.9136� 102 5.0161� 102 1.9206� 103 1.0325� 103

Error εIMP
(%) 0 0 0 0 0 0

εIsc (%) 2.0743� 10�1 3.0132� 10�1 3.5889� 10�1 4.2841� 10�1 4.0532� 10�2 5.7923� 10�1

εIoc (%) 1.6982� 10�3 1.3775� 10�3 1.3978� 10�3 2.4157� 10�3 1.7550� 10�4 4.1103� 10�3

εdP=dV (%) 2.3736� 10�3 2.4793� 10�3 2.8951� 10�3 4.5863� 10�3 2.3333� 10�4 8.0702� 10�3

εcurve(%) 1.4138 1.6594 1.3417 1.3805 2.6380 1.8591
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in the IeV curves predicted with the determined five parameters is
increased, however, its magnitude is (1.34e2.64)% only.

The IeV curves predicted with the determined five parameters
are compared with the scattered I, V data, and the three points
(0Isc0), (Voc0,0) and (VMP0IMP0) from the PV datasheet are illustrated
in Fig. 3. Obviously, the predicted IeV curves exhibit excellent
agreement with the scattered I, V data points. Based on these re-
sults, it is indicated that the proposed method seems to be proper
for extracting the five model parameters.
3. Model applications

3.1. At STC

Based on the 1st generation CPV/T roof-top system presented in
Ref. [22], a 2nd generation system was designed and installed on
the roof-top of a building in Penry campus (50.1692� N, 5.1071� W)
at the University of Exeter, see Fig. 4(a). The system consists of a PV
module, a heat exchanger underneath, a water storage tank, elec-
trical hardware and MPP controller, a water pump, thermocouples,
and a pyranometer. A block diagram of the system is illustrated in
Fig. 4(b). The PV module is composed of Mantle heat exchanger
which has 27 squared 13mm� 13 mm cross-section copper tubes
with 0.5mm thick wall and 650mm length as well as two mani-
folds in 12.7mm inner diameter. The indoor performance was
measured under STC and outdoor performance was monitored
under various weather conditions [31].

On the top of each tube, 27 monocrystalline silicone PV cells
each in 10mm� 10 mm size and CCPCs in 10mm� 10 mm aper-
ture are glued to the tube to form a concentrating single PV unit.
Such 27 single units make a CPV/Tmodulewith 600mm� 600 mm
collecting area. The CCPCs are in parabolic profile with an accep-
tance angle of 30� and a 3.6 concentration ratio (CR) [31]. The
module is divided into 3 sub-modules with electrical connection in
parallel in which 9 single PV units are connected electrically in
series. The PV/T module is enclosed in a steel case with a 3mm
thick glass top cover and a frame made of aluminium. The incli-
nation angle of the CPV/T module can be adjusted manually to
allow it to have a best incident angle against the solar beam. A
stream of water is circulated between the heat exchanger and the
water storage tank by a pump to take the heat absorbed by the PV/T
module away and to maintain the PV cell temperature as low as
possible.

Each bare single PV unit was tested under an indoor solar
simulator at STC individually under the existing indoor solar sim-
ulators in Penryn campus at the University of Exeter, before the
CPV/T module was assembled see Fig. 5(a) and (b). The corre-
sponding I and V data at SCP, OCP and MPP are illustrated in
Fig. 5(c), and their mean and standard deviation are presented in
Table 3. Isc0, IMP0, VMP0 and Voc0 showa remarkable change from one
single PV unit to another, especially for IMP0, VMP0 and Voc0. This
may be caused from the error during the gluing process of the PV
cells and CCPCs, for instance, the glued CCPCs are not exactly flat or
precisely in the same orientation in a single PV unit.

