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Piecewise linear parabolic trough collector (PLPTC) is designed and developed to concentrate solar radiation on monocrystalline
silicon based photovoltaicmodule.A theoreticalmodel is used to performelectrical energy and exergy analysis of low-concentration
photovoltaic (LCPV) systemworking under actual test conditions (ATC).The exergy efficiency of LCPV system is in the range from
5.1% to 4.82% with increasing rate of input exergy rate from 30.81W to 96.12W, when concentration ratio changes from 1.85 to
5.17 Sun. Short-circuit current shows increasing trend with increasing input exergy rate of ≈0.011 A/W. Power conversion efficiency
decreases from 7.07 to 5.66%, and open-circuit voltage decreases from 9.86 to 8.24V with temperature coefficient of voltage ≈

−0.021V/K under ATC.The results confirm that the commercially available silicon solar PV module performs satisfactorily under
low concentration.

1. Introduction

Silicon based solar photovoltaic (PV) technology is emerging
as a potential renewable energy source for future power
requirements. There are several ways by which the cost
of this technology can be reduced, for example, improv-
ing the efficiency, efficient light trapping, using thinner
wafer, thin-film silicon technology, concentrator photovoltaic
(CPV) technology, and so forth. In CPV, compared to
nonconcentrating solar PV systems, the required area for
solar PV module is reduced by the factor of concentration
ratio, providing significant reduction in the overall cost of
solar PV system. The considerable amount of research is
going on in the field of CPV systems with different optics
(mirrors or lenses—Fresnel or anidolic), spot sizes and
geometries, tracking strategies, cooling systems (active or
passive), and cells (Si or III–V compound semiconductors,
whether single or multi-junction) [1, 2]. Composite split-
spectrum concentrator solar cell having efficiency of forty-
three per cent has been reported at laboratory level [3]. The
III–V compound based multi-junction solar cells are quite

expensive [4], and for bringing them to commercial level, it
needs a geometrical concentration ratio (CR) of greater than
500. Generally, the higher the concentration ratio, the greater
the accuracy needed in tracking the Sun and the smaller
themanufacturing and installation tolerances permitted.This
means that high efficiency and high concentration concepts
need very accurate systems, including their manufacture,
installation, and Sun tracking which increases their cost.

In the beginning of this decade, Sala et al. [5] and
Aminox Inc. [6] have shown that the efficiency of silicon
based photovoltaic system increases with concentration ratio
wherein they show that the optimum performance for silicon
solar cells lies near to five Sun to extract maximum power.
An industrialization potential of silicon based concentrator
photovoltaic system with an estimated cost of $0.5/𝑊𝑝 is
reported by Castro et al. [7], where the group uses back
contact solar cells under 100 Sun. A detailed review of mod-
eling in relation to low-concentration solar concentrating
photovoltaic is presented by Zahedi [8]. Li et al. have studied
the performance of solar cell array based on a trough concen-
trating photovoltaic/thermal system [9]. Recently, Schuetz
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et al. [10] have reported design and construction of ∼7×
low-concentration PV system based on compound parabolic
concentrators.

Despite all these progresses of the LCPV system, this
technology is unable to get market share among existing PV
technologies, that is, monocrystalline Si, flat panel, and thin-
film technologies. Low-concentration photovoltaic technol-
ogy has been limited due to requirement of special solar
cell design, perfect concentration geometry, and insufficient
analysis of various issues such as exergy, thermalization
losses, junction temperature, and recombination processes.
To surmount such issues, in depth understanding of depen-
dence of solar cell design parameters on CR and temperature,
better design of concentration systems, and proper system
performance evaluation is required. For LCPV systems, such
important aspects have been scarcely addressed in detail so
far, to the best of our knowledge.

Keeping in view the above-mentioned shortfalls, we have
the (i) the design and development of linear piecewise
parabolic trough for LCPV application and (ii) presented a
theoretical model to perform exergy, energy, and dynamic
behavior analysis of LCPV system. In this paper, actual
climatic conditions are taken as reference state.

2. Theoretical Modeling

2.1. Design and Modeling of PLPTC. In this section, design
of piecewise linear parabolic trough collector (PLPTC) is
presented. The parabola is designed in such a way that
maximum energy and exergy can be extracted from the
LCPV system. A schematic diagram of PLPTC is shown
in Figure 1. The design of PLPTC depends on receiver’s
geometry, acceptance angle subtended by the receiver with
parabolic reflector, and desired geometric concentration.

The level of concentration is restricted by the design
parameters, which include rim angle (0𝑟), acceptance angle
(𝜃𝑐), and effective entrance aperture area (width,𝑊× length,
𝐿). In this section, theoretical model of a PLPTC with
geometrical CR ∼8 Sun is presented [11].

The actual concentration ratio is calculated by

CR = 180 ∗ (

sin 0𝑟 − sin 𝜃𝑐 cos (0𝑟 − 𝜃𝑐)

𝜋 (0𝑟 + 90 − 𝜃𝑐) sin 𝜃𝑐
) . (1)

The amount of light received by solar PVmodule depends on
the reflectivity of mirrors used in the LCPV system.

The line of focus for PLPTC can be located using the
following:

𝐹 =

𝑊

2

16𝐷

. (2)

Using focal length and the depth of parabola, the rim angle is
calculated from the following

cos 0𝑟 = (

2𝐹

√
(0.5𝑊)

2
+ (𝐷 − 𝐹)

2

)− 1. (3)
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Figure 1: Basic geometry of parabolic trough concentrator.

