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Solar power generation technologies are important for pro-
viding a major share of the clean and renewable energy
needed in the future, because they are the cost-effective
among renewable power generation technologies. Solar
power generation becomes sustainable and competitive with
fossil-fuel power generation within the next decade. Solar
power generation has proven to be onemost attractive option
for electrical energy production in grid-connected and dis-
tributed modes. The solar power generation can be done
both by photovoltaic (PV) and concentrating solar power
(CSP) systems. The PV technologies such as single and mul-
ticrystalline, thin film cells, organic/inorganic dye-sensitized,
and multijunction solar cells have seen an increasing trend
for their utilities as backup energy generation systems for
small-scale and rooftop applications. The CSP technologies
such as solar dish, parabolic trough, linear Fresnel reflectors,
and power tower are gaining momentum for large-scale
solar power generation using power cycles/engines. This
special issue on solar power generation is focused mainly
various technologies, materials, and control strategies for
effective solar energy conversion, energy storage, control, and
implementation approaches.

Various novel solar PV systems are proposed for perfor-
mance improvement and cost effectiveness. Development of
materials plays major role in viable solar power generation.
H. K. Jun et al. proposed a suitable polysulfide electrolyte for
CdSe quantum dot-sensitized solar cells. With seven cyclic
ionic layers, such system produces an efficiency of 1.41%.
Energy storage plays a vital role in solar power systems for
improving reliability and extended operation. S.-Y. Tseng and

C.-T. Tsai investigated a photovoltaic power system with an
interleaving boost converter for battery charger applications
with an efficiency of 88% under full-load condition. The
control systems are very important in solar power generation
for safety and ensuring load dispatchability. The solar power
system stability can be attained by an accurate and fault
tolerant control system. K.-H. Chao et al. developed a
cerebellar model articulation controller neural network to
the PV power system for fault diagnosis. N. Vázquez et al.
have analysed a grid-connected multilevel current source
inverter and its protection for grid disconnection.This paper
shows both experimental operation and simulation analysis
of the grid-connected system with multilevel current source
inverter. A. Hajah et al. carried out performance analysis of a
grid-connected photovoltaic power plant in two locations in
Kuwait. The analysis showed that the annual capacity factor
and the annual yield factor are lower for Multa compared
to Warfa, although energy cost for both places remains the
same.

Configuration, geometry, and material of reflector are
very important in CSP plants for optical performance
improvement. H. Ma et al. proposed a triangular membrane
facets-based reflector for optical design of solar dish con-
centrator which will achieve 83.63% of radiative collection
efficiency over a 15 cm radius disk located in the focal
plane. Selection of appropriate solar power system is very
crucial for execution and control strategies. A novel extension
decision making method has been proposed for selection of
suitable solar power systems by M.-H. Wang. New strategies
and simulation tools are proposed to design a heliostats
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field in solar power tower plant for estimation of optical
performance.

Hybridization of fossil-fuel-based power plants with solar
energy can improve the reliability and performance of large-
scale solar power generation.The evaluation of solar fraction
in solar-aided coal-fired power plants carried out byR. Zhai et
al. The analysis showed that the solar power station can con-
tribute up to 30MW of electricity for the 600MW coal-fired
station for cost-effective operation. S. Dihrab et al. carried
out performance analysis of hybrid PV-unitized regenerative
fuel cell system in the tropics. Implementation of solar power
system in agricultural sector can attain sustainable energy
supply in rural areas. A. Z. Sahin and S. Rehman investigated
the economic feasibility of solar PV water pumping in Saudi
Arabia and found that the cost of water pumping can vary
between 2 and 3 US cents per m3.

K. S. Reddy
T. K. Mallick

D. Chemisana



Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2013, Article ID 575309, 10 pages
http://dx.doi.org/10.1155/2013/575309

Research Article
A Grid-Connected Multilevel Current Source Inverter and Its
Protection for Grid-Disconnection

Nimrod Vázquez,1,2 Luz del Carmen García,1 Claudia Hernández,1 Eslí Vázquez,3

Héctor López,1 Ilse Cervantes,2 and Juan Iturria4

1 Electronics Engineering Department, Technological Institute of Celaya, 38010 Celaya, GTO, Mexico
2 Applied Mathematics Division, Potosino Institute of Scientific and Technological Research, 78216 San Luis Potosi, SLP, Mexico
3 Engineering Faculty, Veracruz University, 94294 Boca del Rio, VER, Mexico
4CEO, Hawk Diverse Trailers, 38000 Celaya, GTO, Mexico

Correspondence should be addressed to Nimrod Vázquez; n.vazquez@ieee.org

Received 4 November 2012; Revised 7 February 2013; Accepted 23 April 2013

Academic Editor: Tapas Mallick

Copyright © 2013 Nimrod Vázquez et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

Traditionally DC-AC converters are considered with voltage source inverters (VSI); although less studied and discussed, it has
started recently to be used current source inverters (CSI). Another possibility for DC/AC conversion is themultilevel configuration.
This paper shows experimental operation and simulation analysis of a grid-connected multilevel current source inverter (MCSI),
which includes a circuit for equipment safety reasons due to grid disconnections.

1. Introduction

Since fossil fuels are depleting day by day, research has started
to focus ondifferent alternatives in order to fulfill the required
energy around the world. Nowadays, renewable energy is
becoming more important. There exist some applications
of renewable energy which employ hundreds of MW (high
power), and there are also some of those, which uses
hundreds of few W (low power). Applications may also be
classified depending on if they are connected to the grid or
not, and also it is well known as cogeneration and stand-alone
systems.

Grid connected systems deliver the maximum obtainable
power from the photovoltaic (PV) and/or wind system to
the AC mains [1]; since energy supply changes according to
weather conditions, then possible amount of released energy
also changes. Algorithms such as improved perturbation and
observationmethod [2], slidingmode observer technique [3],
and some others [4–8] are employed to seek the maximum
power point (MPP).

For increasing system efficiency, low voltages are used
not only in solar cell arrays [9], but also in some wind
systems. Hence, boosting type converters are required for

these systems. Different topologies which provide current to
the ACmains are shown in Figures 1 and 2, based on VSI and
CSI respectively.

A two-stage topology is illustrated in Figure 1(a): a
DC/DC boost converter and a DC/AC converter [4]. For
increasing input voltage, a DC/DC converter, which allows
interaction to the AC mains, not only is used for constant
output voltage but also is employed in order to perform the
MPP, while inverter stage delivers a sinusoidal current to
the utility line. Converter as illustrated in Figure 1(b) also
includes two stages: multiple isolated DC/DC converters
and a multilevel inverter [9]; first stage is mainly used for
isolation purposes and the second one is used for providing
sinusoidal current to the AC mains. Converter addressed in
Figure 1(c) has also two stages: a DC/DC boost converter and
a nontraditional multilevel inverter [10]; first stage is mainly
used for increasing the input voltage, and the next one is used
to provide sinusoidal current to the AC mains. Some other
schemes are found in the literature [11–14].

Systems, which combine the power from two or more
sources, are normally found in the literature [15–21]. Some
authors [15] have suggested a converter which is able to obtain
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Figure 1: Topologies to inject current to the ac mains based on VSI.
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Figure 2: Topologies to inject current to the ac mains based on CSI.

energy from a PV array and the utility; however, for this
particular case, there is not energy injected to the AC mains.
Some others [16] have proposed a series ofDC/DC converters
connectedwhenmultiple photovoltaic panels are employed, a
single converter for each panel, and also aDC/ACconverter is

taken into account. In [17] has been proposed a system which
considers photovoltaic panels and a wind turbine as main
inputs, the photovoltaic voltage is higher than the output
voltage, and the wind turbine voltage is lower than the output
voltage.



International Journal of Photoenergy 3

Converters based on CSI, which are shown in Figure 2,
are able to handle photovoltaic arrays [22–25], with the aid of
DC/DC converters. Both buck and inverter are used to inject
energy to the AC mains [22] as illustrated in Figure 2(a). For
this topology in particular the input has to have high voltage.
Figure 2(b) illustrates the use of DC/DC boost converter in
order to produce a multilevel output [23]; the CSI is operated
at low frequency, as a polarity inverter.

Somemultilevel CSI, which are not applied to PV systems,
are for general purpose [26, 27].

A comparative performance evaluation for PV system
between VSI and CSI is shown in the literature [25]. Com-
parison is made under short-circuit fault conditions, and
it demonstrates how CSI offers a better solution. However,
grid disconnection is not consider, into account; as it will be
shown next in this paper, this may cause damage in CSI if a
protection circuit is not considered.

This paper discusses about a grid connected CSI of
multilevel type, which combines CSI andmultilevel converter
features. Inverter topology is already found in the literature
[27]; however, it did not consider grid connection. This
converter is simple, and it uses fewer or equal amount of
semiconductors than the multilevel CSI described in the
literature [25–27]. The important part of this proposal is
to include the protection circuit for grid disconnection,
which differs from islanding protection. A CSI under grid
connection must include this type of protection as will be
shown.

The paper is organized as follows: the proposed converter
is addressed in Section 2 it includes not only operation and
waveforms but also implementation details; simulation and
experimental results are discussed in Section 3, and finally
some conclusions are given.

2. Proposed Grid Connected Multilevel
Current Source Inverter

The proposed idea consists of a CSI, but a multilevel type
allows producing an output current with a lower harmonic
content with a relatively low semiconductors switching fre-
quency. This converter injects current to the AC mains in
parallel connection. A circuit for grid disconnection is con-
sidered for safety reasons. This multilevel converter topology
is illustrated in Figure 3.

2.1. Operation of the Converter. For an easy explanation of
how multilevel CSI operates, the input current is considered
constant (large inductors); when switches 𝑆

1
, 𝑆
2
, and 𝑆

3
are

turned on, the rest of switches are turned off; in fact the
control signal of 𝑆

1
is exactly the opposite of 𝑆

𝑎
and the

same for the others switches. In practice there exist a small
overlapping in the control signals 𝑆

1
and 𝑆

𝑎
, this is because

always a current path must be provided to the inductors in
order to avoid the semiconductor damage.

Current generated by the MCSI is shown in Figure 4.
These waveforms are at low frequency, and only the positive
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Figure 3: Proposed grid connected multilevel current source
inverter.
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t1
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Figure 4: Control signals and output current. Top to down: control
signal of 𝑆

1
, control signal of 𝑆

3
, control signal of 𝑆

2
, and output

current.

semicycle is shown in order to illustrate the behavior. Control
signals for switches 𝑆

1
, 𝑆
2
, and 𝑆

3
are also included. According

to this Figure 4, the converter operates as follows:

(1) During 𝑡
0
-𝑡
1
, 𝑆
1
, 𝑆
2
, and 𝑆

3
are turned on, the

equivalent subcircuit is shown in Figure 5(a), then
zero current is injected (also a zero current may be
produced when 𝑆

1
, 𝑆
2
and 𝑆
3
are turned off).

(2) During 𝑡
1
-𝑡
2
, 𝑆
1
ismaintained on, 𝑆

2
and 𝑆
3
are turned

off, the equivalent subcircuit is shown in Figure 5(b),
and then a positive current is delivered.

(3) During 𝑡
2
-𝑡
3
. The same switches state used during

𝑡
0
-𝑡
1
is considered during this stage; then a zero

current output is obtained.
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Table 1: Switching states of the converter.

Output current Switches
𝑆
1

𝑆
2

𝑆
3

Zero 1 1 1
0 0 0

Positive 1 0 0
0 1 0

Double positive 1 1 0

Negative 0 1 1
1 0 1

Double negative 0 0 1
“1” means “on.”
“0” means “off.”

(4) During 𝑡
3
-𝑡
4
, a positive current is injected to the load,

but in this case the other combination is used. 𝑆
2
is

turned on; 𝑆
1
and 𝑆
3
are turned off.

(5) During 𝑡
4
-𝑡
5
, 𝑆
1
and 𝑆

2
are turned on, 𝑆

3
is turned

off, the equivalent subcircuit is shown in Figure 5(c),
and then a double magnitude of positive current is
obtained.

(6) After 𝑡
5
, during the rest of time, the converter opera-

tion is similar to that mentioned previously. In Table 1
summarized the different switching states to produce
the required output current.

2.2. Circuit Protection for Grid Disconnection. An important
part in this proposal is the protection circuit for grid dis-
connection. Elements for this circuit are a couple of diodes
𝐷
1
, 𝐷
𝑎
, a capacitor 𝐶

𝑟
, and a dc/dc buck-boost converter

composed by 𝑆
𝑟
, 𝐿
𝑟
and its diode (Figure 3).

The inverter may be described mathematically as a cur-
rent source when it is connected to the ac mains in parallel;
if grid disconnection occurs, for any circumstance (break
protection, utility failure), an overvoltage will be generated,
which certainly will damage not only the converter but also
the other connected devices to it. For avoiding this situation,
a current path must be provided to the current source, which
prevents any damage to the system.

When grid disconnection occurs, the current of the
inverter will charge the output capacitor, and then diode 𝐷

1

or 𝐷
𝑎
(depending on the AC mains semicycle) is able to

conduce by charging the capacitor 𝐶
𝑟
. Figure 6 illustrates

the subcircuit for the positive semicycle, by the time when
diode 𝐷

1
start to conduce, then the capacitor voltage 𝐶

𝑟

will be increased; once the capacitor voltage increment is
detected, the auxiliary switch (𝑆in) is turned off, and this will
turn off the system; however the inductor is still transferring
remaining energy to the capacitor 𝐶

𝑟
(Figure 6(b)). It should

be noticed that, under normal condition 𝑆in must be turned
on.

Once, system starts to operate normally (after reconnec-
tion and detection of AC mains), the DC/DC buck-boost
converter will recover the stored energy in capacitor𝐶

𝑟
at the

input of the multilevel inverter by delivering energy to the

capacitor 𝐶in, then 𝑆𝑟 will be commuted until the capacitor
reach its steady-state voltage.

2.3. Controlling the System. The proposed power converter
controller is shown in Figure 7. It is composed by a voltage
detector, a PLL, a MPP tracker, and a current controller with
its multilevel modulation technique.

Voltage detector is used in order to realize; if a detected
grid disconnection occurs, during voltage increment, the
switch 𝑆in is turned off, which will assure a proper system
operation. It is important to notice that grid voltage variation
may occurs, because of this not any voltage increment should
be considered as a grid disconnection; according to standard
IEEE 929, a failure must be considered if the AC mains are
10% above its nominal value, which is evaluated as criteria
for establishing that the system have failed.

PLL circuit is used to synchronize the injected current
with the AC mains, this is necessary for delivering only real
power to the AC mains; this means that current must be in
phase with the AC mains.

For guarantymultilevel inverter operation not only PWM
and current controller are used, but also the inductor cur-
rent is balanced. For accomplishing this, switching state
redundancy of the multilevel converter has to be taken into
account; the technique is implemented by alternating both
combinations in steady state and a simple controller, which
is employed in order to regulate the inductor currents due
to current unbalance, caused due to parasitic elements or
disturbances in the system [27].

Waveforms of the PWMmethod employed at the inverter
are shown in Figure 8; both two triangular carriers and a
rectified reference signal are employed. Control signals for
switches are obtained not only by comparing the carriers
with the reference [27] but also by considering the AC
mains semicycle and the information shown in Table 1; it
is important to include the overlapping of switches control
signal in order to assure the inductors current continuity.

2.4. Converter Gain. For carrying the analysis out, it is con-
sidered not only an averaged method but also that switching
frequency is higher than the output voltage frequency. Then,
the multilevel CSI is obtained as follows:

𝐼op = (𝑛 − 1)𝑀𝐼𝐿, (1)

where 𝐼op is the amplitude of the average output current; 𝐼
𝐿
is

the inductor current;𝑀 is the modulation index; and 𝑛 is the
inverter output level.

By neglecting losses, we are able to make equal the input
power and output power as follows:

𝑃in = 𝑃𝑜,

(𝑛 − 1) 𝐼
𝐿
𝑉in =
𝑉op𝐼op

2
,

(2)
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Figure 5: Subcircuits of the proposed multilevel CSI. (a) Subcircuit for zero current. (b) Subcircuit for positive current. (c) Subcircuit for
double positive current.
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Figure 6: Subcircuit when the protection circuit is operating for positive semicycle.

where 𝑃
𝑜
is the output power, 𝑃in is the input power,𝑉in is the

input voltage, 𝑉op is the peak of the output voltage.
Expressions (1) and (2) lead us to

𝑉op

𝑉in
=
2

𝑀
. (3)

Voltage graph and current gain are shown in Figure 9,
with 𝑛 = 3; for a three-level inverter, it should be noticed
that with𝑀 = 1 the current and voltage gain is equal to two

in both; this means that the inductors current contribution is
optimal, but the boosting function is lower. This graph also
shows the CSI boosting capability, which is not found in the
VSI; actually it is a bucking system, essential feature in PV
applications.

2.5. Passive Elements Design. For having good converter
operation the DC link inductor (L) must be large, this
guaranties a low harmonic distortion at the output. Let us
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consider that the inductor keeps energy stored, and the
required time to be discharged L (just in case of an input
voltage failure occurs) may be obtained according to

𝐿 =
2 (𝑃
𝑜
/2) Δ
𝑡

𝐼
2

𝐿

, (4)

where Δ
𝑡
is the discharging time.

Considering next values: 𝑃
𝑜
= 100W, 𝐼

𝐿
= 500mA and

Δ
𝑡
= 1ms is obtained 𝐿 = 400mH, which allows a small

current ripple at the input current in each inductor.

The output current filter may easily be designed by
choosing both a desired filter corner frequency and a small
inductor value (one freedom degree). Once this established,
the output capacitor may be estimated by

𝐶
𝑜
=
1

𝐿
𝑜
(2𝜋𝑓
𝑐
)
2
, (5)

where 𝐿
𝑜
is the output inductor, which is chosen to be small;

𝑓
𝑐
is the corner frequency of the filter.
Considering 𝑓

𝑐
= 5KHz, 𝐿

𝑜
= 500 𝜇H is obtained 𝐶

𝑜
=

2 𝜇F.
For preventing grid disconnection, the capacitor 𝐶

𝑟
must

be designed and take a special value, which is chosen in order
to guaranty the maximum energy stored by the inductors.
However, it is important to set a limit to the capacitor voltage,
which will avoid any damage not only to semiconductor but
also to devices connected with the inverter. Capacitor may be
calculated by:

𝐶
𝑟
=
2𝑃
𝑜
Δ
𝑡

𝑉2
𝑐
− 𝑉2
𝑐
𝑜

, (6)

where 𝑉
𝑐
is maximum capacitor voltage, 𝑉

𝑐
𝑜

is the initial
capacitor voltage.

Considering next values: 𝑉
𝑐
= 115V, 𝑉

𝑐
𝑜

= 85V, 𝑃
𝑜
=

100W, and Δ
𝑡
= 1ms, the obtained capacitor is 𝐶

𝑟
= 33 𝜇F.

When grid disconnection occurs, 𝐶
𝑟
value establishes

the detection delay, which has to have a minimum time of
1ms, according to design procedure with (6).While capacitor
voltage is used for detecting this failure; notice that not only
the detection delay changes but also the energy delivered by
the CSI is variable due to the MPP of the PV.