Based on the mean values of experimental Isc0, IMP0, VMP0 and
Voc0, the five model parameters of a single PV unit were extracted
by using the method established in Section 2 and summarised in
Table 3. In comparisonwith Table 2, the various errors are generally
one order more than the errors for the flat-plate PV modules. These
mean values are averaged experimental data from the various PV
units rather than obtained from one PV unit, therefore, they may
not match each other perfectly. In the next sections these extracted
parameters along with the coupled optical, thermal, and electrical
model as well as the scaling law in Ref. [22] will be applied to
predict the electrical performance of the CPV/T system under out-
door conditions.
3.2. Under outdoor conditions

3.2.1. Coupled governing equations
Under the outdoor conditions, the CPV/T roof-top systemwill be

subject to variable solar irradiance and cell temperature as well as
optical efficiency. As done in Ref. [22], a coupled thermal-electrical-
optical model needs to be established to predict the electrical
performance of the system. Since the CPV/T roof-top system is
constructed by 27 single PV/T units with identical geometry as
shown in Fig. 5(a), it is enough to provide the governing equations
for one single PV/T unit with the top glass cover, see Fig. 6.

The one single PV/T unit is divided into a few segments along
the heat exchange flow path, here the number of segments is 4. In
each segment, it is assumed that the temperature on the top glass
cover, PV cells, absorber, and back cover are uniform, but the
temperature in the flow medium in each heat exchanger segment
varies linearly from the segment inlet to outlet. Accordingly, the
optical, thermal and electrical coupled transient energy balance
equations for the top glass cover, PV cells, absorber, the jth heat
exchanger and bottom cover of the CPV/T system, as shown in Fig. 6,
can bewritten as follows [22]:where themass of the glass cover, PV
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MgCg
dTg
dt

¼ a1Sþ hpg
�
Tp � Tg

	þ hsg
�
Ts � Tg

	� hga
�
Tg � Ta

	
MsCs

dTs
dt

¼ a2S� CR� hopt � hsp
�
Ts � Tp

	� hsg
�
Ts � Tg

	� EPV

MpCp
dTp
dt

¼ a3S� CR� hopt þ hsp
�
Ts � Tp

	� hpg
�
Tp � Tg

	� hpb
�
Tp � Tb

	� hpf

Tp � Tf

�

Mf Cf
dTf
dt

¼ hpf

Tp � Tf

�
þ hbf


Tb � Tf

�
� 2 _mfjCf


Tf � Tfin

�.
Ac

MbCb
dTb
dt

¼ hpb
�
Tp � Tb

	� hbf

Tb � Tf

�
� hbðTb � TaÞ

(14)
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cell, absorber, water and back cover, Mg , Ms, Mp, Mf and Mb have
been scaled by using the collecting area; Cg , Cs, Cp, Cf and Cb are the
specific heat of the glass cover, PV cell, absorber, water and back
cover, J/(kg K) respectively; Tg , Ts, Tp, Tf and Tb are the unknown
mean temperatures of the top glass cover, PV cells, absorber, water
and back cover, oC. The water mean temperature is represented by
Tf ¼ 0:5ðTfin þ TfoutÞ, where Tfin is a known temperature of fluid at
the inlet of a heat exchanger, and Tfout is the unknown temperature
of fluid at the outlet of the heat exchanger. S is the solar irradiance,
W/m2; _mfj is the water flow rate through the jth tube/sub-heat
exchanger, kg/s, CR is the known concentration ratio of CCPC, hopt
is the known optical efficiency which can be obtained experi-
mentally, EPV is the instant electrical power generated by the PV
cells per unit collecting area.
Fig. 4. The 2nd generation CPV/T roof-top system designed for SUNTRAP project, (a) a
picture of the system installed in at the University of Exeter, Penryn, England, (b) Block
diagram standing for components and function of the system.
The coefficients, a1, a2 and a3, in Eq. (14) are related to the glass
reflectance, absorptance of the PV cells and absorber, PV cell
parking/active area as follows