For the condition of 𝐹 = 𝐷 in (3), the rim angle becomes
equal to 90∘, and the receivermakesminimum intercept angle
with radiation reflected from PLPTC. The relation between
𝑅min and the acceptance angle is given by

sin 𝜃𝑐 =
𝑅min (1 + cos 0𝑟)

2𝐹

.
(4)

The receiver with the width of 𝑅min (equal to 3.2 cm in this
case) is able to intercept all the radiation comingwith an angle
20𝑟. From these equations, it is established that the CR can be
changed by changing the effective aperture area of PLPTC.
In developed PLPTC, the numbers of reflecting mirrors are
varied from 2 to 8 to change the effective exit aperture area
which gives desirable geometrical CR (∼2 to 8 Sun).

2.2. Thermodynamic Analysis for Exergetic Calculations. The
laws of thermodynamics are applied for the electrical exergy
and energy analysis of LCPV system. Energy conservation
and energy quantity are generally analyzed by using the first
law of thermodynamics. Exergy analysis which deals with
availability of energy in the system, nature of irreversibility,
and quality of energy is presented using the second law of
thermodynamics. Exergymeasures not only quantity but also
the quality of energy, which is not conserved but rather is
in part destroyed or lost. Thermodynamic analysis for the
electrical output of LCPV system is performed using the
method described by many researchers [12–15].

The magnitude of the energy rate on the focal plane of
PLPTC (where crystalline solar PV module is placed) can be
expressed as [16]

̇
𝑄𝑓 = 𝜋𝑓

2
[sin2 (𝜙rim) − sin2 (𝜙𝑠)] 𝜌mirror𝐺𝑏, (5)

where 𝜌mirror represents the reflectivity of mirror, 𝜙𝑠 rep-
resents the shading angle, and 𝐺𝑏 represents direct beam
solar radiation on parabola aperture. The energy rate, ̇

𝑄𝑓,
represents energy flow per unit time at which solar energy
reaches the front glass of LCPVmodule. The energy received
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at front glass of LCPV module undergoes radiative and
convective losses, which can be expressed in terms of heat loss
coefficient, 𝑈𝑔 (measured in terms of W/K) [16],

𝑈𝑔 = 𝑈con + 𝑈rad. (6)

After considering these heat losses, the energy rate on the
front glass of LCPV module, ̇

𝑄𝑔, can be expressed as

̇
𝑄𝑔 =

̇
𝑄𝑓 − 𝑈𝑔 (𝑇𝑔 − 𝑇amb) . (7)

Since the thickness of the glass is very small, the conduction
heat loss coefficient could be ignored for further calculations.
The incoming energy rate to LCPV module, ̇

𝑄in, is given as

̇
𝑄in =

̇
𝑄𝑔𝜏, (8)

where 𝜏 represents transmission coefficient of front glass of
LCPV module.

The output energy rate of LCPV module, ̇
𝑄out, is calcu-

lated using the following expression [15]:

̇
𝑄out = ̇

𝑄el + ̇
𝑄th = 𝑉OC𝐼SC +

̇
𝑄th, (9)

where ̇
𝑄el represents electrical output energy rate and ̇

𝑄th
represents thermal output energy rate, respectively. The
energy efficiency of LCPV system can be defined as the
ratio of output energy rate to the input energy rate. A
detailed calculation of LCPV module’s electrical power con-
version efficiency starting with terminal equation is given in
Section 2.3.

Similar expression for output exergy rate of LCPV system
is given as [15]

̇
𝐸𝑥out = ̇

𝐸𝑥el + ̇
𝐸𝑥th + ̇

𝐸𝑥des, (10)

where ̇
𝐸𝑥des = ̇

𝐸𝑥des,el + ̇
𝐸𝑥des,opt + ̇

𝐸𝑥des,Δ𝑇sun +
̇

𝐸𝑥des,Δ𝑇mod
,

which includes electrical exergy destruction rate (
̇

𝐸𝑥des,el)
caused by series and shunt resistance losses [15], optical
exergy destruction rate ( ̇

𝐸𝑥des,opt) caused by optical losses in
LCPV module surface [17, 18], thermal exergy destruction
rate (

̇
𝐸𝑥des,Δ𝑇sun) caused by temperature difference between

LCPV module surface and the sun surface temperature [17–
20], and thermal exergy destruction rate ( ̇

𝐸𝑥des,Δ𝑇mod
) caused

by temperature variation of LCPV module with respect to
reference environmental state [19, 20]. The electrical exergy
destruction rate is given as [15]

̇
𝐸𝑥des,el = 𝑉OC𝐼SC − 𝑉mp𝐼mp. (11)

In case of LCPV/T systems, thermal losses become thermal
gain, which is not in the scope of this paper (which deals with
only electrical energy and exergy analysis of LCPV system).
Under this scenario, in (10), the term representing exergy
destruction rate is insignificant compared with electrical
exergy rate (

̇
𝐸𝑥el) and thermal exergy rate (

̇
𝐸𝑥th), so the

effective expression for output exergy rate is given as [15]

̇
𝐸𝑥out = ̇

𝐸𝑥el ± ̇
𝐸𝑥th

= 𝑉mp𝐼mp − {𝑈𝑔𝐴 (𝑇𝐶 − 𝑇amb) (1 −
𝑇amb
𝑇𝐶

)} ,

(12)

where the first term represents electrical exergy rate (𝑉mp
and 𝐼mp being a voltage and current, resp., at maximum
power point of LCPV module) and the second term repre-
sents thermal exergy rate due to the temperature difference
between cell temperature and ambient temperature. The
negative sign with the second term in (12) corresponds to
the lost thermal exergy which would have been a gain in
case of LCPV/T system with a positive sign. The input
exergy includes solar radiation intensity exergy, which can be
estimated by maximum efficiency ratio, 𝜓, given by Petala’s
theorem [16]:

𝜓 = 1 +

1

3

(

𝑇amb
𝑇sun

)

4

−

4

3

𝑇amb
𝑇sun

. (13)

The input exergy rate to the PLPTC is found as [16]

̇
𝐸𝑥in = 𝐺𝑏𝐴𝜓. (14)

The exergy efficiency of LCPV system is defined as ratio of
output exergy rate to the input exergy rate of the system [15]:

𝜂ex =
̇

𝐸𝑥out
̇

𝐸𝑥in

=

𝑉mp𝐼mp − {𝑈𝑔𝐴 (𝑇𝐶 − 𝑇amb) (1 − 𝑇amb/𝑇𝐶)}

𝐺𝑏𝐴{1 + (1/3) (𝑇amb/𝑇sun)
4
− (4/3) (𝑇amb/𝑇sun)}

.