CSI energy is delivered to the capacitor 𝐶
𝑟
, at the grid

disconnection. If PV (energy source) is not disconnected
then its delivered energy to this capacitor, would increase
its voltage until its destruction, because of this reason, it is
important to turn off the switch 𝑆in at the grid disconnection.
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Figure 11: Operation of the system under a grid disconnection
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2A/div), filtered current (𝐼
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, 2 A/div), and Inverter output voltage

(𝑉
𝐶
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, 1000V/div).

3. Simulation and Experimental Results

The functionality of the system was not only mathematically
simulated but also an experimental prototype was built, so
that the proposed idea was validated.

Numerical simulations, shown through Figures 10 to
12, were made at 600Hz with an inductor of 40mH due
to the simulator time response. Figure 10 shows not only
the inductors currents but also the output current with a
modulation index of 0.82, it should be noticed that they are
well balanced.

System performance under grid disconnection without
the circuit protection is illustrated in Figure 11, where output
current, filtered current and the capacitor 𝐶

𝑜
voltage are

shown. It is easily seen that, when the AC mains is discon-
nected, the capacitor voltage increases higher than 1000V,
this would certainly causes damage to any circuit; therefore
it is necessary the circuit protection.
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Figure 12: Operation of the system under a grid disconnection
with the protection circuit. Top to bottom: output current (𝐼

𝑜
,

2 A/div), Filtered current (𝐼
𝑠
, 2 A/div), and inverter output voltage

(𝑉
𝐶
𝑜

, 100V/div).

Without protection for the grid disconnection, CSI
energy is delivered to the output capacitor 𝐶

𝑜
, and then the

capacitor increases its voltage until its destruction, as shown
in Figure 10. Capacitor voltage reaches more than 1000V in
less time that a half semicycle of the AC mains.

It is also noticed that after failure, current is distorted and
voltage is out of phase with respect to current; while current
has zero value at certain times, the output capacitor voltage
remains flat at this condition; however, this evolution in a
the experimental prototype will not happen, because inverter
damage occurs first.

A test for the system was carried out under grid dis-
connection, where the protection circuit was included, as it
is shown in Figure 12. The output voltage for capacitor 𝐶

𝑜

increases when the grid is disconnected, until then diode
𝐷
1
starts to conduce, after the system shutdown is made.

The Figure shows output voltage, output current, and filtered
current and capacitor 𝐶

𝑜
voltage. It is clearly seen that the

proposed scheme effectively avoids the system failure under
a grid disconnection.

Figures 13–16 show experimental results: some of them
are in steady-state, but some other were made to illustrated
the operation of system under transitory. Input inductors
are of 400mH and switching devices are IRG4PC40. Steady
state operations for the inverter control signals are shown in
Figure 13; the sinusoidal reference with a higher frequency
clearly illustrates the PWM operation and the control signals
of 𝑆
𝑎
, 𝑆
𝑏
, and 𝑆

𝑐
of the multilevel inverter.

Some other waveforms for the converter at steady state
are shown in Figure 14, which are related to the output.
Two control signals, the output current and the sinusoidal
reference, generate a multilevel output current. The current
THD obtained in this test is lower than 5%, actually in order
to be precise is 2.7%.

Experimental results under changing conditions are illus-
trated in Figures 15 and 16. PV panel power variations are
illustrated in Figure 15, where the two evaluated conditions
are shown in Table 2. This test was made under the same
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1
and 𝑆

3
, respectively, (5 V/div each), output current

(2 A/div), sinusoidal reference (2V/div). Time 4ms/div.

irradiance condition; five or four PV panels are connected in
series for each case; indeed one panel of the five is in short
circuit to have four panels in operation. AC mains voltage,
output current, sinusoidal reference and PV panel voltage
are also shown. It is easily seen that delivered power to the
AC mains changes according to power variation of the PV
panel.

System operation under grid disconnection is illustrated
in Figure 16; the capacitor 𝐶

𝑜
voltage, the filtered output

current, the capacitor𝐶
𝑟
voltage and the control signal which

detects the grid disconnection (overvoltage for this capacitor)
are included. It should be noticed that during AC mains
disconnection not only the voltage of 𝐶

𝑟
increases, but also

Table 2: Conditions of the PV panel.

First condition Second condition
𝑉mp = 60V 𝑉mp = 80V
𝑉oc = 75V 𝑉oc = 100V
𝐼mp = 0.5A 𝐼mp = 0.5A
𝐼sc = 0.7A 𝐼sc = 0.7A

the output voltage suddenly reaches the AC mains voltage
peak due to the conduction of diode𝐷

1
and connection with

the capacitor 𝐶
𝑟
. When voltage for the capacitor 𝐶

𝑟
reaches

the established value to determine grid disconnection, the
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reference (2V/div), PV panel voltage (50V/div). Time 100ms/div.
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Figure 16: Operation of the system under grid disconnection. Top to down: Capacitor 𝐶
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voltage (100V/div), Output current (1 A/div), grid

disconnection detector by using overvoltage detector (5V/div), and Capacitor voltage 𝐶
𝑟
(100V/div). Time 20ms/div.

detector defines when the switch 𝑆in is turned off; however,
the capacitor 𝐶

𝑟
will increase its voltage until the input

inductors 𝐿
1
and 𝐿

2
are completely discharged. Protection

circuit operates the system safely.

4. Conclusions

This paper presents a grid-connected multilevel current
source inverter. It is proposed not only to operate under low
PV panel voltage, due to the boosting capability of the CSI
topology employed, but also a low THD at low switching
frequency is obtained due to the multilevel operation.

The proposed converter considers a grid disconnec-
tion circuit for security reasons. When considering current
sources, disconnection may damage not only some circuits
connected to it but also the whole system; therefore it is
necessary to include a method for alleviating this issue.

Operation, analysis, and implementation were exposed,
and finally simulation and experimental results were dis-
cussed.
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A heliostats field is an array of mirrors concentrating the solar power on a receiver, typically placed on a tower. Our research
experience in the optical design of heliostats fields for Concentrating Solar Power plants suggested using apposite simulation
procedures, which were especially developed to simplify the reproduction of heliostats fields and to support in the analysis of the
tower plant performances. Our most practically useful simulation tools are presented in this paper with exemplificative application
results. The proposed strategies are addressed to solve specific problems and to evidence particularly crucial features. The main
program facilitates the heliostats field analysis, exploiting the integration between our software code and Zemax. A side program
permits to assess effects of seasonal and daily variations of solar irradiation. Another dedicated side code simplifies the selection of
a Compound Parabolic Concentrator as secondary optics.

1. Introduction

The paper proposes new simulation tools especially studied
by our research group to facilitate the optical design of
heliostats fields, which are typically employed in thermody-
namic tower plants. Heliostats tower systems are Concen-
trating Solar Power (CSP) installations with principal com-
ponents a heliostats field and a tower receiver. A heliostats
field is an array of mirrors concentrating the solar power on a
receiver, typically placed on a tower. The experience of our
research group in the optical design of heliostats fields for
CSP plants suggested developing specific software programs
that can be used as assisting tools to facilitate the simulation
of a multimirror field. This paper discusses applications and
capabilities of our most practically useful tools. Their main
purposes are to simplify the optical design of multimirror
arrays and to support in the analysis of the solar plant per-
formances.

Considering the optical point of view, for planning and
simulating amultimirror plant it is necessary to use an optical
design software package because it takes into account not only
the interaction between luminous radiation and surfaces, the
effects due to the whole solar spectrum, but also the effects

due to solar divergence that in this case are significant because
of the large distances involved.The software codes developed
for our optical analyses offer the possibility to perform
detailed and extensive investigations entailing specialised
simulation programs. Unfortunately the case of tower plants
involves an elevated amount of system components, so the
manual insertion of all mirrors parameters can cause errors,
and it is typically very tedious and time-consuming.

Some software codes, especially dedicated to the optical
design of heliostat fields, were elaborated by other research
groups for specific requirements, obtaining very promising
results [1–4]. Two examples of these codes are described in
Erminia Leonardi’s publications [1, 2]. Besides, our Euro-
pean colleagues of the PROMES group, within the French
CNRS, developed a software, denominated SOLFAST 4D [3].
The Laboratory “PROcédés, Matériaux et Energie Solaire”
(PROMES) is a Research Unity of the CNRS (Centre National
de la Recherche Scientifique) located at Font Romeu Odeillo,
France.

Our research group preferred to use commercial optical
design packages for being able to exploit all the potentialities
of these software programs. The utilization of optical design
software improves the simulation procedure versatility. The
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advantage is that the solar field, with its components, is
seen as an element to be designed, whose development can
utilize all the potentialities of these software packages, like
automatic optimization and radiometric calculations. This
strategy allowed us to obtain results with elevated graphic
characteristics, high precision, and high reliability.

The aim of the proposed work was to simplify the analysis
of the heliostats field behaviour, exploiting the possibility of
interfacing optical design codes with programming systems,
like Octave. Our integrated simulation tools were created
for guiding the system analysis from the optical point of
view, for managing the large data amount, and for extracting
the essential parameters, with a particular attention to the
quantities that are critical for the examined heliostats field.

The next sections propose three of our simulation tools:
Simulation Tool 1 (ST 1) performs the optical design of a
heliostats field; Simulation Tool 2 (ST 2) evaluates the power
collected by the tower plant; Simulation Tool 3 (ST 3) exam-
ines a polar conical surface as secondary optics.

An accurate design (ST 1) of the multimirror field
involves various aspects, but it is essential for being capable of
correctly assessing the power collected on the tower receiver
by the heliostats (ST 2). Several features are important for
our optical studies: first of all, the mirrors disposition must
be defined to optimise the concentration of the light on
the target (ST 1). Beyond the receiver covering, there are
other relevant aspects, like the study of seasonal and daily
variations of solar irradiation (ST 2) on the tested CSP
field, the shape and aperture of a possible CPC (Compound
Parabolic Concentrator) receiver (ST 3), and the possibility to
assess vignetting effects on the mirrors (ST 1).

The study of the interactions among solar rays, mirrors,
and target is usually performed with the assistance of Zemax
optical design software. The employment of this software
package is justified owing to its capacity to manage and
analyse a huge number of luminous rays, along with its
possibility to generate irradiance maps (light distribution in
W/m2 unities) in predefined positions. The main application
of the irradiance maps study is to analyse the behaviour of
the radiation in proximity of the critical zones (ST 1): inside
the target (a test surface placed in significant positions),
within the furnace (the real receiving structure), and on the
heliostats field. However the analysis of irradiance maps can
also be useful to introduce potentialmodifications on theCSP
plant geometry (ST 1). In practice, during the initial design
phase, when the heliostats array geometry is defined, it is
necessary to have the maximum freedom in the designation
of the variables, taking into account that geometrical shape,
azimuth, and elevation values must be identified for every
mirror position. It is therefore essential to simplify the data
insertion inside the software code (ST 1), which should not
be manually done because the multimirror field can include
up to thousands of collectors.

2. Simulation Tool_1: Optical Design of
a Heliostats Field

Simulation tool 1 (ST 1) represents the main proposed code,
and it was created with the aim of facilitating the insertion

of all the data pertaining to the multimirror tower plant,
for being simulated in the optical design software package.
We developed a software program, in Octave type language,
which staring from the description of the CSP field is capable
of interacting with Zemax to obtain an analysis of the beam
distribution on the target.

Its application can be summarized as follows: ST 1 pre-
pares a file containing all the geometrical parameters of the
mirrors and their positioning on the field; successively the
file could be read by a Zemax macroinstruction that will
automatically import all the optical components.

In practice the program accepts the following inputs:

(i) geometrical position of the target;
(ii) azimuth and elevation of the sun;
(iii) positions of all mirrors composing the heliostat field,

taken from a text format file;
(iv) in alternation to the previous point it is possible to

prepare a field with predefined dimensions, as an𝑁×

𝑀 heliostats matrix, oriented at a defined angle with
respect to the tower.

The following parameters are determined for every mir-
ror:

(i) 𝑥, 𝑧, and 𝑦 coordinates with respect to the tower,
which is identified as axes origin;

(ii) curvature radius as a function of furnace entrance
position;

(iii) local azimuth and elevation of everymirror to deviate
the solar rays on the furnace in dependence of sun’s
azimuth and elevation;

(iv) besides it is possible to insert an “angular noise” on the
mirror position in order to simulate a tracking error.

The data contained in the matrix of 𝑁 × 𝑀 mirrors are
transferred in automatic modality, and a Zemax program
supplies the following results:

(i) irradiance map on a suitable target plane;
(ii) map of the solar irradiance on the plane located

under the heliostats, to evaluate the influence of the
tower shadow and of the relative mirrors shadows
(vignetting effects).

In particular it is useful to remember that every pro-
gramme that uses ray-tracing techniques automatically takes
into account the cosine effect on the mirrors. This means that
the software code considers the mutual shadows between the
heliostats rows and the consequent effect of sunlight block
that a heliostats line can cause on the next mirrors row. The
results of the calculation are therefore very precise, and they
can successfully simulate the real plant conditions.

Exemplificative results of the optical simulation of a
multimirror tower plant are presented in Figures 1–3. Each
heliostats plant simulation is obtained inserting in Zemax
the data pertaining to the position of mirrors, through the
Octave interface of ST 1. Then the Zemax software package
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Figure 1: A 3D rendering of a multimirror tower plant.
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Figure 2: Scheme of a heliostats field of beam-down type, evidencing the rays reflected by the secondary hyperbolic mirror.
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Figure 3: Example of a target irradiance map on a heliostat field.

can provide a 3D rendering of the solar plant, like Figure 1, a
heliostats field scheme, like Figure 2, and irradiations maps,
like the example shown in Figure 3. In the side view of
Figure 2 the heliostats appear as dark quadrangles (often
superimposed) in a bottom line, while the secondary optics
is clearly visible at figure centre. The target irradiation map
(in W/m2) in Figure 3 presents the distribution over the

tower target of the light concentrated by the array of mirrors
composing the CSP plant.

In addition to the optical design of a multimirror field,
which is the principal function of ST 1, our main code allows
additional functions: the first quantifies the effects of angular
noise, while the second examines mutual shadows between
mirrors.

In order to obtain amore realistic simulation of the actual
practical realisation of the solar field, our program ST 1 allows
the insertion of an “angular noise.” In particular, a Gaussian
angular noise can be introduced on every mirror to simulate
the effect of random disturbances on the position of the
collectors. The application of a Gaussian angular noise on the
heliostats orientation consists in adding this angular noise to
the azimuth and elevation values of each mirror.

These errors are actually due to several different causes,
like the imperfect positioning of a realmirror, tracking errors,
wind effects, and so forth. The code of ST 1 permits to set
the variance value of the Gaussian noise, in order to analyse
how much an incorrect orientation of the mirrors affects the
illumination on the target. An example of application of the
Gaussian angular noise on the mirror orientations is numeri-
cally reported in Table 1 and graphically visualized in Figures
4 and 5. In particular Figure 4 presents the Gaussian angular
noise, corresponding to the angular deviation of mirrors
orientation, for a Gaussian distribution with variance 0.011.
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Table 1: Mirror angular noise, as a function of the Gaussian noise
variance, and effect on the furnace illumination.

Variance of the Gaussian
angular noise

FWHM noise
on the mirrors

FWHM error
on the furnace

0.00625 ±0,093∘ ±0,186∘

0.011 ±0,123∘ ±0,247∘

0.0125 ±0,132∘ ±0,263∘

0.025 ±0,186∘ ±0,372∘

0.05 ±0,263∘ ±0,527∘
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Figure 4: Angular deviation of mirrors orientation for a Gaussian
distribution with variance 0.011.

Then Figure 5 illustrates the effect of the Gaussian angular
noise on the perfect target image shown in Figure 3.

Table 1 presents the noise of mirror orientation and the
consequent error on the target for different values of variance
of the Gaussian angular noise. Columns 2 and 3 report
the FWHM (full width at half maximum) of the angular
deviation, in aGaussian distribution statistic. Column2 refers
to the angular deviation on the mirrors orientation (azimuth
and elevation), while Column 3 reports the angular deviation
of the ray impinging on the furnace target. Because of the
specular reflection, the values in Column 3 (target angular
error) are double than those in Column 2 (mirror angular
noise).

These design considerations can be practically advan-
tageous, since they give indications about the robustness
or sensitivity of our optical design with respect to angular
variations.

The possible shadows between mirror rows, causing
vignetting effects, are easily observable using a function that
is available in the ST 1 code. A detector, located under
the heliostats plane and having the same dimension of
the multimirror field, visualises the shadows that the sun
generates between the collectors rings. Figure 6 presents
an example of visualisation of this vignetting effect. If the
image presents superimposed shadows, it is evident that the
solar rays cannot completely illuminate all mirrors, therefore
generating even significant reductions of the plant perform-
ances. For a correct optical design of the solar plant the
vignetting effect simulation should be repeated for various
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3281.82

2871.59

2461.36

1640.91

1230.68

820.45

0.00

410.23

2051.14

Figure 5: The target irradiance map of Figure 3 with the effect of a
Gaussian angular noise.

Figure 6: Example of the shadows of mirrors and tower in a circular
field.

hours of the day, in order to optimise the multimirror array
design for the whole working period.

3. Simulation Tool_2: Evaluation of
the Power Collected by the Field

Another fundamental aspect in the analysis of heliostats
plants is the capacity of the CSP field to collect solar
energy. A dedicated program, indicated as Simulation Tool 2
(ST 2), was developed for examining this multimirror field
characteristic.This program, starting from the heliostats field
geometry, calculates the solar power on each mirror com-
posing the solar field. ST 2 code permits to precisely evaluate
the quantity of energy collected by the tower plant during the
day and for each single day of the year. Conversely to ST 1,
ST 2 does not require the use of Zemax, and it is faster than
ST 1 in the calculation of the results.
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Figure 7: A 3D view of the power 𝑃 collected by each mirror (3m2)
in the solar field.

This type of evaluation (ST 2) is of extreme importance
in the phase of optical design of a heliostats field, because
it allows verifying performances and efficiency levels of the
solar plant as a function ofmirrors field geometry and furnace
position.

The solar irradiance data 𝐼
𝑠
must be introduced as input

data in Simulation Tool 2. However ST 2 includes an alter-
native automatic modality for the intensity calculation, as a
function of the angle of sun’s elevation, considering the effect
of the air mass interposed between sun and heliostats. But the
sunlight attenuation also depends on other parameters that
are not easily predictable like water vapour content, aerosol,
and pollution, which must be related with plant location,
season, and atmospheric conditions [5]. Since it is impossible
to take precisely into account all these aspects, we chose a
simplifiedmodel that introduces an empirical coefficient𝑄 =

1.1 to take into account also the diffused component [6, 7],
and the solar irradiance 𝐼

𝑠
can be estimated as

𝐼
𝑠
= 𝑄 × 𝐼

0
× 0.7
(𝐴𝑀
0.678

)
. (1)

𝐼
0
= 1.353 kW/m2 represents the solar irradiance outside the

Earth atmosphere, and 𝐴𝑀 is the Air Mass coefficient [8].
Considering that the field of heliostats reflects on the target
only the direct radiation, the value of 𝑄 must necessarily be
set to 1:

𝐴𝑀 =
1

cos 𝑧 + 0.50572 ⋅ (96.07995 − 𝑧)
−1.6364

, (2)

where 𝑧 represents the angle that the sun forms with the
zenith (zenith angle).