8<
:

a1 ¼ �
1� Rg

	
ag

a2 ¼ �
1� Rg

	�
1� ag

	ðAcell=AcÞas
a3 ¼ �

1� Rg
	�
1� ag

	ð1� asÞð1� Acell=AcÞap
(15)

where Rg ¼ 0:004, ag ¼ 0:006 are the reflectance and absorption
coefficient for the glass cover, as ¼ 0:674, ap ¼ 0:674 are the
reflectance and absorption coefficient for PV cells and absorber.
The solar beam is reflected by the reflective coatings, thus the
corners between the two CCPCs are dark, thus a3 ¼ 0, Acell is the
area of all the cells in a PV module and Ac is the collecting area of
PV module.
3.2.2. Optical model
In order to have a better understanding of the effects of inci-

dence on the optical efficiency of a CCPC, a series of indoor optical
experiments on a single CCPC with PV cell was conducted at STC in
Penryn campus at the University of Exeter by tilting and rotating
the CCPC. Since the solar beam is vertically downwards in the ex-
periments, the tilted angle is the incidence. Usually, the four profile
surfaces are towards the East, West, North and South, respectively.
In this case, the optical efficiency mainly depends on the incidence,
q, as shown in Fig. 7. The optical efficiency hopt is defined as the ratio
of the maximum electric power with CCPC, PCCPCmax , over the product
of both CR and the maximum electrical power without CCPC, Pbaremax,
[32]. The curve in the figure has been involved in the MATLAB code
and is used to interpolate an optical efficiency at an incidence under
outdoor conditions.
3.2.3. Thermal model
In Eq. (14), hga is the heat transfer coefficient to account for the

radiative heat losses of the top glass cover to the sky plus the wind
convection heat transfer coefficient. Variables hsg and hpg represent
the radiative heat transfer coefficient plus the natural convection
heat transfer coefficient of the PV cells and absorber to the glass
cover, respectively; while hpb is the radiative heat transfer coeffi-
cient of the absorber plate to the back cover, and hb is the heat
transfer coefficient of the back cover to the air, hb ¼ 0:692W=

�
m2K

	
[33]. These coefficients are written as



Fig. 5. A single PV/T unit with CCPCs (a), I-V curve experimental set-up (b), measured I, V data at three points as well as I-V curve predicted with extracted model parameters in
Table 3 (c), and “B”-experimental data, “,”-mean experimental data, “d” -model prediction with extracted five parameters.
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hga ¼ εgs

T2g þ T2sky

�
Tg þ Tsky

�
þ hwind

Tsky ¼ Ta � 20;hwind ¼ 5:7þ 3:8Vwind

hsg ¼
s

T2s þ T2g

��
Ts þ Tg

	
1
εs

þ 1
εg

� 1
þ hcon

hpg ¼
s

T2p þ T2g

��
Tp þ Tg

	
1
εp

þ 1
εp

� 1
þ hcon

hpb ¼
s

T2p þ T2b

��
Tp þ Tb

	
1
εp

þ 1
εb

� 1

(16)
in which the emissivity of glass and PV cells and absorber is
equation to their absorptance, i.e. εg ¼ ag , εs ¼ as and εp ¼ ap, s is
the Stefan-Boltzman constant, hcon is the free convection heat
transfer in the cavity of between the glass cover and PV cells in a flat
PV/T module or the CCPC cavity. For the former, the Hollands for-
mula in Ref. [34] is used, which involves module inclination angle;
but for the latter, the correlation in Ref. [35] is chosen, in which CR
of CCPC and module inclination angle are taken into account. The
correlation for the key temperature, Tsky, is due to Schott (1985) and
ismore accurate than the others [36]. The formula of the convection
heat transfer coefficient due to windhwind, developed by McAdams
(1954) [37], is adopted here.

Additionally, in Eq. (14), the forced convection heat transfer
coefficients hpf and hbf decide the heat transfer in a heat exchanger.
For a straight smooth pipe, the empirical formulas given in Ref. [38]
are applied to predict the two coefficients according to the known



Table 3
Mean experimental I, V data and model parameters extracted for 27 single PV units
at STC.