(15)

2.3. Model for Electrical Energy Analysis. When a solar PV
module is exposed to solar radiation, it shows nonlinear
current-voltage characteristics. The output current-voltage
characteristic of solar PV module is mainly influenced by
the solar insolation and cell temperature. There exist many
mathematical models used for computer simulation, which
describe the effect of solar insolation and cell temperature
on output current-voltage characteristics of solar PV module
[21–23].

A crystalline silicon wafer-based solar photovoltaic (PV)
cell of size 125mm × 125mm typically produces around
2.5W at a voltage of 560mV. These cells are connected in
series and/or parallel configuration on a module to produce
required power. The equivalent circuit for solar PV module,
having 𝑁𝑃 numbers of cells arranged in parallel and 𝑁𝑆

number of cells arranged in series, is shown in Figure 2.
The terminal equation for current and voltage of the

solar PV array is mentioned as follows as described by other
researchers [25–28]:

𝐼 = 𝑁𝑃𝐼PH − 𝑁𝑃𝐼𝑆 [exp(
𝑞 (𝑉/𝑁𝑆 + 𝐼𝑅𝑆/𝑁𝑃)

𝑘𝐵𝑇𝐶𝐴

) − 1]

−

(𝑁𝑃𝑉/𝑁𝑆 + 𝐼𝑅𝑆)

𝑅SH
.

(16)

Ideally, a solar PV module offers a low series resistance and
high shunt resistance for higher solar energy conversion. In
solar PV modules, the PV cells are generally connected in
series in order to obtain adequate working voltage. The solar
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Figure 2: The general model for solar PV module.

PVmodules can be arranged in series-parallel combination to
make an array, which produces desired power. The current-
voltage characteristic of such array is described by (16).
Generally, for the solar PVmodule 𝐼PH ≫ 𝐼𝑆, in (16), the small
diode and ground-leakage currents can be ignored under
zero-terminal voltage. Therefore, the short-circuit current is
approximately equal to the photocurrent. The expression for
𝐼PH is given by

𝐼PH = [𝐼SC + 𝐾𝐼 (𝑇𝐶 − 𝑇Ref)] 𝜆, (17)

where 𝜆 = 𝜌mirror × CR × 𝐺𝑏 in W/m2, 𝜌mirror represents
reflection coefficient of mirrors.

The photocurrent (𝐼PH) mainly depends on the solar
insolation and cell’s working temperature. The saturation
current of a solar cell varies with the cell temperature, which
is described by

𝐼𝑆 = 𝐼RS(
𝑇𝐶

𝑇Ref
)

3

exp[
𝑞𝐸𝑔 (1/𝑇Ref − 1/𝑇𝐶)

𝑘𝐵𝐴

] . (18)

Reverse saturation current of the cell at reference temperature
depends on the open-circuit voltage (𝑉OC) and can be
approximately obtained by following equation as given by
Tsai et al. [29]:

𝐼RS =
𝐼SC

[exp (𝑞𝑉OC/𝑁𝑆𝑘𝐵𝐴𝑇𝐶) − 1]

. (19)

The maximum power output of LCPV module is related to
the 𝐼SC and 𝑉OC by following:

𝑃MAX = FF × 𝑉OC × 𝐼SC. (20)

The values of 𝐼SC, 𝑉OC, and FF can be determined from the
𝐼-𝑉 characteristics obtained by (16). The electrical power
conversion efficiency (𝜂) of LCPV module can be calculated
by the ratio of maximum output power generated by LCPV
module to the input power carried by solar radiation (i.e., 𝜂 =

𝑃MAX/𝜆).
A solar PV module mainly consists of three types of

resistance: series resistance (𝑅𝑆), shunt resistance (𝑅SH), and
dynamic resistance (𝑟𝑑). The series resistance 𝑅𝑆 can be

determined by various illumination conditions such as dark,
constant illumination, and varying illumination, and they
yield different results [30]. The output impedance of solar
PV module, that is, dynamic resistance is usually composed
of the series resistance and shunt resistance. In this paper,
dynamic resistance of LCPV module is quantified by using
direct estimation method reported by Wang et al. [31]. The
equivalent circuit for solar PV module is shown in Figure 2.

In order to estimate the dynamic resistance which is
defined as the negative reciprocal of 𝑑𝐼/𝑑𝑉, (16) is differenti-
ated with respect to 𝑉, that is,

𝑑𝐼

𝑑𝑉

= −

𝑁𝑃

𝑁𝑆𝑅SH
−

𝑑𝐼

𝑑𝑉

⋅

𝑅𝑆

𝑅SH

−

𝑁𝑃𝐼𝑆𝑞

𝑘𝑇𝐶𝐴

[

1

𝑁𝑆

+

𝑑𝐼

𝑑𝑉

⋅

𝑅𝑆

𝑁𝑃

]

× exp [
𝑞

𝑘𝑇𝐶𝐴

⋅ (

𝑉

𝑁𝑆

+

𝐼𝑅𝑆

𝑁𝑃

)] .