The solar irradiance value 𝐼
𝑟
reflected towards the tower

by the single mirror is determined by the following equation:

𝐼
𝑟
= S ⋅ U ⋅ 𝐼

𝑆
⋅ 𝑅 ⋅ 𝐴

𝑠𝑝
,

S = [𝑆
𝑥
𝑆
𝑦
𝑆
𝑧
] ,

U = [𝑈
𝑥
𝑈
𝑦
𝑈
𝑧
] ,

(3)

where 𝑆
𝑥
, 𝑆
𝑦
, and 𝑆

𝑧
represent the unit vectors of the solar ray

and 𝑈
𝑥
, 𝑈
𝑦
, and 𝑈

𝑧
represent the unit vectors of the mirror
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Figure 8: Total power reflected by themirrors field at different hours
of the day.

normal axis. Finally 𝑅 and 𝐴
𝑠𝑝
are reflectance and heliostat

surface, respectively.
The main advantage of the application of ST 2 is to facil-

itate the definition of the initial geometry for the heliostats
array and to permit the assessment of daily and seasonal
fluctuations of collected power.

Examples of two types of results that can be obtained are
presented in Figures 7 and 8. Figure 7 reports a 3D view of the
power 𝑃 collected by each mirror in the solar field, where the
area of every mirror is 3m2. Figure 8 presents the total power
𝑃𝑡 reflected by the mirrors field toward the target at different
hours of the day.

Besides it is possible to visualise the received solar power
behaviour in a movie format.

4. Simulation Tool_3: Polar Conical Surface as
Secondary Optics

The last software tool proposed in this paper refers to the
utilisation of a secondary optics in the furnace: in particular
Simulation Tool 3 (ST 3) allows introducing a polar conical
surface as secondary optics of the collection system.

The angular aperture 𝜃 of a possible secondary con-
centrator must be defined considering the position of all
mirrors composing the solar tower plant. Consequently the
value of 𝜃 affects the geometry of the multimirror field, and,
conversely, the plant geometry affects the angular aperture
of the secondary optics. A frequently employed secondary
optics is the Compound Parabolic Concentrator (CPC).

ST 3 program allows simulating the field of view 𝜃 of a
CPC to simplify the operations of optical design of heliostats
fields. In this case the concentrator is no more considered as
a receiver, but as a luminous source that projects a luminous
cone on the ground. The interception between the cone and
the ground defines the limitations that should contain the
mirrors of the heliostats array.

Figure 9 presents an example of a calculation for a CPC
placed at a height (h) of 25m, at a horizontal coordinate
(dist) of 20m, with an inclination angle (Alfa) of 51.3∘ (of
the cone axis with respect to the ground). The tower is
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located in position (20m; 0) of the chosen coordinates. Every
possible CPC aperture corresponds to a curve on the plot of
Figure 9. The range for the total angular aperture 𝜃 of the
CPC is between 70 degrees (±35∘) and 90 degrees (±45∘). The
aperture of theCompound Parabolic Concentrator, selected as
secondary optics, must be chosen in order that the mirrors of
the solar plant are contained inside the corresponding area.

5. Conclusion

Other research groups chose to construct a software program
dedicated to the optical design of heliostats fields, obtaining
very good results. Our research group preferred to use
commercial optical design packages for being able to exploit
all the potentialities of these software programs.This strategy
allowed us to utilise optimisation processes and radiometric
calculations, finally obtaining results with elevated precision,
advanced graphic characteristics, and high reliability.

The proposed simulation instruments are practically use-
ful for developing optical designs of heliostats tower plants.
Being derived from our experience in the research on solar
plant design, they are addressed to solve specific problems
and to evidence particularly crucial features. This paper
presented the most advantageous tools, among our simula-
tion programs for heliostats field design, and their practical
applications were discussed showing examples of results.

The main code ST 1 performs several functions: it pro-
vides a rapid and easy-to-manage optical design of a heliostats
field; it gives the irradiance map on a target of the heliostats
field; it estimates the effect of a Gaussian angular noise
on the heliostats positions; it assesses the possible shadows
(vignetting effect) between mirror rows. The aim of ST 1
code is to facilitate the heliostats field analysis, exploiting
the integration between our simulation code and ray-tracing
software packages (Zemax). It simplifies optical design and
ray-tracing simulation of the multimirror array, representing
the key component of every thermodynamic tower plant.
The heliostats field should be precisely shaped, placed, and

oriented to concentrate the sunlight on the tower receiver.
The collection performances of the solar plant should be
examined considering the solar variations during the day and
during the year, finally selecting the optimal configuration.

The two side programs are more specific: ST 2 evaluates
the power collected by the heliostats field; ST 3, using a
polar conical surface (a CPC) as secondary optics, selects
the CPC aperture. The side-program ST 2 permits to assess
effects of seasonal and daily variations of solar irradiation.
The dedicated side-code ST 3 simplifies the selection of a
Compound Parabolic Concentrator (CPC) as secondary optics
of the furnace.

Our simulation tools and optical design strategies were
developed for the application to a precise thermodynamic
tower plant simulation, which we can consider as reference
case for our studies. In our reference heliostat field, the study
of interactions between solar rays, mirrors, and target was
carried out employingZemax as optical design software pack-
age. The utilization of this simulation program is justified on
the base of its capacity to analyse a great amount of luminous
rays and its possibility to use these characteristics for simulat-
ing irradiance maps in proximity of the critical zones: in the
test target, within the furnace and on the heliostats plant.

In order to simplify the analysis of the solar plant features,
we exploited the possibility of interfacing our optical design
packages with codes inOctave style.These integrated simula-
tion tools were developed for guiding the optical system anal-
ysis, for managing the large data amount, and for extracting
the major and crucial parameters of the multimirror field.

Nomenclature

𝐴𝑙𝑓𝑎 : CPC inclination angle (between cone axis
and ground)

𝐴𝑀: Air mass coefficient
𝐴
𝑠𝑝
: Heliostat surface

CPC: Compound parabolic concentrator
CSP: Concentrating solar power
𝑑𝑖𝑠𝑡: Horizontal coordinate at which the CPC is

placed
ℎ: Height at which the CPC is placed
𝐼
0
: Solar irradiance outside the Earth

atmosphere
𝐼
𝑟
: Solar irradiance reflected towards the

tower by the single mirror
𝐼
𝑠
: Solar irradiance

𝑁 ×𝑀: Heliostats matrix
𝑂𝑐𝑡𝑎V𝑒: High-level programming language for

numerical computations
𝑃: Power collected by each mirror in the

solar field
𝑃𝑡: Total power reflected by the mirrors field

toward the target
𝑄: Empirical coefficient to take into account

also the diffused component
𝑅: Reflectance
𝑆𝑇 1: 𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑇𝑜𝑜𝑙 1

𝑆𝑇 2: 𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑇𝑜𝑜𝑙 2

𝑆𝑇 3: 𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑇𝑜𝑜𝑙 3
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𝑆
𝑥
, 𝑆
𝑦
, 𝑆
𝑧
: Unit vectors of the solar ray

𝑈
𝑥
, 𝑈
𝑦
, 𝑈
𝑧
: Unit vectors of the mirror normal axis

𝑥, 𝑧, 𝑦: Coordinates with respect to the tower
(origin)

𝑧: Angle that the sun forms with the zenith
(zenith angle).

Zemax: Optical design software by ray tracing
𝜃: Field of view or total angular aperture of

the CPC (as secondary collector).
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A polysulfide liquid electrolyte is developed for the application in CdSe quantum dot-sensitized solar cells (QDSSCs). A solvent
consisting of ethanol and water in the ratio of 8 : 2 by volume has been found as the optimum solvent for preparing the liquid
electrolytes. This solvent ratio appears to give higher cell efficiency compared to pure ethanol or water as a solvent. Na

2
S and S give

rise to a good redox couple in the electrolyte for QDSSC operation, and the optimum concentrations required are 0.5M and 0.1M,
respectively. Addition of guanidine thiocyanate (GuSCN) to the electrolyte further enhances the performance. The QDSSC with
CdSe sensitized electrode prepared using 7 cycles of successive ionic layer adsorption and reaction (SILAR) produces an efficiency
of 1.41% with a fill factor of 44% on using a polysulfide electrolyte of 0.5MNa

2
S, 0.1M S, and 0.05MGuSCN in ethanol/water (8 : 2

by volume) under the illumination of 100mW/cm2 white light. Inclusion of small amount of TiO
2
nanoparticles into the electrolyte

helps to stabilize the polysulfide electrolyte and thereby improve the stability of the CdSe QDSSC.The CdSe QDs are also found to
be stable in the optimized polysulfide liquid electrolyte.

1. Introduction

Dye-sensitized solar cells (DSSCs) have been the focus of
research in recent decade due to their low cost and ease
of fabrication [1, 2]. Recently quantum dot-sensitized solar
cells (QDSSCs) are emerging as an alternative to DSSCs to
overcome the stability issues of the latter. A QDSSC uses
a semiconductor quantum dot (QD) as the light absorber
instead of the usual inorganic dyes [3–5]. QDSSCs are being
investigated as promising low-cost solar cells as they offer
more advantages compared to DSSCs. Notable advantages of
QDs include easy preparation, tunable band gap energy, high
extinction coefficient, andmultiple exciton generation [6–10].
Among the semiconductorQDchoices, CdS andCdSe are the
widely used QDs in QDSSCs.

For the operation of aDSSC orQDSSC, a good electrolyte
with a redoxmediator is required.The redoxmediator regen-
erates the oxidized sensitizer by donating an electron. Unfor-
tunately, there are not many electrolyte/redox mediator
systems which can function in both DSSCs and QDSSCs.
DSSCs work best with iodide-based electrolyte systems [11].
However, in QDSSCs, iodide-based electrolytes produce very

poor results [12–15]. Nevertheless, with appropriate coating
on the QDs surface, a good efficiency result can be obtained
with I−/I

3

− redox electrolyte as shown by Shalom et al. [14].
Therefore, the electrolyte chosen has played a major role
in determining the QDSSCs’ performance [15]. In general,
polysulfide electrolytes have been used by many researchers
as an electrolyte of choice for QDSSCs [16, 17]. An optimized
polysulfide electrolyte system has been reported for use in
CdS QDSSCs by Lee and Chang [18]. We have used the
same polysulfide electrolyte in a QDSSC based on CdSe QD
prepared using 6 cycles of successive ionic layer adsorption
and reaction (SILAR), and the cell showed a very low
efficiency of 0.65%. There are many different polysulfide
compositions reported in the literature which give reasonable
efficiencies for CdSe QDSSCs [16, 19–21]. The compositions
reported range from pure aqueous solutions to solutions
containing various amounts of KCl, NaOH, or KOH as
additives. Lee et al. reported an efficiency of 2.9% in a CdSe
QDSSC by using an electrolyte consisting of Na

2
S, S and

KCl in water/methanol mixture [16]. Meanwhile, Diguna
et al. obtained an efficiency of 2.7% with just Na

2
S and S

in the liquid electrolyte [19]. However, a lower efficiency of
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1.83% has been reported with an electrolyte composition of
Na
2
S, S, and NaOH [20]. A somewhat lower efficiency was

obtained by Salant et al. with an electrolyte composition
of Na

2
S, S, and KOH [21]. The different conversion energy

efficiencies ranging from 1.50% to about 3.00% reported
by the above researchers may have arisen due to different
QDSSC system involved such as variation in the electrolytes
used, the way the QDs were prepared, and the surface treat-
ment of the photoanode. The discrepancies in the results
reported motivated us to undertake a systematic study to
find a suitable polysulfide-based electrolyte system that can
result in optimum performance in CdSe-based QDSSCs.

In this study, we have fabricated a standard CdSe QDSSC
with platinum as the counter electrode. CdSe QD-sensitized
electrode was prepared using SILAR method. The thickness
of TiO

2
layer was kept constant in all QDSSCswith no surface

treatment. Various compositions of polysulfide liquid elec-
trolyte were prepared and then tested in theQDSSCs to deter-
mine the optimum performing electrolyte. The performance
of the QDSSC with the optimized polysulfide electrolyte was
then evaluated over two hours to assess the stability of the
cell. To the authors’ best knowledge, there is no report in the
literature on the optimization of polysulfide electrolyte for use
in CdSe QDSSC prepared from SILAR method. Hence, the
outcome of this study may lead to a basic electrolyte of the
polysulfide system for application in CdSe QDSSCs.

2. Experimental

2.1. Materials. Titanium dioxide (TiO
2
) paste (18NR) was

purchased from JGC C&C, Japan. Platinum catalyst solution
(Plastisol) and fluorine-doped tin oxide (FTO) conducting
glass (8Ω/sq sheet resistance) were obtained from Solaronix,
Switzerland. Compact layer solution, diisopropoxy titanium
bis(acetylacetonate) was procured from Sigma-Aldrich and
diluted with ethanol to obtain a 0.38M solution. Cadmi-
um nitrate tetrahydrate, selenium dioxide, sodium boro-
hydride, potassium chloride, sulfur, guanidine thiocyanate
(GuSCN), and TiO

2
nanoparticles powder were all procured

from Sigma-Aldrich, while sodium sulfide nonahydrate was
obtained from Bendosen, Germany.

2.2. Preparation of TiO
2
Film Photoanodes and Counter Elec-

trodes. FTO conducting glasses were used as substrates
for both working and counter electrodes. For the working
electrode or photoanode, a compact layer of TiO

2
was first

prepared by spin coating diisopropoxy titanium bis(acetyl-
acetonate) solution on the substrate surface. Spin coating was
performed at 3000 rpm for 10 seconds. Then the solution
coated FTO glass was sintered at 450∘C for 30 minutes. The
acquired TiO

2
compact layer will improve the adhesion of

TiO
2
to the substrate and at the same time provide a larger

TiO
2
/FTO contact area ratio.The compact layer also prevents

the electron recombination in the solar cell by minimizing
the contact between the redox electrolyte and the conductive
FTO surface [22]. TiO

2
paste was subsequently deposited on

top of the compact layer using doctor-blade method. The
newly deposited layer was sintered at 450∘C for 30 minutes
in order to remove any organic residues and moisture as well

as to obtain amesoporous TiO
2
layer.The SEM image showed

that mesoporous TiO
2
layer has a thickness of about 5𝜇m.

Counter electrodes were prepared by spin coating a thin
layer of Plastisol solution on FTO conducting surfaces. The
electrodes were then sintered at 450∘C for 30 minutes.

2.3. Fabrication of CdSe QD-Sensitized Electrodes. CdSe QDs
were prepared using the SILAR deposition method. The QD
synthesis process was performed in a glove box filled with
argon gas following the procedure reported in the literature
[23]. TiO

2
-coated electrode was first dipped into 0.03M

Cd(NO
3
)
2
ethanol solution for 30 s followed by ethanol rins-

ing and drying. Then the electrode was dipped into Se2−
solution for 30 s followed by ethanol rinsing and drying. Se2−
solution was prepared by reacting 0.03M SeO

2
ethanolic

solution with 0.06M NaBH
4
. The mixture was stirred for

about an hour before it was used for SILAR dipping process.
This two-step dipping process is termed as 1 SILAR cycle. All
QDs used were deposited using 7 SILAR cycles (based on
optimization study performed by the author).

2.4. Assembly of QDSSCs. A sandwich-type cell was fabri-
cated by clamping the working electrode with the counter
electrode. Parafilm (130 𝜇m thickness) was used as a spacer. A
droplet of the electrolytewas dropped onto the surface ofQD-
sensitized TiO

2
film prior to cell assembly.The procedure was

repeated until the QD-sensitized TiO
2
film was covered with

the electrolyte. The effective working area used was 0.25 cm2.
This assembly method is slightly different from the common
method where Surlyn tape is used as spacer with proper
sealing. In our case, careful attention was given to ensure
that the electrolyte has covered the aperture of the parafilm
spacer before the cell assembly.There was no external sealing
applied as the parafilm spacer was adequate to prevent the
electrolyte from leaking. Polysulfide electrolyte solution was
prepared from Na

2
S, S, KCl, GuSCN, and TiO

2
in water-

ethanol mixture. The concentration of each material in the
electrolyte is given in detail in Section 3.

2.5. Photoresponse Measurements. Photocurrent-voltage (𝐼-
𝑉) characteristics of the QDSSCs were measured using
a Keithley 2400 electrometer under illumination from a
xenon lamp at the intensity of 100mW/cm2. Efficiency was
calculated from

𝜂 =
𝐽SC × 𝑉OC × FF
𝑃in

, (1)

where 𝐽SC is photocurrent density measured at short-circuit,
𝑉OC is open-circuit voltage, FF is fill factor, and 𝑃in is the
intensity of the incident light. Measurement on each cell was
repeated three times to ensure the consistency of the data. In
order to confirm the best performance, measurements were
repeated on another identical cell, and reproducibility of the
results was checked.

3. Results and Discussion

3.1. Determining the Optimum Solvent for the Electrolyte.
Most of the polysulfide electrolytes were prepared as aqueous
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Figure 1: (a) 𝐽-𝑉 curves of CdSe QDSSCs with 0.1M Na
2
S electrolyte having various solvent ratio. (b) Variation of efficiency and fill factor

of the cells with different solvent ratio in the electrolyte.

Table 1: Performance parameters of CdSe QDSSCs with 0.1M Na2S electrolytes having various solvent ratio.

Solution composition of the electrolyte 𝐽SC (mA/cm2) 𝑉OC (V) Fill factor (%) Efficiency, 𝜂 (%)
Methanol 100% 0.42 0.305 16.0 0.02
Ethanol 100% 2.09 0.375 27.0 0.21
Ethanol : water = 9 : 1 2.21 0.365 33.0 0.27
Ethanol : water = 8 : 2 2.07 0.405 37.0 0.31
Ethanol : water = 7 : 3 1.97 0.350 27.0 0.19
Ethanol : water = 6 : 4 0.65 0.340 26.0 0.06
Ethanol : water = 1 : 1 0.81 0.360 35.0 0.10
Ethanol : water = 4 : 6 0.85 0.345 29.0 0.09
Ethanol : water = 3 : 7 0.82 0.340 14.0 0.04
Ethanol : water = 2 : 8 0.62 0.360 22.0 0.05
Ethanol : water = 1 : 9 1.21 0.340 24.0 0.10
Water 100% 2.09 0.395 23.0 0.19

solutions. However, recently Lee and Chang proposed to
mix methanol with water for the electrolyte preparation [18].
The use of alcohol was suggested to reduce the high surface
tension of the aqueous solution. High surface tension will
result in a low penetration and poor wetting of the solution
in the mesoporous TiO

2
film. To overcome this problem,

alcohol (methanol or ethanol) solution is used as cosolvent
for the electrolyte solution.

We startwith the comparison of pure alcohol and aqueous
solution as a solvent for the electrolyte. Appropriate amount
of Na
2
S only was used to prepare the 0.1M electrolyte solu-

tion. Figure 1(a) shows the 𝐽-𝑉 curves of QDSSCs fabricated
with electrolytes having selected ratio of cosolvents, and
Figure 1(b) shows the variation of efficiencies and fill factors
of all cells investigated with the ethanol/water ratio in the
electrolyte. Table 1 shows the summary of the performance
parameters of all cells investigated, which were prepared with
electrolytes having different ratio of cosolvents.