Item Parameters Mean Standard deviation

Experimental Voc0(V) 0.6436 0.0529
Isc0(A) 2.2846 0.0515
VMP0(V) 0.4630 0.0610
IMP0(A) 1.9747 0.1304

Input ½n0min;n0max�(�) [0,10]
½Rs0min;Rs0max�(U) [0,1]
½Id0min; Id0max�(A) [0,1� 10�4]

Output n0(�) 2.4960
Rs0(U) 0.0265
Id0(A) 1� 10�4

Iph0(A) 2.2846
Rsh0(U) 3.0478� 102

Error εIMP
(%) 0

εIsc (%) 1.5604
εIoc (%) 3.2239� 10�2

εdP=dV (%) 6.2420� 10�2

W. Li et al. / Renewable Energy 130 (2019) 400e415408
pipe hydraulic diameter dhand length l for a flow in the laminar,
transition or turbulent regime. These empirical formulas of the
natural and forced heat transfer coefficients can be found in the
appendix.

The mass flow rate is non-uniform from one tube to another in
the heat exchanger, see Fig. 8(a), because of the increasing flow
resistance along the manifold pipe. A series of CFD simulations on
the heat exchanger have been performed in ANSYS 15.0 CFX at
three mass flow rates (three different Reynolds numbers) to cover
the turbulent regimes in the CPV/T system running in the Penryn
campus based on the steady-state 3D incompressible fluid flow
with the standard k-ε two-equation turbulence model and finite
volume method. A 516W/m2 constant heat flux is added on the top
of the 27 tubes. The gravity effect is considered in simulations. The
flow rate fraction curves are illustrated in Fig. 8(b). Since the flow
Boundary wi
next PV unit

Boundary 
with next PV 
unit

Top glass cover

PVC plate

Copper tube
Flowing wate

CCPC with 

Sylgard

PV cell

(a)

Top wall of tu

Fig. 6. An isolated PV unit with CCPC (a) and its thermal network (b) fo
rate fraction is just slightly affected by the mass flow rate itself, the
fraction is best fitted with the following 6th-order polynomial
equation

_mfj

.
_mft ¼ �1:9255� 10�7j6 þ 1:9100� 10�5j5 � 7:0913

� 10�4i4 þ 1:0966� 10�2j3e1:2995� 10�2j2

� 1:6253jþ 1:5462� 101; in %

(17)

where j is the tube number accounted from the tube nearest the
manifold inlet and outlet to the tube farthest the inlet and outlet,
see Fig. 8(a), j¼1,2,3,…,27; _mft is the total mass flow rate across the
manifold inlet of the heat exchanger, and has been known for the
CPV/T system in Penryn campus. _mfj derived from Eq. (17) will be
used in Eq. (14) for the heat transfer analysis.
3.2.4. The electrical model at the off STC and the scaling law
In Eq. (14), EPV represents the electrical power generated by the

cells in a PVmodule per unit collecting area and is calculated by the
instant current and voltage of the PV cells using the following
expression under outdoor conditions

EPV ¼ VðTs; SÞ � IðTs; SÞ=Ac (18)

The current-voltage model of the CPV/T module under outdoor
conditions is written as follows along with a scaling law [24].

I ¼ Iph � Id

�
exp

�
qðV þ RsIÞ

nkTs

�
� 1

�
� V þ RsI

Rsh
(19)

with
fT

pT

sT

bT

gT

bf1 h

pf1 h

ps1 h

sg1 h

ga1 h

pg1 h

pb1 h

aT

b1 h

(b)

th 

r

be

r heat transfer analysis, the top wall of tube serves as the absorber.
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Fig. 7. The measured CCPC optical efficiency in terms of incidence, q.
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Fig. 8. Heat exchanger tube distribution (a) and mass flow rate fraction in individual
tubes based on CFD simulations in ANSYS 15.0 CFX (b).
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Rs ¼ ðS0=SÞ0:7570Rs0
Iph ¼ CRmðS=S0Þ0:9542