(21)

For the open-circuit condition and short-circuit conditions of
LCPVmodule, the following two expressions are given using
the slope of one 𝐼-𝑉 characteristics at the points (𝑉OC, 0) and
(0, 𝐼SC) by

𝑅𝑠0 = −(

𝑑𝐼

𝑑𝑉








𝑉=𝑉OC

)

−1

, (22)

𝑅sh0 = −(

𝑑𝐼

𝑑𝑉








𝐼=𝐼SC

)

−1

, (23)

respectively. When the load is disconnected from the LCPV
module and the output current (𝐼) is equal to zero, (21) can
be expressed by

𝑑𝐼

𝑑𝑉








𝑉=𝑉OC

= −

𝑁𝑃

𝑁𝑆𝑅SH
−

𝑑𝐼

𝑑𝑉








𝑉=𝑉OC

⋅

𝑅𝑆

𝑅SH

−

𝑁𝑃𝐼𝑆𝑞

𝑘𝑇𝐶𝐴

[

1

𝑁𝑆

+

𝑑𝐼

𝑑𝑉








𝑉=𝑉OC

⋅

𝑅𝑆

𝑁𝑃

]

× exp [
𝑞

𝑘𝑇𝐶𝐴

⋅

𝑉

𝑁𝑆

] .

(24)

Equation (24) is further simplified to

−

1

𝑁𝑃𝐼𝑆

𝑘𝑇𝐶𝐴

𝑞

𝑑𝐼

𝑑𝑉








𝑉=𝑉OC

exp [−
𝑞

𝑘𝑇𝐶𝐴

⋅

𝑉OC
𝑁𝑆

]

≅

1

𝑁𝑆

+

𝑑𝐼

𝑑𝑉








𝑉=𝑉OC

⋅

𝑅𝑆

𝑁𝑃

.

(25)

Therefore, series resistance 𝑅𝑆 is expressed by

𝑅𝑆 =
𝑅𝑠0𝑁𝑃

𝑁𝑆

−

𝑘𝑇𝐶𝐴

𝑞𝐼𝑆

exp [−
𝑞

𝑘𝑇𝐶𝐴

⋅

𝑉OC
𝑁𝑆

] . (26)
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Table 1: Simulation parameters for desired CR in developed LCPV system.

Number of
mirrors Width,𝑊 (m) Rim angle (0𝑟) Acceptance angle (𝜃𝑐) Length, 𝐿 (m) Effective 𝐴𝑎 (m

2) CR Solar radiation (W/m2)

2 mirrors 0.27 13.51∘ 3.17∘ 0.30 0.054 1.85 1225
4 mirrors 0.45 25.02∘ 3.07∘ 0.30 0.108 3.56 2254
6 mirrors 0.62 33.78∘ 2.94∘ 0.30 0.159 4.72 3234
8 mirrors 0.79 41.98∘ 2.80∘ 0.30 0.211 5.17 3822

For short-circuit condition, the output voltage of LCPV
module is zero so (21) is reduced to

𝑑𝐼

𝑑𝑉








𝐼=𝐼SC

= −

𝑁𝑃

𝑁𝑆𝑅SH
−

𝑑𝐼

𝑑𝑉








𝐼=𝐼SC

⋅

𝑅𝑆

𝑅SH

−

𝑁𝑃𝐼𝑆𝑞

𝑘𝑇𝐶𝐴

[

1

𝑁𝑆

+

𝑑𝐼

𝑑𝑉








𝐼=𝐼SC

⋅

𝑅𝑆

𝑁𝑃

]

× exp [
𝑞

𝑘𝑇𝐶𝐴

⋅ (

𝐼SC𝑅𝑆
𝑁𝑃

)] .

(27)

Equation (27) can be further simplified as

𝑑𝐼

𝑑𝑉








𝐼=𝐼SC

= −

𝑁𝑃

𝑁𝑆𝑅SH
−

𝑑𝐼

𝑑𝑉








𝐼=𝐼SC

⋅

𝑅𝑆

𝑅SH
. (28)

Therefore, the shunt resistance can be expressed by

𝑅SH = −

𝑁𝑆

𝑁𝑃

(

𝑑𝐼

𝑑𝑉








𝐼=𝐼SC

)

−1

,

𝑅SH =

𝑁𝑆

𝑁𝑃

𝑅sh0.

(29)

By analysis of (21), we conclude that the dynamic resistance of
LCPVmodule is dependent on the solar irradiance and solar
PV module temperature.

2.4. Statistical Analysis. To compare the theoretical and
obtained experimental results, the correlation coefficient
(𝑟) and root-mean square percent deviation (𝑒) have been
evaluated by using the following expressions [32]:

𝑟 =

𝑁∑𝑋𝑖𝑌𝑖 − (∑𝑋𝑖∑𝑌𝑖)

√𝑁∑𝑋
2
𝑖
− (∑𝑋𝑖)

2
√𝑁∑𝑌

2
𝑖
− (∑𝑌𝑖)

2
,

𝑒 =
√
(∑ 𝑒𝑖)

2

𝑁

,

(30)

where 𝑒𝑖 = [(𝑋𝑖 − 𝑌𝑖)/𝑋𝑖] × 100. The variables 𝑋𝑖 and 𝑌𝑖

represent theoretical and experimental data, respectively.The
linear coefficient of correlation (𝑟), which ranges between
−1 and 1, measures strength and the direction of a linear
relationship between two variables, that is, 𝑋𝑖 and 𝑌𝑖. The 𝑟
value close to 1 indicates that two variables are in a strong
positive linear correlation.

Figure 3: The constructed model of concentrator photovoltaic
(CPV) system.

3. LCPV Development and Validation of the
Proposed Model

3.1. System Development. A MATLAB/Simulink computer
code is developed using the mathematical model discussed
in Section 2 to simulate LCPV system. Table 1 shows the
parameters used for calculating CR of the developed PLPTC.
The CR depends on the effective aperture area which is
governed by the number of mirrors used as reflectors. From
Table 1, it is clear that by changing the number of mirrors
from 2 to 8, the geometric CR changes from ∼2 to 8 Sun.