With the pure water aqueous electrolyte solution (water
100%), the efficiency of theQDSSC is found to be 0.19%with a
short-circuit photocurrent density of 2.09mA/cm2. However,
with puremethanol electrolyte solution (methanol 100%), the
solar cell does not perform well. The efficiency is only 0.02%
with a short-circuit photocurrent density of 0.2mA/cm2.
Both solutions produce an open-circuit voltage above 0.3 V.
Fill factor is rather low, that is, 23% for the water solution
and 16% for the methanol solution. With another alcohol-
based solution, pure ethanol solution (ethanol 100%), a cell
efficiency of 0.21% with a short-circuit photocurrent density
of 2.09mA/cm2 is observed. Ethanol seems to be a better
solvent compared withmethanol as it yields a better fill factor
value of 27%. Ethanol has a surface tension of 21.82mN/m at
room temperature compared with 22.51mN/m of methanol
[24]. However, surface tension is only part of the contributing
factors for the solar cell performance. The ethanol can also
serve as a sacrificial hole scavenger that allows easy hole



4 International Journal of Photoenergy

0

1

2

3

4

5

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

𝐽
(m

A
/c

m
2
)

0.4 M
0.5 M

0.6 M
0.75 M
1 M

0.1 M Na2S

𝑉 (V)

Note: ethanol : water = 8 : 2 by volume

(a)

0

0.1

0.2

0.3

0.4

0.5

0.6

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Fi
ll 

fa
ct

or

Effi
ci

en
cy

 (%
)

Efficiency
Fill factor

−0.1
0.1 M 0.4 M 0.5 M 0.6 M 0.75 M 1 M

Na2S concentration

(b)

Figure 2: (a) 𝐽-𝑉 curves of CdSe QDSSCs with electrolytes having various amounts of Na
2
S. (b) Variation of efficiency and fill factor of the

cells with the amount of Na
2
S in the electrolyte.

transfer from the excited CdSe QDs and prevents the recom-
bination of the charge carriers [25]. Therefore, a mixture of
water and ethanol is chosen as the solvent in our subsequent
investigations. The ratio of ethanol and water is varied to
prepare the co-solvent solution for the electrolyte.

From the results, we can see that the best cell performance
is obtained when the solution consists of ethanol/water ratio
of 8/2 (by volume). The cell with this electrolyte has the
best efficiency of 0.31% with a short-circuit photocurrent
density of 2.07mA/cm2. This result is better than the results
obtained for cells with single solvent-based electrolytes. This
cell also has the highest fill factor (37%) among the cells
prepared with other electrolyte solutions. As the ratio of the
ethanol part in the electrolyte solution decreases, efficiency
of the cell is found to decrease. It is clear that electrolytes
having ratio of ethanol to water greater than 7 give better
performance. This indicates the importance of ethanol in
making the electrolyte penetrate deep into the mesoporous
TiO
2
film and wet the pores. The penetration and wetting

depends on the combination of viscosity and surface tension
of the electrolyte solution. As the maximum performance is
obtained with the electrolyte having ethanol/water ratio of
8/2, this composition is used for further studies to enhance
the performance of the QDSSCs. It is interesting to note
that QDSSCs work without S in the Na

2
S electrolyte, but

the 𝐽-𝑉 curves of the cell appear to be different in that
the curves level off at higher applied voltage in the range
0.25–0.35V before eventually dropping to zero photocurrent
density. We attribute this effect to the absence of regenerative
species of S

𝑥

2− in the electrolyte and the hole scavenging effect
from alcohol which results in nonregenerative cells [25–27].
The use of alcohol in the solar cell electrolyte will lead to
alcohol oxidation at the photoanode and at the same time
it itself is a sacrificial donor by scavenging photogenerated
holes. It is therefore of great importance to further optimize

theNa
2
S concentration aswell as the inclusion of regenerative

species S
𝑥

2− in the optimized solvent of ethanol/water (8/2 by
volume). Further investigations are necessary to understand
the exact reasons for the unusual shape of the 𝐽-𝑉 curves
when S is absent in the electrolytes.

3.2. Determining the Optimum Na
2
S Salt Concentration for

the Electrolyte. As the efficiency of the cell obtained with
0.1M Na

2
S electrolyte is low, it is imperative to optimize the

Na
2
S concentration in the electrolyte solution. The amount

of Na
2
S is varied in the solution having ethanol/water:

8/2 (by volume) to obtain electrolyte solutions of different
concentrations ranging from 0.1 to 1.0M. The correspond-
ing 𝐽-𝑉 curves of the cells having different concentration of
Na
2
S are shown in Figure 2(a), while the variation of the

efficiencies and fill factors with the concentrations are shown
Figure 2(b). Table 2 summarizes the performance parameters
of the cells prepared with electrolytes having different con-
centration of Na

2
S. From the results, optimum performance

is obtained for the cells with an electrolyte having 0.5M of
Na
2
S. This cell has an efficiency of 0.71% with an improved

short-circuit photocurrent density of 4.26mA/cm2 as well as
a better open-circuit voltage of 0.46V. However, there is not
much change in the fill factor value.

Further increase of Na
2
S in the electrolyte solution above

0.5M does not improve the cell performance. It should be
noted that Na

2
S is only slightly soluble in alcohol but well

soluble in water. As such, higher concentration of salt may
not incur full solubility in the co-solvent.The results obtained
suggest that for the best performance of the QDSSC the
electrolyte must have an optimum Na

2
S concentration of

0.5M. With higher salt concentration, charge recombination
at the photo electrode and electrolyte interface is enhanced as
evidenced by the low fill factor value.This also implies a slow
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Table 2: Performance parameters of CdSe QDSSCs with electrolytes having various amounts of Na2S in ethanol/water (8 : 2 by volume)
solution.

Na2S concentration in the electrolyte 𝐽SC (mA/cm2) 𝑉OC (V) Fill factor (%) Efficiency, 𝜂 (%)
0.1M 2.07 0.405 37.0 0.31
0.4M 2.66 0.420 23.0 0.26
0.5M 4.26 0.460 36.0 0.71
0.6M 2.32 0.410 23.0 0.22
0.75M 2.35 0.350 33.0 0.27
1.0M 3.04 0.445 21.0 0.28
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Figure 3: (a) 𝐽-𝑉 curves of CdSe QDSSCs with electrolytes having various amount of S. (b) Variation of efficiency and fill factor of the cells
with the amount of S in the electrolyte. The electrolyte used: 0.5M Na

2
S in ethanol/water (8 : 2 by volume).

hole recovery rate from the oxidized QD by the high concen-
tration electrolytes. It is interesting to note that the QDSSC
works with only Na

2
S in the electrolyte, but the 𝐽-𝑉 curves

have somewhat irregular shapes (Figure 1(b)). The absence
of regenerative S species in the electrolyte may have resulted
in these irregular shapes as indicated in Section 3.1. This
problem can bemitigated by the addition of sulfur to form the
polysulfide redox couple (see Section 3.3). It should be noted
that without the sulfur in the electrolyte the QDCCs will not
function continuously.

3.3. Determining the Sulfur Content Needed for the Best
Performance of the Cells. In order to obtain a regenerative
redox couple, a second element is needed to couple with
S2− from the Na

2
S. In most studies, sulfur is added to the

sulfide salt to form a polysulfide (S2−/S
𝑥

2−) redox couple.
From the perspective of chemical reaction, oxidation occurs
at the photoanode-electrolyte interface according to [28]

S2− + 2h+ → S, (2)

S + S
𝑥−1

2−
→ S
𝑥

2−
(𝑥 = 2–5) . (3)

At the counter electrode, reduction occurs where S
𝑥

2− is
reverted back to S2−:

S
𝑥

2−
+ 2e− → S

𝑥−1

2−
+ S2−. (4)

This chemical reaction is thought to enhance the hole recov-
ery rate which results in a higher performance of solar cell
[29]. Ardoin andWinnick suggested that the active species at
the photoanode would be the disulfide ion [30].

In this study, we have added sulfur into the 0.5M Na
2
S

solution. The amount of the sulfur added is varied, and the
efficiency of the cell utilizing each electrolyte is obtained.
Due to limited solubility of sulfur in alcohol, the amount of
the sulfur added is limited to 1.0M. The performance trend
along with 𝐽-𝑉 curves of cells having different amount of S
are shown in Figure 3, and the performance parameters of
the cells are summarized in Table 3. The results show that
addition of 0.1M of sulfur to the electrolyte enhances the
cell efficiency to a best value of 1.32% and produces the best
fill factor of 43%. Photocurrent density is also improved to
a higher value of 7.08mA/cm2. The overall efficiency has
more than 80% improvement which is largely attributed to
the enhancement of photocurrent density. This shows that
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Figure 4: (a) 𝐽-𝑉 curves of CdSe QDSSCs with electrolytes having various amounts of KCl addtive. (b) Variation of efficiency and fill factor
of the cells with the amount of KCl in the electrolyte. Electrolyte used: 0.5M Na

2
S, 0.1M S in ethanol/water (8 : 2 by volume).

Table 3: Performance parameters of CdSe QDSSCs with electrolytes having various amounts of S. The electrolyte used: 0.5M Na2S in
ethanol/water (8 : 2 by volume).

S concentration in the electrolyte 𝐽SC (mA/cm2) 𝑉OC (V) Fill factor (%) Efficiency, 𝜂 (%)
0M 4.26 0.460 36.0 0.71
0.1M 7.08 0.435 43.0 1.32
0.2M 6.91 0.460 35.0 1.11
0.5M 7.08 0.430 39.0 1.19
1.0M 4.66 0.385 28.0 0.50

addition of sulfur in small amount up to 0.1M concentration
increases the cell performance. However, further increase
of sulfur amount does not yield better performance. We
attribute this to the solubility limit of sulfur in the solvent.
Note that with the addition of sulfur in the electrolyte,
the 𝐽-𝑉 curves take the regular shapes.

3.4. Determining Additives Needed in the Electrolyte for the
OptimumPerformance of Cells. The introduction of additives
to the electrolyte has been shown to enhance the pho-
tocurrent generated and thereby improve the performance
of QDSSCs [18, 31]. Lee and Chang have added KCl to
the electrolyte to further enhance the performance of CdS
QDSSCs [18].The presence of KCl increased the performance
of the cell as well as the electrolyte solution conductivity. In
the present study, we have added different amounts of KCl
to the optimized 0.5M Na

2
S and 0.1M S solution. However,

we noticed that the performance of the cells did not improve.
The electrolyte without KCl appears to be superior in our
case (see Figure 4(a)). Addition of KCl actually decreased
the photocurrent density in contradiction to Lee and Chang’s
work.The difference may be due to different solvent mixtures
as they have used a mixture of methanol and water as co-
solvent.The presence of anion Cl− in the electrolyte may have
altered the CdSe QDs surface which could have resulted in a

lower cell performance. At present, the mechanism of the Cl−
effect is not well understood.

Replacement of KCl with NaOH also did not produce
any improvement either in the performance of QDSSCs (see
Figure 4(a)). This is expected as KCl is more electropositive
than NaOH. Thus the conductivity of the electrolyte with
added NaOH should be lower compared with that of the
electrolyte with added KCl. The performance parameters of
CdSe-sensitized solar cells with electrolytes having KCl or
NaOH additive are summarized in Table 4. Figure 4(a) shows
the corresponding 𝐽-𝑉 curves, and the trend of the variation
of parameters with KCl additive is shown in Figure 4(b).

In a DSSC work reported by Zhang et al., guanidine
thiocyanate (GuSCN) was added to the I−/I

3

− electrolyte
system for the improvement of performance and stabil-
ity [32]. Following this report, Chou et al. have tried
GuSCN additive in CdS QDSSC and obtained enhance-
ment in current density and efficiency [31]. In order to
try this additive to the CdSe QDSSC, we have added dif-
ferent amounts of GuSCN into our optimized electrolyte
solution having 0.5M Na

2
S and 0.1M S in ethanol/water

(8/2 by volume). The presence of GuSCN decreases the
photocurrent density but increases the open-circuit voltage
in contrast to the significant improvement in photocur-
rent density reported by Chou et al. [31]. This difference
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Table 4: Performance parameters of CdSe QDSSCs with electrolytes having various amounts of KCl additive. Electrolyte used: 0.5M Na2S,
0.1M S in ethanol/water (8 : 2 by volume).

KCl concentration in the electrolyte 𝐽SC (mA/cm2) 𝑉OC (V) Fill factor (%) Efficiency, 𝜂 (%)
0M 7.08 0.435 43.0 1.32
0.1M 6.60 0.440 36.0 1.05
0.2M 6.27 0.460 39.0 1.12
0.4M 4.22 0.390 35.0 0.64
0.1M NaOH 5.83 0.420 36.0 0.88

Table 5: Performance parameters of CdSeQDSSCwith electrolytes having various amounts of GuSCN additive. Electrolyte used: 0.5MNa2S,
0.1M S in ethanol/water (8 : 2 by volume).

GuSCN concentration in the electrolyte 𝐽SC (mA/cm2) 𝑉OC (V) Fill factor (%) Efficiency, 𝜂 (%)
0M 7.08 0.435 43.0 1.32
0.05M 6.80 0.470 44.0 1.41
0.1M 6.98 0.455 37.0 1.18
0.2M 6.95 0.445 42.0 1.30

could be attributed to the different electrolyte compositions
and QD-sensitized photoanodes involved. Only a small
amount of GuSCN is required to enhance our polysulfide
electrolyte. In our case, 0.05M of GuSCN can boost the
cell performance to a best efficiency of 1.41% with the best
fill factor of 44% and the best open-circuit voltage of
0.470V (see Table 5). The performance parameters of the
cells with electrolytes having various amounts of GuSCN
are summarized in Table 5, and the 𝐽-𝑉 curves of the cells
and performance trend are shown in Figures 5(a) and 5(b).
It should be noted that the addition of GuSCN does not
result in a distinct improvement on the cell performance. An
initial increase of GuSCN concentration produces a slight
improvement on the cell performance as the additive assists
in decreasing the interfacial recombination at the photoanode
by patching up the TiO

2
surface not covered by the QDs

[32]. However, at higher concentration of GuSCN, cyanide
may have adsorbed strongly on the CdSe QDs surface. This
phenomenon may have negative effect on the electrolyte
regenerative cycle, though the precise mechanism may need
to be further investigated [33].

So far, we are able to reproduce the performance of the
optimized electrolyte by using few similar cell assemblies
with performance variance of ±0.05%. Our optimized poly-
sulfide electrolyte composition is different from that of Lee
and Chang as they have obtained an optimized polysulfide
electrolyte consisting of 0.5M Na

2
S, 2M S, and 0.2M KCl

in methanol/water (7 : 3 by volume) solution [18]. It should
be noted that their electrolyte is efficient in CdS QDSSCs.
When the same electrolyte was applied in CdSeQDSSC (as in
our study), the efficiency did not match with what has been
reported. Clearly both electrolytes are sensitive to the mate-
rial type involved. It is also noted that the efficiency obtained
in this study for CdSe QDSSCs is lower compared to the
values reported in the recent literatures where efficiency of
more than 2.0%was obtained [34–36]. Table 6 lists the perfor-
mance parameters of some CdSe QDSSCs from other groups
for comparison. Beside different polysulfide electrolyte

composition, the performance differences are largely due
to different photoanode configuration, surface treatment,
QD deposition method, and type of counter electrode. We
acknowledge our best result is lower as our photoanode has
not been fully optimized. We anticipate a better result if all
the photoanode parameters are optimized (i.e., TiO

2
film

thickness, ZnS passive layer, scattering layer, and volume and
size of QD deposited). The choice of counter electrode also
plays an important role in the cell performance. Commonly
used platinum electrode may not be suitable with polysulfide
electrolyte as the S compound will adsorb on the surface
affecting the electrode performance [37]. The alternative will
be Cu

2
S electrode which has better catalytic activity for the

reduction of S
𝑥

2− species [20, 35].

3.5. Stability of the Electrolyte and the QDSSC. From our
study as discussed in previous sections, the optimum poly-
sulfide electrolyte for CdSe QDSSC consists of 0.5M Na

2
S,

0.1M S, and 0.05MGuSCN in ethanol/water solution (8/2 by
volume). To improve the stability of the electrolyte, we have
added 1 wt% of TiO

2
nanoparticles (<400 nm) into the solu-

tion. TiO
2
is usually used as a filler in the preparation of stable

high conducting polymer electrolytes. We have investigated
the performance of CdSe QDSSCs having electrolytes with
and without TiO

2
nanoparticles under continuous soaking

of light for two hours with a light intensity of 100mW/cm2.
Initially the cell with the electrolyte having added TiO

2
shows

an efficiency of 1.39% which is slightly lower than that of the
cell without TiO

2
added (refer Table 7). Nevertheless, it has

an improved photocurrent density of 7.70mA/cm2. When
the illumination is continued, the efficiencies of both cells
decrease with time.The efficiency of the cell using polysulfide
electrolyte without added TiO

2
appears to decrease at a faster

rate compared to that of the cell using electrolyte with added
TiO
2
. After two hours, the former reaches an efficiency of

0.72%, a decrease of about 50% from initial value. For the cell
using polysulfide electrolyte with added TiO

2
, the efficiency

obtained after two hours of continuous light soaking is 1.02%.
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Table 6: Performance parameters of CdSe QDSSC with different polysulfide electrolyte compositions reported by various groups.

Photoanode
configuration Electrolyte composition 𝐽SC

(mA/cm2) 𝑉OC (V) Fill factor
(%)

Efficiency
𝜂 (%) Reference

TiO2/CdSe
0.5M Na2S, 0.1M S, 0.05M
GuSCN in ethanol/water
(8 : 2 by volume)

6.80 0.470 44.0 1.41 This work

TiO2/CdSe
0.5M Na2S, 0.1M S, 0.2M
KCl in methanol/water
(3 : 7 by volume)

10.61 0.378 36.0 1.40 [16]

TiO2/CdS/CdSe/ZnS
0.5M Na2S, 0.1M S, 0.2M
KCl in methanol/water
(3 : 7 by volume)

11.66 0.503 49.0 2.90 [16]

TiO2/CdSe 1M Na2S, 1M S in aqueous 6.03 0.680 39.0 1.60 [19]
TiO2/F/CdSe/F/ZnS 1M Na2S, 1M S in aqueous 7.51 0.710 50.0 2.70 [19]

TiO2/CdSe
1M Na2S, 0.1M S, 0.1M
NaOH in ultrapure water 3.06 0.430 21.0 0.28 [20]

TiO2/CdSe/ZnS
1M Na2S, 0.1M S, 0.1M
NaOH in ultrapure water 7.13 0.510 48.0 1.83 [20]

TiO2/CdSe
1M Na2S, 0.1M S, 0.1M
KOH in aqueous 2.70 0.554 26.0 0.40 [21]

TiO2/CdSe/ZnS
1M Na2S, 0.1M S, 0.1M
KOH in aqueous 9.00 0.554 35.0 1.70 [21]

Table 7: Performance parameters of CdSe QDSSCs with and without TiO2 nanoparticles in the electrolyte. Electrolyte used: 0.5M Na2S,
0.1M S, 0.05M GuSCN in ethanol/water (8 : 2 by volume).