h
Iph0 þ mðTs � Ts0Þ

i

Id ¼ Id0ðTs=Ts0Þ�10:6670 exp
�
1
k

�
Eg0
Ts0

� Eg
Ts

��

Eg
�
Eg0 ¼ 1� 0:0002677ðTs � Ts0Þ

Rsh ¼ ðS0=SÞRsh0
n ¼ n0

(20)

where Eg is the band-gap energy of PV cell, Eg0 ¼ 1:121 eV used for
diode silicon layer. Note the unit eV is converted to J/K in the
expression of Id in Eq. (20) with the relationship:
1eV¼ 1.60217662� 10�19 J/K. m is the temperature coefficient of
short circuit current, m¼ 3.74� 10�3A=K; S0 ¼ 1000W/m2 and
Ts0 ¼ 298.15 K [24], the model parameters for CCPC PV modules are
listed in Table 3. Based on Eqs 18e20, the electrical power under
outdoor conditions can be calculated by means of a series of volt-
ages of a PV module monitored at MPP. Note that the irradiance S in
the scaling law should be the product of the monitored irradiance
and optical efficiency, i.e. S� hopt at every time moment.
Fig. 9. Hourly monitored solar irradiance, water temperature at the inlet manifold of
heat exchanger, ambient temperature, wind speed and incidence estimated for SUN-
TRAP roof-top CPV/T 2016 system in Penryn campus, University of Exeter, (a) irradi-
ance, (b) water temperature, (c) ambient temperature, (d) wind speed and (e)
incidence, the systemwas inclined in 34� and faced 40� South-West(SW) on 8 April, 25
May and 18 June 2017, but inclined 39� and faced the South on 5 July 2017, the total
water mass flow rate _mft ¼ 18.44, 17.91, 17.39 and 16.95 kg/min on 8 April, 25 May, 18
June and 5 July 2017, respectively.
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Fig. 10. Predicted and experimental electric power of the CPV/T system on 8 April, 25 May, 18 June and 5 July 2017 by using quasi-steady models.
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3.2.5. Solution procedure
Since Eq. (14) is transient, the solution procedure is significantly

time-consuming. Therefore, the transient terms in Eq. (14) have
been neglected, and the justification of this simplification has
already been discussed in Ref. [22]. Eventually, the heat transfer
balance equations are rewritten in the following form
8>>>>>>><
>>>>>>>:

�
hga þ hsg þ hpg

	
Tg � hsgTs � hpgTp ¼ a1Sþ hgaTa

�hsgTg þ
�
hsg þ hsp

	
Ts � hspTp ¼ a2S� CR� hopt � EPV

�hpgTg þ

hsp þ hpg þ hpb þ hpf

�
Tp � hspTs � hpf Tf � hpbTb ¼ a3S� CR� hopt

�hpf Tp þ

hpf þ hbf þ 2 _mfjCf

.
Ac

�
Tf � hbf Tb ¼ 2 _mfjCf Tfin

.
Ac

�hpbTp � hbf Tf þ

hpb þ hbf þ hb

�
Tb ¼ hbTa

(14a)
Even though the transient terms for S, Ta, Tfin, Vwind and hopt
disappear, Eq. (14a) will exhibit a time-dependent or quasi-steady
behaviour. Additionally, the heat transfer coefficients in Eq. (14a)
depend on unknown temperatures themselves except on the heat
conductance between the PV cells and the absorber hsp ¼ 150W/
(m2 K). Therefore, an iterative algorithm must be applied.
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Fig. 11. Predicted and experimental energy gained of the CPV/T system on 8 April, 25 May, 18 June and 5 July 2017 by using quasi-steady models.
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Firstly, the initial temperatures are assigned with Tfin, and then the
heat transfer coefficients are calculated from Eq. (16) and the
equations in Appendix with the initial temperatures. Secondly, Eq.
(14a) is solved in MATLAB with an embedded function-linsolve
based on these temporary coefficients to secure an updated set of
temperatures. Thirdly, an updated set of heat transfer coefficients is
worked out with these updated temperatures and Eq. (14a) is
solved once again to obtain a new set of unknown temperatures.
Such a cycle is repeated until the temperature no longer changes.