A piecewise linear parabolic LCPV system is developed as
shown in Figure 3 by using the modeling parameters listed in
Table 1. The effective aperture area available using 8 mirrors
is 0.211m2 and the effective receiver area is 0.027m2, which
gives the geometric concentration ratio of ∼8. The receiver is
made of a solar PV module fabricated by a string of sixteen
commercially available silicon cell pieces (material: mono-
crystalline silicon, size: 14mm × 64mm, efficiency ∼14%).
The reason behind the selection of this specific size of the
cells is to solve the current handling problem of the solar
cells under concentration. A typical solar cell of size 125mm
× 125mm producing 2.5W at a voltage of 560mV would
have a current handling capability of around 4.5 A. This cell,
when used under 10 Sun concentration may produce 45A
current by assuming a linear relationship between the current
increment and CR. But if the size of the cell is reduced to
1/10th normal size, then the current generated under 10 Sun
concentration would be less than or equal to 4.5 A, then
it will be easily handled without damaging the solar cell
contacts. The incident solar radiation is reflected by PLPTC
and concentrated on the focal plane havingwidth of 0.64mm.
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Table 2: The parameters used for simulation under 1 Sun.

Parameters
units 𝑅𝑆 (Ω) 𝐸𝑔 (eV) 𝑁𝑆 𝑁𝑃 𝐴 𝑇𝐶 (K) 𝑇ref (K) 𝑘𝐵 (J/K) 𝐾𝐼 𝑞 (C) 𝐼SC (A) 𝐼RS (A) 𝑉OC (V)

For 1 Sun 0.071 1.12 16 1 1.5 298 298 1.38 × 10

−23
0.65 × 10

−3
1.602 × 10

−19 0.259 0.86 × 10

−12 9.86

Table 3: The value of 𝑅, 𝐶, and corresponding 𝜏 obtained from
the measured impedance spectra under different bias voltage con-
ditions.

Applied
voltage
(V)

Resistance in
equivalent circuit,

𝑅 (kΩ)

Capacitance in
equivalent circuit,

𝐶 (nF)

Time
constant, 𝜏

(ms)
−0.5 70 49 3.43
−0.2 55 51.4 2.83
0 45 36.2 1.63
0.2 37 35.1 1.30
0.5 28 32.1 0.90

An active cooling mechanism is employed by flowing water
behind the encapsulated solar PV module which is shown in
Figure 3. By employing this mechanism,module temperature
could be lowered down to 45∘C. A light dependent resistor
(LDR) based one axis tracking system is developed for Sun
tracking with a provision of manual tracking on second axis
with an accuracy of ±3∘ as shown in Figure 3.

3.2. Theory Validation and Characterization of LCPVModule.
The module characterization was done under standard test
conditions (STC) by 𝐼-𝑉 characteristics, impedance spec-
troscopy (IS), and capacitance-voltage (CV) measurement,
and detailed parameters are given in Tables 2 and 3. The
concentrated light is received by the solar PV module which
is placed at the focal plane of the PLPTC. To simulate the
electrical power generated from this PV module, the input
parameters are series resistance, energy band gap, number of
cells connected in series, number of strings connected parallel
to each other, cell temperature, ambient temperature, short-
circuit current ofmodule, open-circuit voltage of themodule,
and so on. These input parameters are listed in Table 2.

In this LCPV system, a solar PV module manufactured
at WAAREE Energies Pvt. Ltd. module production line is
used. The open-circuit voltage and short-circuit current of
this module aremeasured as𝑉OC = 9.86V and 𝐼SC = 0.259A,
respectively, under AM1.5 spectrum at 298.14 K.The current-
voltage output characteristics of generalized solar PVmodule
under AM1.5 solar spectrum are shown in Figure 4. In the
simulation, short-circuit current, open-circuit voltage, series
resistance, and cell temperature measured under standard
test conditions (STC) by manufacturer are taken as input
parameters. The current-voltage characteristic generated
from simulation programmatches well with the experimental
current-voltage characteristic.

Looking at the current-voltage curve, it can be identified
that the photovoltaic module is a constant current source at
lower values of voltage with current equal to the short-circuit
current (𝐼SC). With the further increase in voltage values, the
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Figure 4: Current-voltage characteristics of the designed solar PV
module under 1 Sun, AM1.5 at 298.14 K.

current starts decreasing exponentially at certain point. The
value of current becomes zero at open-circuit voltage (𝑉OC).
The point where themodule operates at the highest efficiency
is called maximum power point (𝑃MAX).

For impedance measurements, an ac signal having fre-
quency in the range from 1 Hz to 0.1MHz with amplitude
of 5mV is used. The impedance spectra were plotted in a
complex plane (i.e., 𝑍 versus 𝑍

, also known as Nyquist
or Cole–Cole plot [33]) which can provide information on
any system that is composed of combination of interfacial
and bulk process. The measurements were carried out on
the developed LCPVmodule under forward and reverse bias
(+0.5 V to −0.5 V) conditions in the dark. Figure 5 shows the
impedance spectrum of the LCPVmodule under reverse bias
conditions (from 0 to −0.5 V). The radius of the semicircle
increases with the increase in bias voltage as compared to
zero bias demonstrating the bias dependence of resistance
and capacitance [33]. The increase in the radius of semicircle
during reverse bias is observed due to expansion of depletion
region of the solar cell, which increases the resistance offered
by the cell.

Figure 6 shows the impedance spectrum under the for-
ward bias conditions (from0 to 0.5V)where in contrast to the
reverse bias, opposite behavior is observed. Here, the radius
of the semicircle decreases with increasing positive bias from
its maximum value at zero bias. The decrease in the radius of
semicircle during forward bias is observed due to shrinking
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Figure 5: Impedance spectra of LCPV module under reverse bias
conditions.
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Figure 6: Impedance spectra of LCPV module under forward bias
conditions.

of depletion region of the solar cell, which decreases the
resistance offered by the cell.