Composition Time (min) 𝐽SC (mA/cm2) 𝑉OC (V) Fill factor (%) Efficiency, 𝜂 (%)

0.5M Na2S + 0.1M S + 0.05M GuSCN 0 6.80 0.470 44.0 1.41
120 4.36 0.40 41.0 0.72

0.5M Na2S + 0.1M S + 0.05M GuSCN + 1wt% TiO2
0 7.70 0.475 38.0 1.39
120 5.27 0.430 45.0 1.02
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Figure 5: (a) 𝐽-𝑉 curves of CdSe QDSSCs with electrolytes having various amounts of GuSCN additive. (b) Variation of efficiency and fill
factor of the cells with the amount of GuSCN in the electrolyte. Electrolyte used: 0.5M Na

2
S, 0.1M S in ethanol/water (8 : 2 by volume).
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Figure 6: Efficiency variation of CdSe QDSSCs with time under
two-hour light soaking.The polysulfide electrolytes used in the cells
were with and without added TiO

2
nanoparticles.

This translates to about 27% decrease from initial value.
The decrease in performance is also noted, and this can be
attributed to the decrease of photocurrent density and open-
circuit voltage. With the addition of TiO

2
to the electrolyte

solution, stability of the cell has improved substantially
presumably due to enhanced stability of the electrolyte. The
efficiency variation of the two cells in the two-hour light
soaking period is presented in Figure 6.The presence of TiO

2

is thought to have adsorbed on the QD surface and thus
passivating the QD surface states which in turn decrease
the recombination electrons from the photoanode into the
electrolyte [14]. Thus, an improved performance and better
stability are achieved. Although the mechanism involved in
the stability improvement of the cell due to addition of TiO

2

in the polysulfide electrolyte needs further investigation to
understand, thismethod seemsnoteworthy for improving the
stability of the QDSSCS using polysulfide liquid electrolytes.

When a CdSe-sensitized photoanode is dipped in the
optimized polysulfide electrolyte solutions, UV-vis spectra
obtained for theCdSe-sensitized photoanode before and after
dipping into the electrolyte do not show any deviation. The
results obtained are shown in Figure 7.There is no significant
change of absorbance before and after dipping of the elec-
trode.TheCdSe-sensitized TiO

2
film appears to be having the

same colour of dark brown before and after dipping (see inset
in Figure 7). This signifies that no major chemical reaction
occurs in the CdSe-sensitized TiO

2
film upon exposure to

polysulfide electrolyte. These results emphasize that polysul-
fide electrolytes are a better choice for CdSe QDDSSCs as the
electrolytes do not produce any serious deterioration of the
QDs.

4. Conclusions

A suitable polysulfide electrolyte has been investigated for
use in CdSe-based QDSSCs. The optimum cell performance
was obtained with polysulfide electrolyte consisting of 0.5M
Na
2
S, 0.1M S, and 0.05M GuSCN in ethanol/water (8/2

3

2

1

0

Ab
so

rb
an

ce

400 450 500 550 600 650 700 750 800
Wavelength (nm)

As prepared CdSe
After dipping in polysulfide
Bare TiO2

Before dipping After dipping

Figure 7: UV-vis spectra of CdSe-sensitized TiO
2
electrodes before

and after dipping in polysulfide electrolytes (inset: photograph
of CdSe-sensitized electrodes before dipping and after dipping in
polysulfide electrolyte).

by volume) solution. The CdSe QDSSC with this optimized
polysulfide electrolyte has an efficiency of 1.41%, a short
circuit current density of 6.80mA/cm2, an open-circuit
voltage of 0.47V and a fill factor of 44%.With the addition of
TiO
2
nanoparticles to the electrolyte, the stability of the cell is

enhanced. A higher photocurrent density was also obtained
with the inclusion of TiO

2
nanoparticles. The polysulfide

electrolyte has the potential to give good long-term stability
for the CdSe QDSSCs as the QDs do not appear to undergo
any serious deterioration.
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This study employed a cerebellar model articulation controller (CMAC) neural network to conduct fault diagnoses on photovoltaic
power generation systems. We composed a module array using 9 series and 2 parallel connections of SHARP NT-R5E3E 175W
photovoltaic modules. In addition, we used data that were outputted under various fault conditions as the training samples for the
CMAC and used this model to conduct the module array fault diagnosis after completing the training. The results of the training
process and simulations indicate that the method proposed in this study requires fewer number of training times compared to
other methods. In addition to significantly increasing the accuracy rate of the fault diagnosis, this model features a short training
duration because the training process only tunes the weights of the exitedmemory addresses.Therefore, the fault diagnosis is rapid,
and the detection tolerance of the diagnosis system is enhanced.

1. Introduction

Photovoltaic power generation system is one of the renewable
energy sources, which produces less pollution. To enhance
their power generation efficiency, the proposed system was
installed in vast and boundless spaces without a shadow.
However, when the system operation time increased, the
power could be reduced because of module aging. In addi-
tion, prolonged outdoor use of the system can result in mod-
ule faults from natural disasters. Faults in one of the mod-
ules in photovoltaic power generation systems significantly
decrease the output power of the system [1–4]. Furthermore,
photovoltaic power module faults are difficult to determine
and detect by sight, and manual, individual inspection of the
modules is time consuming.

Therefore, fault diagnosis techniques for photovoltaic sys-
tems not only increase maintenance efficiency and enhance
system power generation reliability, but also effectively
decrease operation costs. Currently, photovoltaic science
applications and technology (PVSAT) projects for fault

diagnosis are being explored in Germany, The Netherlands,
and Switzerland [5, 6]. These projects primarily focus on
establishing a self-fault detection system for grid-connected
systems to detect system errors and analyze their causes.
However, the development of grid-connected photovoltaic
systems relies on meteorological satellites to transmit atmo-
spheric data, and the reference data are measured by ground
weather stations as the atmospheric parameters for simu-
lation analyses, further enhancing the overall recognition
rate. Regarding the stand-alone systems, adopting this fault
detection system is costly, resulting in limited application
range and reduced practicality. In addition, experts have
proposed employing high frequency reaction measurement
[7] and time domain reflectometry (TDR) methods [8] to
conduct fault diagnoses. By identifying the reflected feedback
signal, the diagnosis method discriminates whether a fault
has occurred in the reported area. However, this diagnosis
technique relies on additional measurement equipments,
such as a network analyzer. Furthermore, the techniques
applied in both methods require detailed calculations of
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Figure 1: The P-V and I-V characteristic curves of a 3.15 kW
photovoltaic power generation system simulated by Solar Pro under
1,000W/m2 irradiation and a module temperature of 25∘C.

the conducting wire length within the photovoltaic power
module. Therefore, system maintenance personnel must
possess sufficient knowledge related to photovoltaic power
generation systems. To apply fault diagnosis to large-scale
versions of these systems, the accuracy of the wire length
calculation must be ensured; otherwise, module fault areas
can be misjudged. Therefore, applying this fault diagnosis
technique does not significantly enhance systemmaintenance
convenience. Chouder and Silvestre [9] used the fact that
whether the calculated system power loss is a fixed value
or a value occurring in a short period as a criterion to
determine possible fault types. However, the cause of the
fault and whether the fault point occurred on the side
of the direct or alternating current cannot be accurately
determined. Researchers have previously proposed a simple
system performance model [10] to perform fault diagnoses
for photovoltaic systems; however, this model was based
on statistics of the power output of the power conditioner
and categorized system faults into only three types: (1) ideal
operating conditions, (2) normal operating conditions, and
(3) actual operating conditions where possible faults and
additional power loss may occur. Therefore, this simplified
method does not significantly save maintenance labor. Ver-
gura et al. [11] employed statistical methods to determine the
number of power conditioner faults by referencing the power
generation amount of the power conditioner’s alternating
current side. However, the most prevalent object in the
photovoltaic power generation system with faults that cannot
be determined visually is the photovoltaic module, rather
than the power conditioner. Therefore, the effects of this
method regarding the reduction of maintenance labor are
limited.

Based on these mentioned facts, we used the CMAC to
conduct fault diagnoses for themodule arrays of photovoltaic
power generation systems to increase the efficiency and
accuracy of fault diagnosis and reduce system maintenance
labor. In fault diagnoses, the CMAC application exhibits
an excellent accuracy rate, high detection tolerance, and a
multi-fault diagnosis function.The framework and diagnosis

steps of the CMAC-based fault diagnosis proposed in this
study sampled data from existing photovoltaic systems as the
information for conducting training. After the training was
complete, the system was equipped with a suitable memory
weight to conduct fault diagnoses on the test data.

2. Retrieval of Fault Data from the
Photovoltaic Power Generation System

Solar Pro packaged software is a photovoltaic power system
analysis simulation software developed by Laplace System
Co., Ltd. [12]. Solar Pro can establish the module types,
model numbers, and installation angles of photovoltaic
power generation systems and can simulate the P-V and I-
V curves of shaded or faulted photovoltaic power generation
systems. Furthermore, this software can simulate system
power generation situations ranging fromone day, onemonth
to one year. Figure 1 shows the P-V and I-V curves of a 3.15 kW
photovoltaic power generation system simulated by Solar
Pro under 1,000W/m2 sunlight irradiation and a module
temperature of 25∘C. Figure 1 shows that, in addition to
indicating the maximum power point voltage, maximum
power point current, andmaximumpower under a particular
irradiation and module temperature, Solar Pro can indicate
the open-circuit voltage (𝑉oc) and the short-circuit current
(𝐼sc) of a system.

Figure 2 shows the I-V and P-V curves of the SHARP
NT-R5E3E photovoltaic module datasheet under irradiation
between 200 and 1,000W/m2 with a PVmodule surface tem-
perature of 25∘C. Figure 3 shows the simulated I-V and P-V
curves of the SHARP NT-R5E3E photovoltaic power module
using the Solar Pro photovoltaic power system analysis and
simulation software under an irradiation between 200 and
1,000W/m2 and a PVmodule surface temperature at 25∘C. By
comparing Figures 2 and 3, we observed that the simulation
results of Solar Pro are identical to those of the datasheet,
confirming that the characteristic curve simulated by Solar
Pro was identical to the performance curve of the actual
module and the power generation data.

Figure 4 shows the P-V and I-V simulation curve of the
3.15 kW photovoltaic power generation system composed
using NT-R5E3E photovoltaic power modules featuring 9
series and 2 parallel connections under 900W/m2 irradiation
and a PV module surface temperature at 51.6∘C. Figure 5
shows the simulated I-V and P-V curves of a series of photo-
voltaic powermodule arrays when twomodules were shaded,
and the irradiation and PVmodule surface temperature were
identical to those shown in Figure 4. From the information
shown in Figure 5, we observed that when the photovoltaic
power modules were shaded, the I-V curve was not smooth,
and multiple peaks occurred in the P-V curve. Figure 6
shows the measurement results obtained under 945W/m2
and a PV module surface temperature of 51.6∘C, when two
modules in a photovoltaic power module array were shaded.
We observed that, when the photovoltaic power generation
system was shaded, the actually measured I-V curve altered,
andmultiple peaks occurred in the P-V curve. Figures 5 and 6
show that the simulation and measurement results exhibited
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Figure 3: The simulated I-V and P-V curves of the SHARP NT-
R5E3E photovoltaic power module using Solar Pro software with an
irradiation between 200 and 1,000W/m2 and a PV module surface
temperature less than 25∘C; (a) I-V curve and (b) P-V curve.

Figure 4: Simulated P-V and I-V curves under 900W/m2 irradia-
tion and a PV module surface temperature of 51.6∘C.

Figure 5: Simulated I-V and P-V curves of a photovoltaic power
module array when two modules were shaded, the irradiation was
900W/m2, and the PV module surface temperature was at 51.6∘C.
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Figure 6: Measured P-V and I-V curves of a photovoltaic power
module array when two modules were shaded, the irradiation was
945W/m2, and the PV module surface temperature was at 51.6∘C.

an excellent match, verifying that the I-V and P-V curves
of a photovoltaic power generation system change, when a
photovoltaic power module is shaded or faulted. In addition,
the voltage, current, and power of the maximum power point
can be altered.Therefore, we selected the voltage, current, and
power of themaximum power point and open-circuit voltage
as the characteristics for the fault diagnosis to examine the
photovoltaic power generation system’s fault conditions and
types.

3. The Theory Regarding Cerebellar Model
Articulation Controllers (CMACs)

The CMAC theory was proposed by Albus in the 1970s
[13] to imitate the neurological structure of the human
cerebellum for achieving rapid learning and reactions. The
CMAC stimulates related memory based on the varying
sizes and levels of received input signals. Therefore, memory
that is stimulated by relative input signals is approximated.
There is no multilayer memory algorithmic framework for
articulating controller frameworks. Conversely,memory cells
are directly used to store mapping relationships between the
input and output signals. The CMAC possesses substantial
memory capacity, but the memory stimulated by each input
signal can only be a minimal unit. Therefore, not all of
the memory is used. This characteristic is identical to the
structure of the human cerebellum. Although the human
cerebellum has a large memory capacity, it uses a minimal
portion of the memory that regards specific input signals.
During the CMAC mapping process, each memory address
stores a weight. When a set of input signals is inputted, a
set of memory addresses is excited through a combination of
quantification, coding, and segmentation addresses. There-
after, the output for this set of input signals can be mapped
by summing the weights within a set of excited memory
addresses. By comparing the obtained output value to an ideal
output value and averagely distributing the output values
based on the size of the error value into a set of segmentation
memory addresses for tuning, the training process for the
data set is completed. The CMAC, similar to other neural
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Figure 7: Flowchart of the CMAC training process.

networks, is divided into a training stage and a diagnosis
stage [14]. A detailed description of the learning and training
stage is provided below.The flowchart of the CMAC training
process is shown in Figure 7.

3.1. Quantification. To successfully perform coding on the
inputted analog signal, the inputted signal should be quan-
tified. The concept of quantification is similar to that of the
function implemented by general analog-to-digital integrated
circuits (IC). The implemented conversion is represented by

𝑄
𝑥
(𝑥) = ceil(

(𝑥 − 𝑥min)

[(𝑥max − 𝑥min) /𝑄max]
) . (1)

In (1), 𝑥 represents the quantified input,𝑄max denotes the
maximum quantization level, ceil(⋅) is the maximum integer
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Figure 9: The photovoltaic power generation system featuring 9
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instruction, and [𝑥min, 𝑥max] indicates the minimum and
maximum values of the training sample. Numerous quan-
tification levels are delineated by the equidistance between
the maximum and minimum values of all of the input
data. Quantification levels with a high resolution produce
comparatively precise quantification codes, although they
require additional memory spaces [15].

3.2. Excited Address Coding. Performing coding on the
quantified values involves the hypotheses of, the following
quantification: (1) a set of input signals exhibits quantification
levels of 5, 10, 8, and 12; (2) the quantization levels are
converted to a binary code of 0101b, 1010b, 1000b, and 1100b;
and (3) a series of binary codes are combined for coding.
Therefore, a 16-bit coding of 1100100010100101b is acquired.

By grouping the obtained coding 3 bits per group, 6
groups are established. By sequentially coding the least
significant bit to the most significant bit, 6 segmentation
addresses are obtained: 𝑎

1
= 101b = 5, 𝑎2 = 100b = 4, 𝑎3 =

010b = 2, 𝑎4 = 100b = 4, 𝑎5 = 100b = 4, and 𝑎6 = 001b = 1.
Based on the correspondence of these decimal values to the
relative memory addresses and from hypothesizing that the
preliminary weight of all memory is 0, the summed memory
weight of the first stimulation is 0.

3.3. Weight Tuning. Hypothesizing that the summed output
weight value of a specific fault type is 1, showing that a specific
datum is categorized as a fault type. Therefore, when the sum
of thememory is not 1, weight tuning is required.The process
of weight tuning is shown by [16, 17]

𝑤
𝑎
𝑖

new = 𝑤
𝑎
𝑖

old + 𝛽
𝑌
𝑑
− 𝑌

𝐴∗
. (2)

In (2), 𝑎
𝑖
represents the strobe memory address and 𝛽

denotes the learning constant (with a value between 0 and
1). Assuming that all fault types only have one set of training
samples,𝛽 can be directly established as 1.The𝛽 value ofmore
than one sample of data is typically slightly less than 1. 𝑌

𝑑
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Figure 10:The simulation curves of the normal operations and various faults under amodule temperature of 31∘Cand 1,000W/m2 irradiation:
(a) I-V characteristic curve and (b) P-V characteristic curve.

represents the target value (set as 1 in this study), 𝑌 indicates
the actual output value, and𝐴∗ is the number of segmentation
memory addresses. This formula evenly distributes weight
values that require learning to separate memory addresses.

3.4. Detection Tolerance. The CMAC proposed in this study
exhibited excellent anti-interference. For example, if a 16-
bit original code (1100100010100101b) coded in Section 3.2
is interfered and converted into (110110001010-0101b), the
excited addresses, that is, (𝑎

6
, 𝑎
5
, 𝑎
4
, 𝑎
3
, 𝑎
2
, 𝑎
1
), convert from

(1, 4, 4, 2, 4, 5) to (1, 5, 4, 2, 4, 5). Except for 𝑎
5
, which exhibited

an error, the other parts possessed normal outputs, thereby
exhibiting tolerance. If expanded, the number of groups can
be distributed and stored in additional addresses, resulting
in a low error detection influential level on the adjacent bits,
further enhancing accuracy.

4. Diagnosis Framework Establishment

To perform a fault diagnosis of the photovoltaic power
generation system proposed in this study, the present irradi-
ation and PV module temperature of the photovoltaic power
generation system are required. Inputting this data, combined
with the retrieved characteristic data of the photovoltaic
power generation system (e.g., the maximum power, (𝑃m),
maximumpower point voltage (𝑉pm), maximumpower point
current (𝐼pm), and open-circuit voltage (𝑉oc) during opera-
tion) into the CMAC, determines whether the photovoltaic
power generation system is operating normally or is faulted.
Figure 8 shows the framework of the CMAC fault diagnosis
method proposed in this study. The input signals of this
framework were the four detection signals mentioned. The
CMAC fault diagnosis framework contained 10 weighted
output values, representing the 10 fault types. Therefore, a
total of 10 trained memory layers exist. The memory address
number of each layer consisted of 2-bit groups. In this
study, we used 4 bits per group for a total of four groups.
Therefore, each layer had 64 memory addresses. Following

Table 1: Photovoltaic power generation system fault types.

Fault type Fault condition
PF1 Operating normally.
PF2 Faults occurring in one module in one circuit branch.

PF3 Faults occurring in two modules in one circuit
branch.

PF4 Faults occurring in three modules in one circuit
branch.

PF5 Faults occurring in one module in both circuit
branches.

PF6 Faults occurring in two modules in both circuit
branches.

PF7 Faults occurring in three modules in both circuit
branches.

PF8 Faults occurring in one module in one circuit branch,
as well as in two modules in the other circuit branch.

PF9 Faults occurring in one module in one circuit branch,
as well as in threemodules in the other circuit branch.