Further, in the CPV/T roof-top system shown in Fig. 4, the 27
tubes in the heat exchangers are connected in parallel. It is assumed
that the water temperature in the inlet manifold is uniform but the
temperature in the outlet manifold varies from one tube to another.
The mean temperature of water in the outlet manifold is an
arithmetic mean of the water temperatures at the outlets of 27
tubes.

Every tube in the heat exchanger is axially divided into four
segments with an equal length to approximately present the
temperature variation along the water flow path. At a time instant,
the solution proceeds from the first segment of the 27 tubes to
another until the last segment is achieved by assigning the water
temperature at a segment to the water temperature at the next
segment inlet. This procedure is followed to the next time instant
until the sunset.
3.2.6. Hourly performance predictions
To predict the electrical performance of the roof-top system in

Fig. 4, the solar irradiance on the inclined CPV/T system top glass
cover, ambient temperature, wind speed and water temperature at
the inlet manifold on clear days such as 8 April, 25 May, 18 June and
5 July 2017 in Penryn, England are extracted from the monitored
data sets, and are illustrated in Fig. 9. Since the CPV/T system
installation orientationwas adjusted to towards the South, the peak
solar irradiance occurs at 12:00pm on 5 July, rather than 15:00pm
on 8 April, 25 May and 18 June. Because of the transient clouds, the
solar irradiance exhibited fluctuations in a few short periods of
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Fig. 12. Predicted and experimental mean cell temperature and water temperature at the outlet of three tubes/heat exchangers on 8 April, 25 May, 18 June and 5 July 2017 by using
quasi-steady models.
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time on 8 April, 25 May and 5 July.
The incidences of the solar beam on those days estimated by

using the method in Ref. [39] are shown in the figure as a function
of time to calculate the instant optical efficiency of CCPCs. Since the
installation orientations of the systemwere altered on 28 June, the
incidence curve on 5 July is considerably different from the curves
on the rest days.

The predicted hourly electric power at MPP is illustrated in
Fig. 10. On 8 April, 25 May and 18 June, the CPV/T system is in
operation at 12:00pm-18:00pm for 6 h, on 5 July, however, it works
at 9:00am-15:00pm for 6 h due to the orientation alternation. The
predicted hourly electric power and energy-time history profiles
can follow the monitored curves well with a minor underestima-
tion. Because the irradiance fluctuates in some time moments, the
instant power curves exhibit pulse in the same time intervals
accordingly.
The predicted hourly electric energy gained from the solar en-
ergy received at MPP is demonstrated in Fig. 11 along with the
monitored data on these four days. The predicted curves are having
a good agreement with the monitored data. The errors in the
electric energy are 3.70%, 3.64%, 8.95% and 5.81% on 8 April, 25May,
18 June and 5 July, respectively. This suggests that the electrical,
optical and thermal models proposed are reasonable and accurate.

The predicted mean cell temperature in the 1st, 14th and 27th
PV units and water temperature at the outlet of the 1st, 14th and
27th tubes are demonstrated in Fig. 12. During the operation, the
mean cell temperature shows a 1e2 �C variation from one PV unit
to another. However, the change in the water temperature at the
outlet of the 1st, 14th and 27th tubes is less than 0.3 �C, suggesting
the water temperature in the outlet manifold can be considered
constant. The reason for this is that the water mass flow rate seems
to be too high in the CPV/T system.
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Fig. 13. Predicted and experimental mean water temperatures on the top and bottom of water storage tank for CPV/T system on 8 April, 25 May, 18 June and 5 July 2017 by using
quasi-steady models.
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4. Discussions

4.1. Transient effect

In Section 3.2.5, the transient effect in Eq. (14) was neglected. To
clarify its effect, the transient terms were switched on by providing
the mass of the glass cover, PV cell, absorber, water and back cover
per unit collecting area, such as Mg ¼ 7.5 k g/m2, Ms ¼ 8.5 kg/m2,
Mp ¼ 8.9 kg/m2, Mb ¼ 5 kg/m2 and Mf ¼ LAhrf =Ac, where L, Ah and
rf are the length of flow channels in the heat exchanger, cross-
sectional area of flow channels and water density, respectively.