The ac equivalent circuit of the n+-p-p+structure under
consideration is shown in Figure 7, which incorporates the
capacitive effect owing to the excess minority carriers (𝐶𝑑
commonly known as the diffusion capacitance) in parallel
with the depletion layer capacitance 𝐶𝑡 (Figure 7). Resistive
effects arising from the minority carrier recombination are
shown as the diffusion resistance (𝑅𝑑) in parallel with a shunt

RS

C = (Cd + Ct)

R = (RSH ‖ Rd)

Figure 7: The ac equivalent circuit of LCPV module to explain
observed impedance spectra.

(𝑅SH) resistance and a series resistance, 𝑅𝑆, connected in the
circuit [33].

Under forward bias condition, due to the accumulation
of minority carriers in the bulk, the magnitude of the
diffusion capacitance is large compared to the depletion
region capacitance [34]. The ac impedance of the circuit is
given by

𝑍 (𝜔) = 𝑍


(𝜔) − 𝑗𝑍


(𝜔) , (31)

where 𝑍

 and 𝑍

 are the magnitudes of the real and
imaginary parts of impedance, and a minus sign arises due
to capacitive reactance involved in the circuit. On analyzing
the circuit, 𝑍 and 𝑍

 can be written as

𝑍


(𝜔) = 𝑅𝑠 +

𝑅

1 + (𝜔𝑅𝐶)

2
,

𝑍


(𝜔) =

𝜔𝐶𝑅

2

1 + (𝜔𝑅𝐶)

2
.

(32)

For the case of very low 𝑅𝑆, when 𝑍

 and 𝑍

 are plotted in
a complex plane, by varying the frequency (𝜔), a semicircle
of radius 𝑅/2 with its center at (𝑅/2, 0) is obtained. Further,
because of the semicircular geometry, the maximum value
of 𝑍 arises when 𝜔𝑚𝑅𝐶 = 1, where 𝜔𝑚 is the frequency
at which 𝑍

 becomes maximum. Thus, we have that 𝐶 =

1/𝜔𝑚𝑅, and the presence of 𝑅𝑆 shifts the semicircle, by
its value, on the 𝑥-axis. The analysis of the impedance
diagram on the complex plane, therefore, gives values of
all the three parameters, that is, 𝑅, 𝐶, and 𝑅𝑆, used in the
equivalent circuit. The product of resistance and capacitance
(𝑅𝐶) represents the time constant (𝜏). The value of 𝑅, 𝐶,
and corresponding 𝜏 obtained from themeasured impedance
spectra under different bias voltage conditions is listed in
Table 3.These values are in good agreement with the existing
literature for silicon solar cells [33, 35].

Capacitance-voltage (𝐶-𝑉) measurement is an important
tool to understand the transient behavior of a semiconductor
device. Generally, capacitance is measured in the reversed
bias (Mott-Schottky) condition to determine barrier poten-
tial and effective doping concentration. Capacitance-voltage
characterization is done for the developed LCPV module as
shown in Figure 8.
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Figure 8: The capacitance-voltage characterization of LCPV mod-
ule.

The dependence of barrier potential and doping concen-
tration on the depletion region capacitance per unit area is
given by [30]

1

𝐶
2
=

2

𝑞𝐾𝜀0𝑁

(𝑉bi − 𝑉 −

2𝑘𝐵𝑇

𝑞

) ,

𝑑 (1/𝐶

2
)

𝑑𝑉

= −

2

𝑞𝐾𝜀0𝑁

,

(33)

where 𝑞 is the electron charge, 𝐾 is dielectric constant of
silicon, 𝜀0 is the permittivity of free space, 𝑉bi is barrier
potential, 𝑘𝐵 is Boltzmann’s constant,𝑇 is equal to 298.14 K,𝑁
is doping concentration, and 𝑉 represents applied potential.

The slope and its intersection on the abscissa in theMott-
Schottky plot shown in Figure 8 for the LCPV module gives
the doping concentration (𝑁) and barrier potential (𝑉bi),
respectively.The𝑁 value is found as 7.79 × 1016 cm−3, and the
value of𝑉bi −2𝑘𝑇/𝑞 is equal to 0.56 eV, which corresponds to
𝑉bi = 0.61 eV. The calculated values are in good agreement
with the reported values for commercially available silicon
solar cells [36, 37].

4. LCPV Experiment under ATC

The experiments were carried out in the campus of School
of Solar Energy located in Gandhinagar, India (Lat: 23.22∘,
Long: 72.68E), in the month of December (Year: 2012). The
module temperature was measured with the digital ther-
mometer having an accuracy of ±0.1∘C during experiments;
wind speed was measured by anemometer as 0.85m/s with
an accuracy of ±5%. Solar radiation and ambient temperature
were recorded at the weather station located in the university
campus. The following parameters were measured during
experiments: ambient temperature, solar radiation, LCPV
module and ambient temperature, load current, load voltage,
short-circuit current, and open-circuit voltage. During the
experiments, the module temperature was varied in the

range of 300–350K by controlling the flow rate of water
behind the LCPV module. Since the aim of this paper is to
extract maximum electrical output from LCPV systems, the
thermodynamic analysis of flowingwater is avoided here.The
current-voltage measurements of an LCPV system are taken
by Agilent SMU 6632B and by using multimeters and load
rheostat. The sensitivity of the current-voltage measurement
instrument is given as ±3%. The developed LCPV system is
studied by varying the number of reflecting mirrors arranged
in PLPTC.