PF10
Faults occurring in two modules in one circuit
branch, as well as in threemodules in the other circuit
branch.

input value quantification, grouping, excited address coding,
and summing all of the weight values of the excited addresses,
a weighted output value was obtained. The diagnosed system
used photovoltaic power modules featuring 9 series and 2
parallel connections.The connections are shown in Figure 9.

4.1. Fault Type. This study divided the faults of the photo-
voltaic power generation system into 10 types (under identical
irradiation and PVmodule temperatures), as listed in Table 1.
Figure 10 shows the I-V and P-V characteristic curves of the
photovoltaic power generation system that were simulated
based on the various fault types in Table 1 and under a PV
module temperature of 31∘C and 1,000W/m2 irradiation.
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Table 2: CMAC-related parameters.

Total types of input 4
Total types of output 10
Quantification levels 16
Number of bits per group 4
Number of clusters 4
Learning constant (𝛽) 0.9
Number of training times 5

Table 3: The 21 intervals differentiated by temperature and irradia-
tion.

Irradiation Module temperature

301–400W/m2
31–40∘C
41–50∘C
51–60∘C

401–500W/m2
31–40∘C
41–50∘C
51–60∘C

501–600W/m2
31–40∘C
41–50∘C
51–60∘C

601–700W/m2
31–40∘C
41–50∘C
51–60∘C

701–800W/m2
31–40∘C
41–50∘C
51–60∘C

801–900W/m2
31–40∘C
41–50∘C
51–60∘C

901–1000W/m2
31–40∘C
41–50∘C
51–60∘C

4.2. Diagnosis Process. The CMAC fault diagnosis process of
the photovoltaic power generation system proposed in this
study is given below.

Step 1. Conducting the initialization of the relevant parame-
ters, as shown in Table 2 the maximum power 𝑃m, maximum
power point voltage𝑉pm, maximum power point current 𝐼pm,
and open-circuit voltage 𝑉oc were used as input signals to
conduct quantification procedure.

Step 2. Following quantification, the quantified values were
converted into binary codes and combined. Thereafter, the
combined codes were grouped. This study distributed 4 bits
per group, and there were 4 groups.

Step 3.Thegrouped codeswere used to search for correspond-
ing memory addresses, and the weighted value within the
memory was summed. This study used a 10-layer memory

space. Therefore, memory that had identical addresses in the
10 layers is excited, resulting in 10 outputs.

Step 4. The weight values of the 10 outputs are determined.
The greater a weight value or the closer a weight value
approximates to 1, the greater fault probability rate it exhibits.

5. Test Results

Irradiation and temperature can change over time.Therefore,
the potential PVmodule temperatures and irradiation ranges
within one day were divided into 21 types. Irradiations
between 300 and 1,000W/m2 were divided every 100W/m2,
and PVmodule surface temperature between 31 and 60∘Cwas
further separated every 10∘C into three subintervals. These
categorizations are listed in Table 3. We obtained 200 data
sets for each interval as the training data for photovoltaic
power generation system fault diagnosis. A total of 4,200 sets
of training data were retrieved from 21 intervals. We used 20
data sets as the test data based on the data obtained from the
categorizations in Table 3 (300–1000W/m2 irradiation and
temperature intervals of 31–40, 41–50, and 51–60∘C). Tables
4 and 6 contain detailed lists of the test data. The test data
comprised the operating maximum power 𝑃m, maximum
power point voltage𝑉pm, maximum power point current 𝐼pm,
and open-circuit voltage 𝑉oc of the photovoltaic power array
module, which were acquired by inputting the parameters
(i.e., irradiation, PV module temperature, and a number of
selected fault modules) into Solar Pro for simulation. In
addition, operating voltage, current, power, and open-circuit
voltage are four critical characteristics in photovoltaic power
generation system fault diagnosis. Tables 5 and 7 show the
diagnosis results of the fault diagnosis method proposed in
this study.The tables show observations of the fault types that
can be accurately diagnosed using the method proposed in
this study. In addition, the proposed fault diagnosis method
does not only diagnose the main fault type of the PV system,
but also can diagnose that the possibilities of other fault types
have been revealed by the output weights. For example, in
Table 5, the output weight index of PF4 is 1.0 in tested number
7, which means that the PV system has a 100% possibility
on fault type PF4. And the tested number 7 has the lowest
possibility for PF7, because its output weight index is 0.14 (or
minimum).This informationwill be useful to find the hidden
fault of the tested object for a maintenance engineer.

Furthermore, to verify the anti-interference ability of
the proposed fault diagnosis framework, we altered the test
samples, situating (1) a 5% maximum power reduction, (2)
a 10% maximum power point voltage increase, (3) a 20%
maximum power point current decrease, and (4) a 10%
open-circuit voltage increase, and the data that contained
additional errors are, respectively, listed in Tables 8 and 10.
Based on the detection results in Tables 9 and 11, after adding
the errors, the proposed fault diagnosis system still can
correctly detect the fault types all of the data sets. Although
the output weight values of various fault types for each test
data have been changed in Tables 9 and 11 due to error
interference, the most possibility occurrence on fault type is
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Table 4: Test data under 300–1000W/m2 irradiation and PV module surface temperatures between 31 and 40∘C.

Test no. 𝑃m (W) 𝑉pm (V) 𝐼pm (A) 𝑉oc (V) Temperature (∘C) Irradiation (W/m2) Known fault type
1 869.43 310.84 2.8 372.56 31.5 300 PF1
2 1195.23 313.34 3.81 377.94 32.5 400 PF1
3 1399.53 289.25 4.84 381.82 33.5 500 PF2
4 1695.32 290.62 5.83 384.93 34.5 600 PF2
5 1758.35 255.11 6.89 387.41 35.5 700 PF3
6 2013.52 256.87 7.84 389.52 36.5 800 PF3
7 1949.64 219.32 8.89 391.26 37.5 900 PF4
8 2164.02 217.65 9.94 392.78 38.5 1000 PF4
9 761.64 268.98 2.83 326.78 39.5 300 PF5
10 1064.23 277.81 3.83 336.43 31.5 400 PF5
11 1183.78 244.95 4.83 297.45 32.5 500 PF6
12 1433.72 246.19 5.82 299.85 33.5 600 PF6
13 1441.41 209.59 6.88 258.68 34.5 700 PF7
14 1650.25 207.82 7.94 260.08 35.5 800 PF7
15 2251.15 251.19 8.96 348.29 36.5 900 PF8
16 2498.68 253.42 9.86 349.63 37.5 1000 PF8
17 602.75 211.32 2.85 327.28 38.5 300 PF9
18 826.64 212.81 3.88 332.09 39.5 400 PF9
19 1057.41 216.95 4.87 297.84 31.5 500 PF10
20 1281.44 218.22 5.87 300.23 32.5 600 PF10

Table 5: Diagnosis results of the test data under 300–1000W/m2 irradiation and PV module surface temperatures between 31 and 40∘C.

Test no. Output weight for various fault types Known fault type Diagnosed results
PF1 PF2 PF3 PF4 PF5 PF6 PF7 PF8 PF9 PF10

1 1 0.6 0.55 0.58 0.29 0.19 0.23 0.24 0.1 0.2 PF1 PF1
2 1 0.6 0.66 0.61 0.23 0.23 0.2 0.28 0.22 0.23 PF1 PF1
3 0.5 0.97 0.59 0.65 0.31 0.21 0.22 0.23 0.23 0.2 PF2 PF2
4 0.5 0.99 0.6 0.5 0.25 0.27 0.2 0.25 0.14 0.19 PF2 PF2
5 0.5 0.66 1 0.55 0.14 0.18 0.2 0.65 0.18 0.14 PF3 PF3
6 0.44 0.66 1 0.42 0.09 0 0.05 0.58 0.09 0.1 PF3 PF3
7 0.5 0.61 0.76 1 0.16 0.23 0.14 0.25 0.57 0.52 PF4 PF4
8 0.87 0.84 0.83 0.99 0.5 0.59 0.46 0.47 0.63 0.53 PF4 PF4
9 0.16 0.2 0.11 0.12 1 0.19 0.23 0.47 0.33 0.27 PF5 PF5
10 0.16 0.2 0.22 0.15 1 0.23 0.2 0.58 0.51 0.23 PF5 PF5
11 0.33 0.24 0.14 0.19 0.31 1 0.22 0.23 0.23 0.46 PF6 PF6
12 0.16 0.22 0.18 0.14 0.25 1 0.2 0.36 0.14 0.45 PF6 PF6
13 0.16 0.19 0.22 0.18 0.14 0.42 1 0.18 0.18 0.14 PF7 PF7
14 0.09 0.22 0.13 0.18 0.13 0.41 1 0.08 0.11 0.08 PF7 PF7
15 0.14 0.32 0.51 0.17 0.58 0.12 0.14 1 0.6 0.11 PF8 PF8
16 0.5 0.58 0.66 0.55 0.09 0.51 0.46 1 0.01 0.43 PF8 PF8
17 0 0 0.1 0.54 0.25 0 0.39 0.23 1 0.51 PF9 PF9
18 0.16 0.2 0.22 0.53 0.5 0.23 0.41 0.58 1 0.71 PF9 PF9
19 0.16 0.24 0.14 0.53 0.53 0.52 0.34 0.23 0.65 1 PF10 PF10
20 0.16 0.22 0.18 0.64 0.25 0.59 0.2 0.25 0.74 1 PF10 PF10
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Table 6: Test data under 300–1000W/m2 irradiation and PV module surface temperatures between 51 and 60∘C.

Test no. 𝑃m (W) 𝑉pm (V) 𝐼pm (A) 𝑉oc (V) Temperature (∘C) Irradiation (W/m2) Known fault type
1 834.4 293.69 2.84 358.83 51.5 300 PF1
2 1146.19 297.99 3.85 364.3 52.5 400 PF1
3 1343.63 274.46 4.9 368.22 53.5 500 PF2
4 1627.07 275.99 5.9 371.31 54.5 600 PF2
5 1689.67 244.75 6.9 373.75 55.5 700 PF3
6 1934.57 243.17 7.96 375.79 56.5 800 PF3
7 1872.46 210.42 8.9 377.46 57.5 900 PF4
8 2077.41 208.71 9.95 378.86 58.5 1000 PF4
9 726.03 255.95 2.84 312.88 59.5 300 PF5
10 1021.06 263.33 3.88 324.53 51.5 400 PF5
11 1134.87 231.04 4.91 287.06 52.5 500 PF6
12 1374.59 232.48 5.91 289.46 53.5 600 PF6
13 1380.6 200.41 6.89 249.74 54.5 700 PF7
14 1580.05 198.79 7.95 251.09 55.5 800 PF7
15 2158.96 241.32 8.95 336.22 56.5 900 PF8
16 2393.71 239.48 10 337.47 57.5 1000 PF8
17 577.06 200.23 2.88 313.59 58.5 300 PF9
18 791.4 203.64 3.89 318.54 59.5 400 PF9
19 1017.84 208.04 4.89 287.63 51.5 500 PF10
20 1232.58 209.42 5.89 290.01 52.5 600 PF10

Table 7: Diagnosis results of the test data under 300–1000W/m2 irradiation and PV module surface temperatures between 51 and 60∘C.

Test no. Output weight for various fault types Known fault type Diagnosed results
PF1 PF2 PF3 PF4 PF5 PF6 PF7 PF8 PF9 PF10

1 1 0.66 0.62 0.67 0.34 0.28 0.23 0.26 0.2 0.28 PF1 PF1
2 1 0.64 0.65 0.66 0.34 0.37 0.2 0.32 0.22 0.26 PF1 PF1
3 0.5 1 0.67 0.66 0.24 0.24 0.32 0.22 0.25 0.22 PF2 PF2
4 0.5 1 0.6 0.6 0.28 0.26 0.22 0.24 0.22 0.27 PF2 PF2
5 0.61 0.66 0.99 0.66 0.25 0.28 0.23 0.71 0.28 0.22 PF3 PF3
6 0.5 0.89 1 0.66 0.19 0.14 0.14 0.68 0.15 0.08 PF3 PF3
7 0.5 0.63 0.62 1 0.22 0.35 0.15 0.44 0.66 0.64 PF4 PF4
8 0.41 0.58 0.57 1 0.17 0.55 0.31 0.37 0.66 0.68 PF4 PF4
9 0.16 0.22 0.19 0.1 1 0.28 0.23 0.44 0.44 0.28 PF5 PF5
10 0.16 0.32 0.23 0.19 0.98 0.37 0.2 0.52 0.4 0.26 PF5 PF5
11 0.33 0.24 0.19 0.22 0.24 1 0.32 0.43 0.25 0.58 PF6 PF6
12 0.15 0.22 0.18 0.17 0.28 1 0.22 0.35 0.22 0.59 PF6 PF6
13 0.12 0.19 0.19 0.22 0.25 0.56 1 0.28 0.28 0.22 PF7 PF7
14 0.12 0.22 0.12 0.22 0.19 0.37 1 0.19 0.15 0.08 PF7 PF7
15 0.12 0.28 0.52 0.11 0.6 0.18 0.15 1 0.48 0.15 PF8 PF8
16 0.02 0.26 0.55 0.19 0.84 0.4 0.12 1 0.53 0.15 PF8 PF8
17 0 0 0 0.52 0.2 0 0.18 0.17 1 0.56 PF9 PF9
18 0.16 0.2 0.23 0.52 0.61 0.37 0.2 0.55 1 0.81 PF9 PF9
19 0.16 0.42 0.19 0.55 0.38 0.59 0.32 0.22 0.7 1 PF10 PF10
20 0.15 0.22 0.18 0.57 0.28 0.54 0.22 0.24 0.72 1 PF10 PF10
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Table 8: Test data with an additional error and under 300–1000W/m2 irradiation and PVmodule surface temperatures between 31 and 40∘C.

Test no. 𝑃m (W) 𝑉pm (V) 𝐼pm (A) 𝑉oc (V) Temperature (∘C) Irradiation (W/m2) Known fault type
1 825.96∗ 341.92∗ 2.8 372.56 31.5 300 PF1
2 1195.23 313.34 3.04∗ 415.73∗ 32.5 400 PF1
3 1399.53 289.25 3.87∗ 420∗ 33.5 500 PF2
4 1695.32 319.68∗ 5.83 423.42∗ 34.5 600 PF2
5 1670.43∗ 255.11 5.51∗ 387.41 35.5 700 PF3
6 2013.52 282.55∗ 6.27∗ 389.52 36.5 800 PF3
7 1949.64 219.32 7.11∗ 430.38∗ 37.5 900 PF4
8 2055.82∗ 217.65 7.95∗ 392.78 38.5 1000 PF4
9 761.64 295.88∗ 2.83 359.45∗ 39.5 300 PF5
10 1011.02∗ 305.59∗ 3.83 336.43 31.5 400 PF5
11 1124.59∗ 244.95 4.83 327.19∗ 32.5 500 PF6
12 1362.03∗ 270.81∗ 5.82 299.85 33.5 600 PF6
13 1441.41 209.59 5.5∗ 284.55∗ 34.5 700 PF7
14 1567.73∗ 228.6∗ 7.94 260.08 35.5 800 PF7
15 2251.15 276.31∗ 7.16∗ 348.29 36.5 900 PF8
16 2373.74∗ 253.42 9.86 384.59∗ 37.5 1000 PF8
17 602.75 232.45∗ 2.28∗ 327.28 38.5 300 PF9
18 785.31∗ 234.09∗ 3.88 332.09 39.5 400 PF9
19 1057.41 238.64∗ 4.87 327.62∗ 31.5 500 PF10
20 1281.44 218.22 4.69∗ 330.25∗ 32.5 600 PF10
Variance −5% +10% −20% +10%
∗Indicates the addition of variance in the test data.

Table 9: Diagnosis results of the test data with additional errors and under 300–1000W/m2 irradiation and PVmodule surface temperatures
between 31 and 40∘C.

Test no. Output weight for various fault types Known fault type Diagnosed results
PF1 PF2 PF3 PF4 PF5 PF6 PF7 PF8 PF9 PF10

1 0.83 0.6 0.55 0.74 0.29 0.19 0.23 0.24 0.32 0.5 PF1 PF1
2 0.83 0.4 0.44 0.46 0 0 0 0 0 0 PF1 PF1
3 0.33 0.73 0.63 0.6 0 0 0 0 0.24 0.17 PF2 PF2
4 0.77 0.83 0.6 0.5 0.25 0.27 0.2 0.25 0.14 0.19 PF2 PF2
5 0.33 0.61 0.67 0.36 0.27 0.18 0 0.36 0 0 PF3 PF3
6 0.36 0.63 0.66 0.42 0.33 0 0.21 0.25 0 0 PF3 PF3
7 0.35 0.45 0.62 0.82 0 0.1 0.1 0.13 0.39 0.41 PF4 PF4
8 0.74 0.76 0.66 0.83 0.37 0.38 0.65 0.38 0.36 0.24 PF4 PF4
9 0.16 0.2 0.11 0.12 0.58 0.19 0.23 0.24 0.1 0.27 PF5 PF5
10 0.5 0.2 0.22 0.15 0.6 0.2 0.5 0.51 0.23 0.2 PF5 PF5
11 0.16 0.24 0.14 0.19 0.47 0.62 0.22 0.45 0.48 0.2 PF6 PF6
12 0.16 0.22 0.18 0.14 0.56 0.69 0.2 0.25 0.14 0.45 PF6 PF6
13 0 0 0 0 0.09 0.24 0.5 0 0 0 PF7 PF7
14 0.09 0.22 0.13 0.18 0.13 0.17 0.52 0.08 0.11 0.08 PF7 PF7
15 0 0.16 0.14 0 0.56 0 0.1 0.67 0.42 0 PF8 PF8
16 0.43 0.55 0.47 0.46 0.61 0.5 0.73 0.91 0.74 0.77 PF8 PF8
17 0 0 0 0.14 0.25 0 0.38 0.23 0.54 0.27 PF9 PF9
18 0.16 0.4 0.22 0.15 0.61 0.23 0.41 0.58 0.62 0.23 PF9 PF9
19 0.16 0.24 0.14 0.27 0.41 0.47 0.34 0.45 0.58 0.84 PF10 PF10
20 0 0 0 0.5 0.34 0 0 0.2 0.57 0.78 PF10 PF10
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Table 10: Test data with additional errors under 300–1000W/m2 irradiation and PV module surface temperatures between 51 and 60∘C.