Eq. (14) was solved by using a standard 2nd-order predictor-
corrector Euler method, i.e. the Heun method [40] with a time-
step of 3.3053 s to ensure the solution convergence. The pre-
dicted hourly electric power and energy at MPP on these four days
did not shown any notable difference from the curves with the
quasi-steady models. Hence, the quasi-steady models are suitable
for the CPV/T roof-top system.
4.2. Water temperature in the storage tank

Water temperature in the storage tank was predicted on these
four days by using the thermal model for the storage tanks in
Ref. [22]. The hourly water temperatures on the top and bottom
water layers of the tank are presented in Fig. 13 along with the
experimental observation on the top water layer in the tank. Even
though the estimated temperature-time curves can share the shape
of the experimental curve, they are always above it by 0.2e1 �C
roughly. As seen in Fig. 13, the temperature of water in the top layer
is the same as the temperature of water in the bottom layer, sug-
gesting the water is well mixed and does not exhibit any stratified
effect.
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4.3. Features of the electrical model proposed

A three-point-based electrical model proposed is according to a
ranking list: n0»Id0»Rsh0 obtained in a sensitivity analysis on the
influence of five parameters on I in Ref. [23]. In consequence, n0, Id0
and Rs0 are optimized by using an optimization algorithm,
whilstIph0 and Rsh0 are calculated by using known n0, Id0 and Rs0
analytically. As shown by the flowchart in Fig. 2, the five model
parameters are determined in an iterative manner. Importantly, the
negative Rsh0 cases can be excluded by providing a proper range for
Id0. This method for extracting model parameters is not seen in the
existing methods, which have been reviewed and assessed in
Ref. [41].

Based on the results achieved in the paper, the three-point-
based electrical model and method are obviously suitable for the
electrical performance prediction of our CPV/T roof-top system
withmonocrystalline silicone PV cells. Further work should include
comparison with existing models and methods as well as applica-
tion into multi-junction PV cells.

In the outdoor experiments, to avoid a zero flow rate in tube 27,
see Fig. 8, and corresponding overheating of PV cells, a higher water
flow rate was set up. As a result, the water temperature rise was so
small that it was not measured in a reasonable accuracy by the
thermocouples installed. Thus, the thermal output of the systems
here cannot be estimated from the experimental data. Even though
the models here can predict the thermal output, there is no cor-
responding observed data to be compared and validated. Therefore,
the predicted thermal output is no longer presented in the paper.

5. Conclusions

In the article, a three-point-based electrical model and amethod
for extracting its five model parameters have been put forward by
utilising the currents and voltages at the short-, open-circuit and
maximum power points sourced from the common PV module/
panel datasheets. The model and method are validated with the
existing six flat-plate PV modules. Then they are adopted into our
previously coupled optical, thermal and electrical models for the
CPV/T roof-top system under outdoor conditions by means of our
indoor experimental optical efficiency and electrical performance
data at the short-, open-circuit and maximum power points of the
individual 27 PV units with 27 CCPCs each. The whole model is
applied to predict the hourly electrical performance of the system
running under outdoor conditions on four clear days such as 8
April, 25 May, 18 June and 5 July 2017 in Penryn campus at the
University of Exeter, England. The model exhibits an averaged
underestimated error of 5.53% in the hourly energy gained against
the outdoor observation. Meanwhile, the transient term effect and
water temperature in the storage tank are clarified. It is shown that
the transient term effect can be neglected, and there is no tem-
perature difference between the top and bottomwater layers. In the
future, the comparison of our model and method with existing
models and methods as well as their application into other types of
PV cells should be attempted.
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Appendix. Empirical Formulas for the Natural and Forced
Heat Transfer Coefficients

Based on the experimental data for the natural convection heat
transfer in parallel plates, which resemble to the case of a flat PV/T
module with filled air between the top glass cover and the PV cells,
the following correlation was proposed to estimate the Nusselt
number [34].