5. Result and Discussion

5.1. Exergy and Energy Analysis. The effect of the light
concentration and module temperature on the input exergy
rate, electrical exergy output rate, and thermal exergy output
rate of LCPV module is estimated from the proposed model
in Section 2. It is found that with the increase in CR, the input
exergy rate increases which results in increased amount of
energy available to do useful work by the system. The data
listed in Table 4 shows that the exergy efficiency decreases
with the increase in the input exergy rate. This decrease is
mainly due to the increase in cell temperature, which results
in electrical exergy destruction with a rate of “𝑉OC𝐼SC −

𝑉mp𝐼mp” [38]. Further, the increase in the cell temperature
affects 𝑉OC with a negative temperature coefficient as shown
in the Figure 9. Figure 9 shows that 𝑉OC decreases from
8.48V to 8.24V with increase in input exergy rate from
30.81W to 96.12W, when the cell temperature changes
from 321 K to 332.5 K. The influence of the cell temperature
on exergy efficiency is clearly observed (Table 4), which
decreases with the increase in the cell temperature. Similar
effect is observed by other researchers [15, 38]. Since the cell
temperature changes with the increase in the input exergy
rate, it is imperative to design the LCPV system based on this
information, so that useful exergy can bemaximized. For this
purpose, it is very important to track maximum power point,
which depends on dynamic resistance of LCPV system.

The proposed model in Section 2 is used to perform
energy analysis of the LCPV module having 16 cells con-
nected in series. The static parameters (𝐼SC, 𝑉OC, 𝑃MAX, and
𝑅𝑆) of the LCPV module are measured in ATC conditions
as well as calculated by the proposed theoretical model. The
measured and simulated current-voltage characteristics of
LCPVmodule is shown in Figure 9 with varying input energy
rate and corresponding temperature.

It can be seen from Figure 9 that there is good agreement
between the experimental and theoretical current-voltage
characteristics, which include 𝐼SC, 𝑉OC, 𝑃MAX, 𝑅𝑆, FF, 𝑟𝑑,
and efficiency. The mean square of percentage deviation (𝑒)

is in the range of 2.74–8.43% and the linear coefficient of
correlation (𝑟) is in the range of 0.995–0.999.

The measured values of solar irradiation, 𝐼SC, 𝑉OC, 𝑃MAX,
𝑅𝑆, temperature, FF, 𝑟𝑑, and efficiency are listed in Table 5.
Generally, the output current of the solar PV modules
increases with the increase in input energy rate (i.e., solar
irradiance received at focal point of PLPTC). With increase
in the solar irradiance, the higher number of photons strikes
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Table 4: Exergy analysis of LCPV system.

Solar irradiation
(W/m2)

Cell temperature, 𝑇𝐶 (K) Input exergy rate (W)
Output exergy rate (W)

Exergy efficiency, 𝜂ex (%)Electrical
exergy rate (W)

Thermal exergy
rate (W)

1225 321 30.81 2 0.43 5.10
2254 328 56.68 3.55 0.70 5.03
3234 331 81.33 4.91 0.83 5.01
3822 332.5 96.12 5.54 0.91 4.82

Table 5: Parameter estimated from 𝐼-𝑉 curves plotted under various CR.

Solar
irradiation
(W/m2)

Cell
temperature,

𝑇𝐶 (K)

Short-circuit
current, 𝐼SC

(A)

Series
resistance, 𝑅𝑆

(Ω)

Dynamic
resistance, 𝑟𝑑

(Ω)

Open-circuit
voltage, 𝑉OC

(V)

Maximum
power, 𝑃MAX

(W)

Fill factor, FF
(%)

Energy
efficiency, 𝜂

(%)
1000 298 0.25 1.12 17.99 9.86 1.91 74.58 7.07
1225 321 0.33 1.20 19.23 8.48 2.07 73.97 6.26
2254 328 0.63 1.29 20.73 8.39 3.72 70.37 6.11
3234 331 0.91 1.39 22.27 8.31 5.00 67.00 5.73
3822 332.5 1.07 1.55 24.84 8.24 5.84 66.23 5.66
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Figure 9: Simulated and experimental 𝐼-𝑉 characteristics of LCPV
system under ATC.

the solar PVmodule which results in enhanced electron-hole
pair production and higher photocurrent [39]. The values
of the dynamic resistance at MPP are computed using the
values of 𝐼PH, 𝐼SC, and 𝑅𝑆. The dynamic resistance of LCPV
module is calculated in an effective manner using (21) and
is listed in Table 5. Approximate error between experimental
and theoretical dynamic resistance of the LCPV module is
found as ∼1.3%–2.1%, which shows the uncertainty is well
within the practically acceptable limits.

The plot shown in Figure 9 and extracted data listed in
Table 5 describe the dependence of FF and efficiency of LCPV

module on the change in input energy rate and module
temperature. From the observed results, it can be concluded
that the FF and efficiency of LCPV module decrease as the
input energy rate increases.The decrease in FF and efficiency
of solar PV module with the increasing energy rate is highly
dependent on the increase in electrical exergy destruction
of LCPV module due to the increase in input energy rate
and temperature. As a result of increased input energy rate,
dynamic resistance offers greater resistive power losses in
LCPV module and thus reduces its performance by reducing
the FF and efficiency. The increase in the dynamic resistance
and reduction in the FF of LCPV module are foremost
parameters for the decrease in the electrical energy efficiency.

The effects of the cell temperature (𝑇𝐶) on 𝐼-𝑉 curve
of LCPV module is estimated from the proposed model as
shown in Figure 10. As the device temperature increases,
small increase in short-circuit current is observed; how-
ever, the open-circuit voltage rapidly decreases due to the
exponential dependence of the saturation current on the
temperature as given by (18) [39]. In the actual experiments,
similar effect of temperature on open-circuit voltage (𝑉OC) is
observed, and it is found that the 𝑉OC decreases from 9.86 to
8.24V with temperature coefficient of voltage ≈ −0.021 V/K
under ATC as shown in Figure 9.