Test no. 𝑃m (W) 𝑉pm (V) 𝐼pm (A) 𝑉oc (V) Temperature (∘C) Irradiation (W/m2) Known fault type
1 792.68∗ 323.06∗ 2.84 358.83 51.5 300 PF1
2 1146.19 327.78∗ 3.08∗ 364.3 52.5 400 PF1
3 1276.44∗ 301.9∗ 4.9 368.22 53.5 500 PF2
4 1545.71∗ 275.99 5.9 408.44∗ 54.5 600 PF2
5 1689.67 269.22∗ 5.52∗ 373.75 55.5 700 PF3
6 1837.84∗ 243.17 7.96 413.36∗ 56.5 800 PF3
7 1872.46 231.46∗ 7.12∗ 377.46 57.5 900 PF4
8 1973.53∗ 229.58∗ 9.95 378.86 58.5 1000 PF4
9 726.03 255.95 2.27∗ 344.16∗ 59.5 300 PF5
10 1021.06 289.66∗ 3.88 356.98∗ 51.5 400 PF5
11 1078.12∗ 231.04 3.92∗ 287.06 52.5 500 PF6
12 1305.86∗ 255.72∗ 5.91 289.46 53.5 600 PF6
13 1380.6 200.41 5.51∗ 274.71∗ 54.5 700 PF7
14 1580.05 218.66∗ 6.36∗ 251.09 55.5 800 PF7
15 2051.01∗ 241.32 8.95 369.84∗ 56.5 900 PF8
16 2393.71 239.48 8∗ 371.21∗ 57.5 1000 PF8
17 577.06 220.25∗ 2.3∗ 313.59 58.5 300 PF9
18 751.83∗ 224∗ 3.89 318.54 59.5 400 PF9
19 1017.84 228.84∗ 3.91∗ 287.63 51.5 500 PF10
20 1232.58 209.42 4.71∗ 319.01∗ 52.5 600 PF10
Variance −5% +10% −20% +10%
∗Indicates the addition of variance in the test data.

Table 11: Diagnosis results of the test data with additional errors and under 300–1000W/m2 irradiation and PVmodule surface temperatures
between 51 and 60∘C.

Test no. Output weight for various fault type Known fault type Diagnosed results
PF1 PF2 PF3 PF4 PF5 PF6 PF7 PF8 PF9 PF10

1 0.83 0.66 0.62 0.68 0.34 0.28 0.23 0.26 0.43 0.54 PF1 PF1
2 0.83 0.43 0.42 0.47 0 0 0 0 0 0 PF1 PF1
3 0.66 0.83 0.67 0.66 0.34 0.24 0.32 0.22 0.25 0.22 PF2 PF2
4 0.5 0.89 0.6 0.6 0.4 0.26 0.22 0.24 0.22 0.27 PF2 PF2
5 0.49 0.47 0.56 0.44 0.31 0 0.11 0.17 0 0 PF3 PF3
6 0.5 0.66 0.87 0.66 0.4 0.39 0.14 0.49 0.15 0.08 PF3 PF3
7 0.37 0.48 0.47 0.66 0 0.46 0 0.25 0.24 0.24 PF4 PF4
8 0.41 0.58 0.57 0.8 0.17 0.77 0.31 0.37 0.39 0.41 PF4 PF4
9 0 0 0 0 0.44 0 0.2 0 0 0 PF5 PF5
10 0.53 0.64 0.65 0.66 0.83 0.37 0.2 32 0.22 0.26 PF5 PF5
11 0 0 0.12 0.12 0 0.64 0 42 0.19 0.45 PF6 PF6
12 0.15 0.22 0.18 0.17 0.54 0.82 0.22 0.24 0.22 0.59 PF6 PF6
13 0 0 0 0 0 0.28 0.5 0 0 0 PF7 PF7
14 0 0 0 0 0 0.37 0.59 0 0 0 PF7 PF7
15 0.5 0.63 0.47 0.56 0.22 0.27 0.15 0.85 0.12 0.15 PF8 PF8
16 0.38 0.64 0.47 0.41 0.27 0.14 0.09 0.87 0 0.05 PF8 PF8
17 0 0 0 0.13 0.2 0.18 0.38 0.17 0.46 0.28 PF9 PF9
18 0.16 0.43 0.23 0.19 0.45 0.45 0.55 0.41 0.75 0.26 PF9 PF9
19 0 0.17 0.12 0.22 0.14 0.57 0 0.42 0.33 0.64 PF10 PF10
20 0 0 0 0.39 0.22 0 0.25 0.29 0.43 0.75 PF10 PF10
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unaltered. Furthermore, the order of possibility occurrence
on fault type for each test data is almost one and all as shown
in Tables 5 and 7 (without error addition).Therefore, whether
an error or error interference was added did not influence the
proposedmethod’s ability to correctly detect the fault types of
the test data.

6. Conclusion

This study proposed a photovoltaic power generation system
fault diagnosis method based on the CMAC. Following train-
ing, the CMAC diagnosis framework conducts fault diag-
noses on the data of operating photovoltaic power module
arrays. The CMAC can associate, summarize, and possesses
the characteristic of similar input signals exciting similar
memory. Therefore, it exhibits an excellent classification
accuracy rate. Furthermore, the CMAC can automatically
associate and output themost probable fault type based on the
similarity of the test data and specific fault patterns. Despite
the presence of additional noise interference in the test data,
the diagnosis results verified the accuracy and robustness of
the diagnosis framework. In addition, the reduced amount
of used memory, increased learning speed, and enhanced
tolerance further verifies the CMAC’s superior performance.
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Solar aided coal-fired power plants utilize various types of solar thermal energy for coupling coal-fired power plants by using the
characteristics of various thermal needs of the plants. In this way, the costly thermal storage system andpower generating systemwill
be unnecessary while the intermittent and unsteady way of power generation will be avoided. Moreover, the large-scale utilization
of solar thermal power and the energy-saving aim of power plants will be realized. The contribution evaluating system of solar
thermal power needs to be explored. This paper deals with the evaluation method of solar contribution based on the second law of
thermodynamics and the principle of thermoeconomics with a case of 600MW solar aided coal-fired power plant. In this study,
the feasibility of the method has been carried out. The contribution of this paper is not only to determine the proportion of solar
energy in overall electric power, but also to assign the individual cost components involving solar energy. Therefore, this study will
supply the theoretical reference for the future research of evaluation methods and new energy resource subsidy.

1. Introduction

Since the energy crisis in the 1970s, the major developed
countries of the world started a series of projects involving
solar thermal power generation for energy substitution.
Among the developments in this field, the research of
America, Israel, Spain, Germany, and Italy began first and
are consequently the most mature [1]. Solar energy as a form
of clean energy has broad application prospects. Moreover,
coupling with coal-fired power plants as a type of solar power
utilization has been presented and investigated by many
researchers.

Pai proposed the integration of a solar concentrator
field to a 210MWe coal-fired power plant [2]. Gupta and
Kaushik found that using solar energy as a substitute for
feed water heaters is more advantageous than using solar
energy alone for power generation [3]. From a theoretical
perspective, the solar aided coal-fired power generation sys-
temhasmany advantageswhen comparedwith a photovoltaic
power generation system. However, the popular utilization

of this technology has been relatively slow. The reasons for
this apathetic uptake have been concluded as follows: (a)
variations of solar radiation can cause operation difficulties
and (b) no reasonable evaluating systems have been built for
the contribution of solar energy in the integrated system.The
study about solar aided coal-fired power generation system
mostly concentrates on performance analyses, integration
modes, operations optimization, and so on. Since Gaggioli
and El-Sayed comprehensively concluded the history of
second law costing method, thermoeconomic analysis has
become a powerful scheme applied extensively in design,
operation, and reform of energy systems [4, 5]. Though
thermoeconomic methods are multitudinous, the objectives
of most existing analysis techniques still can be included
in the determination of (a) the appropriate allocation of
economic resources to optimize the design and operation of
a system and (b) the economic feasibility and profitability
of a system [6]. The methods can be roughly divided into
two classes: algebraic methods and calculus methods [4, 5].
The thermoeconomic analysis of solar aided coal-fired power
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generation system has already begun. Suresh and Reddy
dealt with the 4-E (namely, energy, exergy, environment, and
economic) analysis of solar aided coal-fired power plants with
a subcritical and a supercritical power plant as references [7];
Baghernejad andYaghoubi presented a new thermoeconomic
method applying a genetic algorithm for optimization of an
integrated solar combined cycle system [8].

The previous research as mentioned above has investi-
gated the integration of a solar concentrator fieldwith a power
plant. However the integrated system introduces solar energy
into the individual components in the traditional power
plants, the researches about how to evaluate the contribution
of solar energy in the system are hardly found.

A thermoeconomic method of evaluating solar contribu-
tion in the integrated system is firstly proposed in this paper.
A new built 600MW solar aided coal-fired power generation
unit is considered as a reference power plant. According to
the design parameters, the contribution proportion has been
achieved, and the generation cost has also been explored by
using sensitivity analysis method.

2. System Descriptions and
the Proposed Problem

Figure 1 shows the diagramof the solar aided coal-fired power
plant. In the solar field, several parabolic trough collectors
are connected and the heating material is heat transfer
oil. The oil-heat exchanger is a tube-shell heat exchanger.
The parabolic trough collectors and the oil-heat exchanger
together are called solar driven oil-water heat exchanger in
this paper.

In a typical reheated steam coal-fired power plant, the
combustion of coal takes place in the boiler. The unsaturated
boiler feedwater from the condenser enters the boiler after
going through four low-pressure reheaters (HTR1, HTR2,
HTR3, and HTR4), three high-pressure reheaters (HTR5,
HTR6, and HTR7), and a deaerator (Deaerator). The outlet
superheated steam from the boiler is transported to the
high-pressure cylinder to produce power, then, after being
reheated in the boiler, drives the intermediate and lower
pressure cylinders. Finally, the exhaust is condensed in the
condenser. It can be seen from Figure 1 that the extractions
from different positions of the cylinders ((1)–(8)) are used to
heat the feedwater via feedwater reheaters.The 600MWsolar
aided coal-fired power plant is similar to the reheated steam
cycle system.The difference lies in that a solar aided oil-water
heat exchanger has been added. When the solar radiation is
strong (e.g., in the day), the steam extraction (1) is cut off
and HTR7 will not be in operation; the feedwater will be
heated in the oil-heat exchanger. Conversely, when the solar
radiation is week (e.g., in the night), the oil-heat exchanger
will not be in operation and the plant will operate in the
same manner as the base plant. In the solar field (as shown
in the dash block in Figure 1), several parabolic collectors are
connected using heat transfer oil as the heating medium in
a tube-shell heat exchanger. The parabolic collectors and the
oil-heat exchanger together are called solar driven oil-water
heat exchanger (SDOHE) in this paper.

It can be seen from Figure 1 that the solar contribution
concentrates on providing heat to the feedwater. After heat-
ing, the feedwater flows into the boiler, then, after a series
of processes, the thermal energy is finally translated into
electrical power.

The principle behind the solar aided coal-fired power
generation system is to supply thermal energy by substituting
high pressure feedwater heaters with oil-water heat exchang-
ers. During a series of circulation, the energy contributes to
the system power output indirectly. Therefore, it is meaning-
ful to discuss how to evaluate the solar energy contribution
in the solar aided coal-fired power plant.

3. Evaluation Model of Solar
Energy Contribution

According to the first and second laws of thermodynamics,
evaluation models based on energy balance and exergy
balance are the possible methods for evaluating energy
contribution such as solar energy and fuel.Themethod based
on energy balance just considers the magnitude of energy
without taking energy grade into account. The evaluation
based on exergy balance has added energy grade to the
system, while the nonequivalence of the same value of exergy
at different points in the system has never been considered.
Therefore, the evaluation based on the index of technical
economics and energy equivalence has been explored in this
study. The approach proposed in this paper is called the
thermoeconomic cost method, considering both the energy
grade and the nonequivalence.

The thermoeconomic cost method includes three steps
as shown in Figure 2. Firstly, the contribution proportions
of solar energy and coal in every exergy flow needs to
be confirmed. Secondly, according to the thermoeconomic
concept, the values of each cost flow can be achieved.Thirdly,
the contribution of solar economic cost will be calculated
with the above data.

3.1. Confirming the Ratio of Solar Energy against Coal
according to Each Exergy Flow. This part is shown in Figure 2,
Box 1. For the convenience of the analysis, Figure 1 has
been simplified as shown in Figure 3. The system includes
six subsystems: (1) oil-water heat exchanging driven by
solar energy; (2) boiler preheating, steam generating, and
superheating; (3) high-pressure cylinder of turbine; (4) boiler
reheating; (5) intermediate- and low-pressure cylinder of
turbine; and (6) heat exchanging.Themain parameters of the
system such as the temperature, enthalpy, and flow rate are
listed in Figure 3.

The exergy balance equation of each subsystem is as
follows.

(1) The exergy loss of oil-water heat exchanging is given
by 𝐸
9
+ 𝐸
6
− 𝐸
1
.

The proportion of solar exergy loss assumed to be 𝛿
1
.

Then the loss will be, 𝛿
1
(𝐸
9
+ 𝐸
6
− 𝐸
1
), and the exergy loss

of feedwater will be, (1 − 𝛿
1
)(𝐸
9
+ 𝐸
6
− 𝐸
1
).

The exergy achieved by water will be written as follows:
𝐸
1
− 𝐸
6
+ (1 − 𝛿

1
)(𝐸
9
+ 𝐸
6
− 𝐸
1
).
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It equals the exergy released by solar energy, which may
be written as follows: 𝐸

9
− 𝛿
1
(𝐸
9
+ 𝐸
6
− 𝐸
1
).

The proportion of solar energy at point 1 may become as
follows:
𝛼
1
= (𝛼
6
[− (1 − 𝛿

1
) 𝐸
9
+ 𝛿
1
𝐸
6
+ (1 − 𝛿

1
) 𝐸
1
]

+ (1 − 𝛿
1
) 𝐸
9
− 𝛿
1
𝐸
6
+ 𝛿
1
𝐸
1
) (𝐸
1
)
−1
.

(1)

(2)The total exergy loss of preheater, steam generator and
superheater is given by 𝐸

10
+ 𝐸
1
− 𝐸
2
.

The proportion of coal exergy loss assumed to be 𝛿
2
.

Then the exergy loss of waterwill be, (1−𝛿
2
)(𝐸
10
+𝐸
1
−𝐸
2
),

and the exergy achieved by water will be written as follows:
𝐸
2
− 𝐸
1
+ (1 − 𝛿

2
)(𝐸
10
+ 𝐸
1
− 𝐸
2
).

It equals the exergy released by coal, whichmay bewritten
as follows: 𝐸

10
− 𝛿
2
(𝐸
10
+ 𝐸
1
− 𝐸
2
).

The proportion of solar energy at point 2 may become as
follows:

𝛼
2
=
𝛼
1
[− (1 − 𝛿

2
) 𝐸
10
+ 𝛿
2
𝐸
1
+ (1 − 𝛿

2
) 𝐸
2
]

𝐸
2

. (2)

(3) The proportions of solar energy at the import and
export of turbine are equal.

For the third subsystem, the equation will be given by

𝛼
3
= 𝛼
2
= 𝛼
7
. (3)

For the fifth subsystem, the equation will be given by

𝛼
5
= 𝛼
4
= 𝛼
8
. (4)

(4)The total exergy loss of reheater is given by 𝐸
11
+ 𝐸
3
−

𝐸
4
.
The proportion of coal exergy loss assumd to be 𝛿

3
.

Then the exergy loss of coal will be 𝛿
3
(𝐸
11
+𝐸
3
−𝐸
4
), and

the exergy loss of water will be (1 − 𝛿
3
)(𝐸
11
+ 𝐸
3
− 𝐸
4
).

The exergy achieved by water will be written as follows:
𝐸
4
− 𝐸
8
+ (1 − 𝛿

3
)(𝐸
11
+ 𝐸
3
− 𝐸
4
).

It equals the exergy released by coal, whichmay bewritten
as follows: 𝐸

11
− 𝛿
3
(𝐸
11
+ 𝐸
3
− 𝐸
4
).

The proportion of solar energy may become as follows:

𝛼
4
=
𝛼
3
[− (1 − 𝛿

3
) 𝐸
11
+ 𝛿
3
𝐸
3
+ (1 − 𝛿

3
) 𝐸
4
]

𝐸
4

. (5)

(5) The total exergy loss is given by 𝐸
5
+ 𝐸
7
+ 𝐸
8
− 𝐸
6
.

The proportions of exergy loss at point 7 and 8 are
assumed to be 𝛿

4
and 𝛿
5
.
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Figure 3: Schematic representation of solar aided coal-fired power generation system.

Then, the exergy loss at point 7 will be 𝛿
4
(𝐸
5
+ 𝐸
7
+ 𝐸
8
−

𝐸
6
).
The exergy loss at point 8 will be 𝛿

5
(𝐸
5
+𝐸
7
+𝐸
8
−𝐸
6
), and

the exergy loss at point 5 will be (1−𝛿
4
−𝛿
5
)(𝐸
5
+𝐸
7
+𝐸
8
−𝐸
6
).

The equation will be written as follows:

𝛼
6
= (𝛼
7
[𝐸
7
− 𝛿
4
(𝐸
5
+ 𝐸
7
+ 𝐸
8
− 𝐸
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+ 𝛼
8
[𝐸
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− 𝛿
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(𝐸
5
+ 𝐸
7
+ 𝐸
8
− 𝐸
6
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+ 𝛼
5
[𝐸
5
− (1 − 𝛿

4
− 𝛿
5
)

× (𝐸
5
+ 𝐸
7
+ 𝐸
8
− 𝐸
6
)]) (𝐸

6
)
−1
.

(6)

The proportion of solar energy will be ensured by using (1)–
(6).

3.2. The Exergy Follow Cost C Will Be Ensured by Thermoe-
conomic Analysis. This part is shown in Figure 2, Box 2.
According to Figure 3, the system includes 6 subsystems and
13 exergy flows. The equation satisfied by each subsystem is
given by:

𝐶in + 𝐶𝑛 = 𝐶out, (7)

where 𝐶in and 𝐶𝑛 are, respectively, the energy cost of import
and the cost of others, and 𝐶out is the energy cost of export.

Then, for the first subsystem, the equation is given by the
following:

𝐶
6
+ 𝐶
9
+ 𝐶
𝑛1
= 𝐶
1
. (8)

For the second subsystem, the equation is given by the
following:

𝐶
1
+ 𝐶
10
+ 𝐶
𝑛2
= 𝐶
2
. (9)

For the third subsystem, the equation is given by the
following:

𝐶
2
+ 𝐶
𝑛3
= 𝐶
3
+ 𝐶
7
+ 𝐶
12
. (10)

For the fourth subsystem, the equation is given by the
following:

𝐶
3
+ 𝐶
11
+ 𝐶
𝑛4
= 𝐶
4
. (11)

For the fifth subsystem, the equation is given by the
following:

𝐶
4
+ 𝐶
𝑛5
= 𝐶
5
+ 𝐶
8
+ 𝐶
13
. (12)

For the fifth subsystem, the equation is given by the
following:

𝐶
5
+ 𝐶
7
+ 𝐶
8
+ 𝐶
𝑛6
= 𝐶
6
. (13)

The cost of solar exergy flow 𝐸
9
is given data, and then we

will get the equation as follows:

𝐶
9

𝐸
9

= 𝑐
9
. (14)
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The costs of coal exergy flows 𝐸
10
and 𝐸

11
are given data,

and then the equation will be as follows:

𝐶
10

𝐸
10

=
𝐶
11

𝐸
11

= 𝑐
10
= 𝑐
11
. (15)

The costs of 𝐸
2
, 𝐸
3
, and 𝐸

7
have been given, and then the

equation may be as follows:

𝐶
2

𝐸
2

=
𝐶
3

𝐸
3

=
𝐶
7

𝐸
7

. (16)

The costs of 𝐸
4
, 𝐸
5
, and 𝐸

8
have been given, and then the

equation will be as follows:

𝐶
4

𝐸
4

=
𝐶
5

𝐸
5

=
𝐶
8

𝐸
8

. (17)

According to (8)–(17), the cost of each exergy flow will be
ensured.