Nu ¼ 1þ 1:44

"
1� 1708ðsin 1:8bÞ1:6

Ra cos b

#�
1� 1708

Ra cosb

�þ

þ
��

Ra cosb
5830

�1=3

� 1
�þ

(A1)

where the meaning of the þ exponent is that if the values of the
terms in the [ ] are positive, then they are used, otherwise, the
values are zero. The Nusselt number is related to the natural con-
vection heat transfer coefficient, hcon, namely, Nu ¼ hconb=k, where
b is the gap between the two plates, k is the air thermal conduc-
tivity, W/(m K), b is the inclination angle of the two plates, Ra is the
Rayleigh number of the air between the plates, Ra ¼ gb0ðThot �
TcoldÞb3=nt, g is the gravitational acceleration, b0 is the volumetric
coefficient of expansion of air, Thot and Tcold are respectively the
highest and lowest temperature of the two plates, K, n is the ki-
nematic viscosity, m2/s, t is the thermal diffusivity of air, m2/s.

For the natural convection heat transfer in a compund parabolic
concentrator (CPC) cavity, a series of experiments were conducted
in Ref. [35] on variable CR and inclination angle, and the average
Nusselt number on the top glass cover was correlated to the Ray-
leigh number by the following relation

Nu ¼ c1½cosðb� c2Þ �n1Ran2 (A2)

where the values for the parameters are given in Table A1. The
correlation is applicable for the values of Nu >1, 30+ < b<90+ and
Ra<107 for CR ¼ 2;3 and Ra<106 for CR ¼ 4;5[35]. Definitions of
the Nusselt number and the Rayleigh number are the same as
above.

An analytical forced convection heat transfer coefficient was
proposed in Ref. [38] for the forced heat transfer of a flow in
laminar, turbulent or transition regime in a smooth straight pipe.
When the Reynolds number of water in the heat exchanger
Re(¼uf dh=nf )�2300, uf is the mean velocity in the pipe, dh is the
hydraulic diameter of the pipe, nf is the kinematic viscosity of a
fluid, the flow is laminar, and the average Nusselt number is
calculated by the following expression

8>>>>>>>>><
>>>>>>>>>:

Nu ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nu1 þ ðNu2 � 0:7Þ3 þ Nu33

3
q

Nu1 ¼ 49:371

Nu2 ¼ 1:615
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PrRedh=l

3
q

Nu3 ¼
�

2
1þ 22Pr

�1=6 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Redh=l

2
q

(A3)

where Pr is the Prandlt number of water in the heat exchanger, Pr ¼
nf =tf , tf is the thermal diffusivity of the fluid, l is the length of the
pipe. If Re is between 2300 and 104, the flow is in the transition
regime, and the following expression is valid for the average Nus-
selt number,
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8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
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Nu ¼ ð1� gÞNu4 þ gNu5

g ¼ Re� 2300

104 � 2300

Nu1 ¼ 49:371
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where x is the friction factor in the pipe. If Re is beyond 104, the flow
in the pipe is turbulent, and the average Nusselt number is simply
estimated by the following equation

8>><
>>:

Nu ¼
�
x

8

�
RePr

1þ 12:7
ffiffiffiffiffiffiffiffi
x=8

p �
Pr2=3 � 1

�h
1þ ðdh=lÞ2=3

i
x ¼ ð1:8lg10Re� 1:5Þ�2

(A5)
Table A1
Values of correlation parameters in Eq. (A2).

CR c1 c2(deg) n1 n2

2 0.201 48 1/3 0.238
3 0.145 63 1/3 0.25
4 0.0468 63 1/2 0.325
5 0.0168 65 1/2 0.39
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