A decrease in the 𝑃MAX with the increase in 𝑇𝐶 is
observed because with the increase in temperature, the band
gap of the intrinsic semiconductor shrinks. The increased
temperature causes reduction in open-circuit voltage (𝑉OC)
and the increase in the photocurrent for a given irradiance
because of high injection of electrons from valance band to
conduction band of semiconductor material [39].

5.2. Economical Analysis of LCPV System. Net Present Value
(NPV) method allows analyzing the economic aspects of any
engineering system and is used for the economic analysis of
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Table 6: Cost of various components of LCPV system (≈1 kWP) to find initial investment cost (numbers provided here are in accordance
with the current market price)∗.

Components Module BOS
Battery Charge controller Support structure Tracker Cabling

Cost (in US$) 206 800 48 320 590 120
Total initial investment cost (in US$) 2084

∗The price is based on market survey, which may vary depending on specific location or company.

Table 7: Economical analysis of LCPV system (having a lifetime of 25 years [24]).

Period (year) 0 1 2 3 4 5 6 7 8
Initial investment cost −2084

Benefits∗∗ 290.43 290.43 290.43 290.43 290.43 290.43 290.43 290.43
O and M cost∗∗∗ −2.18 −2.30 −2.43 −2.57 −2.72 −2.88 −3.04 −3.21

Discount rate 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Net cash flow 288.25 288.13 287.995 287.86 287.71 287.55 287.39 287.21
𝑎 0.99 0.99 0.98 0.97 0.96 0.95 0.94 0.93 0.92
Discounted net cash flow 285.39 282.45 279.53 276.62 273.74 270.89 268.05 265.24
NPV −1798.6 −1516.2 −1236.6 −960 −686.26 −415.37 −147.32 117.92
∗∗Benefits are based on the tariff policy of Gujarat Electricity Regulatory Commission released for projects commissioned in 2012 [24].
∗∗∗Escalation in operating cost is taken as 5.72% annually [24].
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Figure 10: Variation of current-voltage characteristics with the cell
temperature 𝑇𝐶.

developed LCPV system of 1 kWP. As the system presented in
this paper is very small for economic analysis, the calculations
are done for 1 kWP system. NPV method allows accounting
for the present value of annual capital expenditures and
savings during the lifetime of the system. Net present value
(NPV) includes sum of all the current values (costs are shown
as negative, and net savings are shown as positive). For
acceptance of any engineering project, the positive NPV is

desired.The formulas for calculatingNPVand corresponding
factor are given as [16]

NPV =

𝑛

∑

𝑖=1

(𝐵 − 𝐶)𝑖,

𝑎 =

1

(1 + 𝑖)

𝑝
,

(34)

where “𝑎” represents net present value factor, “𝐵” represents
gain, “𝑝” represents the period, and “𝑖” represents discount
rate in the equation given previously.

The initial investment cost is required in order to calculate
NPV, which includes module cost and balance of systems
(BOS) cost. The components of BOS include battery storage,
charge controllers, support structure, tracking system, and
transmission cables. Cost of all these components is listed
in Table 6. Using the initial investment cost and the formula
outlined in (34), the NPV is calculated (Table 7). Operation
andmaintenance (O andM) cost is taken as 0.75% of the total
investment cost with escalation in operating cost as 5.72% per
annum [24]. The feasibility of this project is demonstrated by
a positive value of NPV obtained within 8 years.

6. Conclusions

A theoretical model is used to perform electrical energy and
exergy analyses of low-concentration photovoltaic (LCPV)
system working under actual test conditions (ATC). The
exergy efficiency of LCPV system is in the range from
5.1% to 4.82% with increasing rate of input exergy rate
from 30.81W to 96.12W, when concentration ratio changes



International Journal of Photoenergy 11

from 1.85 to 5.17 Sun. Short-circuit current shows increasing
trend with increasing input exergy rate of ≈0.011 A/W. Power
conversion efficiency decreases from 7.07 to 5.66% and open-
circuit voltage decreases from9.86 to 8.24Vwith temperature
coefficient of voltage ≈ −0.021 V/K under ATC. The results
confirm that the commercially available silicon solar PV
module performs satisfactorily under low concentration.

Nomenclature

CR: Concentration ratio
𝑊: Width of the profile
𝐷: Depth of the profile
0𝑟: Rim angle
𝜃𝑐: Acceptance angle
𝐹: Focus point
𝜌mirror: Reflectivity of mirrors
𝑅min: Half width of the solar panel
𝐿: Parabolic trough length
𝛼: Absorption coefficient
𝐴𝑎: Aperture area
𝑘𝐵: Boltzmann’s constant (1.38 × 10−23)
𝐼PH: Light generated current
𝐼𝑆: Cell saturation or dark current
𝑞: Electron charge (1.6 × 10−19 C)
𝐴: Ideality factor
𝑈rad: Radiative heat loss coefficient
𝑈con: Convective heat loss coefficient
𝑇𝐶: Working temperature of solar cell (Kelvin)
𝑅SH: Shunt resistance
𝑅𝑆: Series resistance
𝑁𝑆: Series number of cells in a PV module
𝑁𝑃: Parallel number of modules for a PV array
𝐼SC: Cell’s short-circuit current at 298.14 K and

1 kW/m2
𝐾𝐼: Cell’s short-circuit current temperature

coefficient
𝑇Ref: Cell’s reference temperature
𝜆: Solar insolation in kW/m2
𝐼RS: Cell’s reverse saturation current at a

reference temperature and solar radiation
𝐸𝑔: Band gap energy of the semiconductor
𝐼mp: Current at maximum power point
𝑉mp: Voltage at maximum power point.
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