3.3. According to the Thermoeconomic Analysis of the Solar
Part, the Cost Proportions of Solar Energy in Each Exergy Flow
Will Be Ensured. This part is shown in Figure 2, Box 3. For
the convenience of analysis, Figure 3 has been simplified as
shown in Figure 4. The system still includes six subsystems.

According to the data above, the solar energy parts in
each exergy flowhave just been considered alone, and the cost
proportions of solar energy will be explored.

Equations of each subsystem have been given as follows.
(1)The cost equation of oil-water heat exchanging is given

by the following:

𝐶
6
𝛽
6
+ 𝐶
9
𝛽
9
+ 𝐶
𝑛1
𝛽
𝑛1
= 𝐶
1
𝛽
1
. (18)

(2) The cost equation of preheating, steam generating,
and superheating is given by the following:

𝐶
1
𝛽
1
+ 𝐶
10
𝛽
10
+ 𝐶
𝑛2
𝛽
𝑛2
= 𝐶
2
𝛽
2
. (19)

(3)The cost equation of turbine is given by the following:

𝐶
2
𝛽
2
+ 𝐶
𝑛3
𝛽
𝑛3
= 𝐶
3
𝛽
3
+ 𝐶
7
𝛽
7
+ 𝐶
12
𝛽
12
. (20)

Table 1: Main designed parameters of coal-fired power plant.

Parameters Values Units
Capacity 600 MW
Parameters of main steam 24.2/566/566 MPa/∘C/∘C
Feedwater mass flow rate 1645.15 t/h
Condenser pressure 4.9 kPa
Feedwater temperature 272.3 ∘C
Coal consumption rate 257.4 g/kWh

(4) The cost equation of reheating is given by the follow-
ing:

𝐶
3
𝛽
3
+ 𝐶
11
𝛽
11
+ 𝐶
𝑛4
𝛽
𝑛4
= 𝐶
4
𝛽
4
. (21)

(5)The cost equation of turbine is given by the following:
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𝛽
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𝛽
8
+ 𝐶
13
𝛽
13
. (22)

(6) The cost equation of heat exchanging is given by the
following:

𝐶
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𝛽
7
+ 𝐶
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𝛽
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+ 𝐶
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𝛽
𝑛6
= 𝐶
6
𝛽
6
. (23)

Since the cost of solar energy achieving is free, we assume
𝐶
9
= 0 and 𝛽

9
= 0.

For the second and third subsystems, the import exergy
flows of 10 and 11 will be 0, which means the solar parts in 10
and 11 will be 0:

𝛽
10
= 𝛽
11
= 0. (24)

Since the costs of 𝐸
2
, 𝐸
3
, and 𝐸

7
are equal, (25) can be

obtained as follows:

𝛽
2
= 𝛽
3
= 𝛽
7
. (25)

Since the flow rates of 𝐸
4
, 𝐸
5
, and 𝐸

8
are equal, (26) can

be obtained as follows:

𝛽
4
= 𝛽
5
= 𝛽
8
. (26)

The cost proportions of solar energy 𝛽 will be ensured by
using (18)–(26).

4. Case Study

4.1. Main Parameters. A coal-fired power plant of 600MW
in China has been chosen as the base plant, with the main
designed parameters shown in Table 1. Coal is the supply fuel
of the power plant, with the following components: moisture
= 9.9%, ash = 23.7%, hydrogen = 3.11%, nitrogen = 1.01%,
sulphur = 2%, oxygen = 2.78%, carbon = 57.5%, and LHV =
21981 kJ/kg.

The solar aided coal-fired power plant is using the same
coal as the base case, except for the solar driven oil-water heat
exchanger and the steamcut-off, other structures are the same
as the base case. The data of solar field is based on real data
from theGEGS-VI station inUSA [9–11]. Somemodifications
have been made to make it suitable for the case in this
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Table 2: Main parameters of the collector field.

Parameters Values Units
Solar irradiation 925 W/m2

Area of per collector 235 m2

Number of collector in each row 16
Rows of collectors 30 Rows
Inlet temperature of heat transfer oil 250 ∘C
Outlet temperature of heat transfer oil 328 ∘C

Table 3: Main designed parameters of solar aided power plant.

Parameters Values Units
Capacity 600 MW
Feedwater temperature 281.65 ∘C
Coal consumption rate 243.7 g/kWh
Thermal efficiency 50.41 %
Exergy efficiency 48.07 %
Area of all collectors 112800 m2

paper. The collects are LS-2 parabolic trough collects from
LUZ Company [9], and the diagram and main parameters
of the collectors are shown in Table 2. The collector field is
composed of 30 rows of 16 solar collectors which are parallelly
installed. The heated heat transfer oil flows into the oil-
water heat exchanger and the cooled heat transfer oil will be
pumped back into the oil cycle.

Themain designed parameters of solar aided power plant
are shown in Table 3.

For the solar aided coal-fired power plant, the energy
efficiency and exergy efficiency can be defined as follows:

𝜂energy =
𝑤output

𝑄coal + 𝑄solar
, (27)

where 𝜂energy is the energy efficiency, 𝑤output is work output,
𝑄coal is the energy of coal, and 𝑄solar is the energy of solar.

𝜂exergy =
𝑤output

𝐸coal + 𝐸solar
, (28)

where 𝜂exergy is the exergy efficiency, 𝐸coal is the exergy of
coal, and 𝐸solar is the solar exergy.

It can be seen from Tables 1 and 3 that the coal consump-
tion rate of solar aided coal-fired power plant is less than that
of the coal-fired power plant.

The capital cost of the plant is shown in Table 4 [12–
18]. The investment includes the cost of facilities and the
maintaining cost. The cost of coal is 140 dollars/ton [19].

4.2. Results and Sensitivity Analysis. Based on the methodol-
ogy proposed in Section 3, the solar contributions in 600MW
solar aided coal-fired power plant have been evaluated. The
results of solar exergy proportion and solar cost proportion
have been shown in Tables 5 and 6, respectively.

The overall exergy proportion of solar power in the plant
can be calculated using 𝛼 = (𝛼

12
×𝐸
12
+𝛼
13
×𝐸
13
)/(𝐸
12
+𝐸
13
)

and the result is 4.84%.

Table 4: The investment of the plant.

Items Cost (dollars)
Solar concentration field 37528560.00
Oil-water heat exchangers 4192170.00
Super heaters of the boiler 168235561.38
Reheaters of the boiler 22941212.92
High-pressure turbine 24723323.22
Intermediate-pressure turbine 26877786.50
Low-pressure turbine 42734428.98
Condenser 14550480.00
Other heat exchangers 21149680.00
Deaerator 3156810.00
Pumps 673317.35

Table 5: Exergy value of each flow and the proportion of solar
power.

Exergy flows Exergy value (MJ/h) Exergy Proportion of
solar 𝛼 Percent

𝐸
1 555712.8 𝛼1 48.39
𝐸
2 2447325 𝛼2 6.55
𝐸
3 1563747 𝛼3 6.55
𝐸
4 2065157 𝛼4 4.09
𝐸
5 89036.6 𝛼5 4.09
𝐸
6 422330.4 𝛼6 4.72
𝐸
7 157822.2 𝛼7 6.55
𝐸
8 362203.9 𝛼8 4.09
𝐸
9 357271.6 𝛼9 100
𝐸
10 3551430 𝛼10 0
𝐸
11 941377.7 𝛼11 0
𝐸
12 664758.2 𝛼12 6.55
𝐸
13 1495293 𝛼13 4.09

Table 6: Exergy cost of each flow and the proportion of solar power.

Cost flow values Cost proportion of
solar 𝛽 Percent

𝐶
1 5903 𝛽1 1.98
𝐶
2 22724 𝛽2 0.70
𝐶
3 14520 𝛽3 0.70
𝐶
4 18896 𝛽4 0.56
𝐶
5 815 𝛽5 0.56
𝐶
6 5745 𝛽6 0.70
𝐶
7 1465 𝛽7 0.70
𝐶
8 3314 𝛽8 0.56
𝐶
9 0 𝛽9 100
𝐶
10 16181 𝛽10 0
𝐶
11 4289 𝛽11 0
𝐶
12 6833 𝛽12 0.78
𝐶
13 15032 𝛽13 0.62
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It can be seen from Table 5 that the proportion of solar
exergy is 100 percent in the ninth exergy flow. This is
due to the solar energy from the solar exergy flow sharing
a contribution ratio of 100 percent. As exergy flows, the
proportion of solar exergy shows a decreasing trend. The
twelfth and the thirteenth exergy flows shown in Table 5
represent the exergy in system work (i.e., electric power).
The proportions of solar power are 6.55% and 4.09%. The
overall exergy proportion of solar power is 4.84%byweighing
the proportions in the twelfth and thirteenth exergy flows.
In the system, considering the proportion of exergy flows,
the contribution of solar power can be measured by its
proportion of 4.84% in the overall electric power. For the
system with a rated capacity of 600MW, in this case, about
29.04MWof electric power is contributed to solar power and
the rest 570.96MW is contributed to coal-fired.

The overall cost proportion of solar power in the plant can
be calculated using 𝛽 = (𝛽

12
× 𝐶
12
+ 𝛽
13
× 𝐶
13
)/(𝐶
12
+ 𝐶
13
)

and the result is 0.67%.
It can be seen from Table 6 that the cost of solar exergy

flow is zero in the exergy cost of the ninth flow. This is
because the solar energy has been considered to be free in
the analysis. The exergy cost of the twelfth and thirteenth
flows in Table 6 shows the exergy costs of electricity, and the
proportions of solar power are 0.78% and 0.62% in them. By
weighing the proportions of solar power in the twelfth and
thirteenth flows, we can obtain that the proportion of solar
power in the electric exergy cost is 0.67%. In this system,
considering the exergy cost of flows, the proportion of the
cost of solar power and solar equipments is 0.67%. For the
system, a rated capacity of 600MW, in this case, the cost of
solar energy, and solar equipment share a proportion of 0.67%
in the cost of electric power, and the rest (99.33%) comes from
coal and other equipment. Comparing the calculated solar
power exergy generated with the proportion of cost of solar
power exergy generated, the proportion of 4.48% of solar
power exergy generated is much larger than the proportion
of 0.67% of cost of solar power exergy generated.

(1) Sensitivity Analysis of Coal Cost. When the coal cost
changes from 100 to 180 dollars/ton, the trend of cost of
electricity is shown in Figure 5 and the trend of the overall
cost proportion of solar is shown in Figure 6.

The power generation cost is calculated as follows:

𝑐electricity =
𝐶electricity

𝐸electricity
, (29)

where 𝑐electricity is the cost of power generation, 𝐶electricity is
the exergy cost of electricity, and 𝐸electricity is the generating
capacity.

The exergy cost of electricity includes two aspects,
namely, fixed costs and variable costs. The fixed costs include
equipment costs, material costs, depreciation costs, opera-
tion, andmaintenance fees, and the variable costs include fuel
costs, environmental costs, water charges. In order to take
advantage of the calculation method proposed in this paper,
all of the costs (except the fuel costs) have been converted to
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Figure 5: The change of cost of electricity with coal cost.

the equipment costs.Therefore, in this case, the cost of power
generation is calculated as follows:

𝑐electricity =
𝐶
12
+ 𝐶
13

𝐸
12
+ 𝐸
13

. (30)

It can be seen from Figure 5 that the cost of electricity
increases from 2.67 cents/kWh to 4.62 cents/kWh in the solar
aided coal-fired power plant with the coal prices increase
from 100$/t to 180$/t. The power generation cost of 600MW
power plant is 3.81 cents/kWh, and that of the coupled power
plant power is 3.64 cents/kWh when the coal price is 140$/t.
In the terms of coal price, the COE of a solar aided power
plant is less than the one of coal-fired power plant. As
solar energy is added to the solar aided system, in the
condition of saving coal (with lower coal consumption rate),
considering the solar energy is free, the COE of a coupled
power plant will be lower than the original thermal power
plant. However, compared to the pure solar power generation
system, the coupled system uses the turbines, generators and
other key equipment of the original thermal power system,
and the work efficiency of the replaced high-temperature
high-pressure high-grade steam ismuch higher than the pure
solar thermal power generation. Therefore, the COE of the
coupled power generation system is less than the pure solar
power generation system.

It can be seen from Figure 6 that with the coal price
increasing from 100$/t to 180$/t, the 𝛽 is reduced from 0.92%
to 0.51%, about 0.41 points. The reduction trend tends to be
slower with the increase of the coal price.

(2) Sensitivity Analysis of Solar Facilities’ Investment. When
the investment of solar facilities changes from 60% to 140%,
the trend of the cost of electricity is shown in Figure 7 and
the trend of the overall cost proportion of solar is shown in
Figure 8.

Figure 7 shows that, with the solar equipment price
increase, the proportion of solar equipment increases in the
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Figure 6: The change of the overall cost proportion of solar with
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Figure 7:The change of the cost of electricity with the solar facilities’
investment.

equipment costs, so the COE of solar aided power plant
increases. Therefore, the production of cheap solar collector
devices is good for power plant in low-cost operation.

It can be seen from Figures 7 and 8, with the change
of the cost of solar equipment from 60% of the calculation
cost to 140% of the calculation cost, that the cost of power
generation increases from 3.63 cents/kWh to 3.65 cents/kWh;
the 𝛽 increases from 0.53% to 0.79%, which is about 0.26
points.

5. Conclusions

This paper proposed thermoeconomic cost method for solar
contribution study in solar aided coal-fired power plant
and analyzed the plant based on the newly constructed and
reconstructed 600MW power plant.
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Figure 8:The change of the overall cost proportion of solar with the
solar facilities’ investment.

Based on the second law of thermodynamics and the
principle of thermoeconomics, this paper proposed the
evaluation of solar contribution in the solar aided coal-fired
power plant, which can be used to assign the individual cost
components involving solar energy. Its feasibility has been
proven by analyzing a newly constructed power plant. The
result shows: that when operating at the rated capacity, the
proportion of solar power in overall electric power is 4.84%,
which is about 29.04MW.

Nomenclature

𝐸
𝑖
: The exergy value of the 𝑖th exergy flow
𝛿
𝑖
: The ratio of solar exergy loss in the total exergy

loss when running the 𝑖th equipment
𝛼
𝑖
: The ratio of solar exergy flow in the 𝑖th exergy

flow
𝑐
𝑖
: The unit cost of the 𝑖th exergy flow
𝐶
𝑖
: 𝐶
𝑖
= 𝑐
𝑖
⋅ 𝐸
𝑖
. The cost of the 𝑖th exergy flow, as

the energy cost
𝐶
𝛾𝑖
: The nonenergy cost of the 𝑖th subsystem
𝛽
𝑖
: The exergy cost ratio of the solar contribution

in the 𝑖th exergy flow
𝛽
𝛾𝑖
: The ratio of the solar side of the nonenergy
costs of the 𝑖th subsystem.
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Due to the complex parameters of a solar power system, the designer not only must think about the load demand but also needs
to consider the price, weight, and annual power generating capacity (APGC) and maximum power of the solar system. It is an
important task to find the optimal solar power system with many parameters. Therefore, this paper presents a novel decision-
making method based on the extension theory; we call it extension decision-making method (EDMM). Using the EDMM can
make it quick to select the optimal solar power system.The paper proposed this method not only to provide a useful estimated tool
for the solar system engineers but also to supply the important reference with the installation of solar systems to the consumer.

1. Introduction

In recent years, global warming caused the sea levels rising.
As a result, the loss of coastal wetlands causes the erosion of
the coastline and the continuedflooding in the low-lying area.
Regional climate changes also caused serious striking against
the environmental ecology and agriculture. The greenhouse
effect and global warming are becoming increasingly appar-
ent. In the past two decades, the economy has grown rapidly
in Taiwan, and it made the energy requirement increase
greatly. However, there is an extreme shortage of energy
resources in Taiwan. Also, 99 percent of the energy must rely
on import from the foreign countries. Facing the fossil-fuel
shortage crisis, Taiwan is actively opening up the renewable
energy at present. The solar energy is one of the renewable
energy resources with the highest acceptance in Taiwan.

Because Taiwan is located in subtropics, the temperature
and the sunlight suit to develop the solar power system.
Solar power system has high potential. When the solar power
system operates, it neither produces the air pollution nor
generates a large number of CO

2
. Therefore, this system is

very helpful to reduce the global warming and the demand
of fossil energy. The solar power system is also a clean and
safe power supply system for businesses and families [1, 2].

The semiconductor industry fairly matures in Taiwan.
The electronic power technology development is stepping

into a new stage.There is a quite good basis onmanufacturing
technology and R&D manpower. By the global photovoltaic
(PV) industry growth trends, it is high competition to
develop the solar power system in Taiwan. According to the
industry statistics until 2007, there are more than 70 solar
power system companies and solar power system output is
430MW which is the fourth in the world. The PVs industry
production is worth 53.5 billion dollars. It is beneficial to save
the energy and reduce CO

2
and the industrial development.

In part of the solar development, the single crystal silicon
solar cell efficiency has reached 21%, and the polysilicon solar
cell efficiency is up to 18.5%.The high efficient design and the
packaging technologies in the PV module technology have
been established. In 2012, we expect to be completed to install
20,000 families, and the capacity of 60MW installations.The
solar energy system can generate 7,200 million kWh per year.
It promotes the development of the domestic PV industry,
creates the domestic markets, and develops the industries.

When the solar power system is installed, it needs to
consider the loading demand and the installing area. For
the user, it is important to consider with the recovered
cost, APGC, and the total weight of solar power system [3].
Confronting the variety of solar power system in the market,
the solar system is an important task of how to select the
best option from the specifications provided. Therefore, this
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paper presents a novel decision-makingmethod based on the
extension theory [4–6]; we call it extension decision-making
method (EDMM). First, according to the specifications of
PV cell provided by the manufacturer, this paper uses the
commercial software to simulate every solar power system
and to compute the APGC of solar system. Then, this paper
uses the proposed EDMM to count the evaluation index
of every system. Using the evaluation index can make it
easy to select the optimal system. This proposed method
not only provides the system engineers with as a very
useful assessment tool, but also supplies the users with the
important reference when setting a solar power system. In
addition, this paper proposes themethodwhich can be added
or subtracted to the characteristic and weight by the user’s
requirement. We hope that the proposed method will lead to
further investigation for other renewable energy systems.

2. Review of Extension Theory

In the standard set, an element either belongs to or not
belongs; so, the range of the standard set is {0, 1}, which can
be used to solve a two-valued problem. In contrast to the
standard set, the fuzzy set allows the description of concepts
in which the boundary is not explicit. It concerns not only
whether an element belongs to the set but also to what degree
it belongs to the set. The range of a fuzzy set is [0, 1]. The
extension set extends the fuzzy set from [0, 1] to (−∞,∞). As
a result, it allows us to define a set that includes any data in the
domain. Extension theory tries to solve the incompatibility or
contradiction problems by the transformation of the matter
element [7, 8]. The comparisons of the standard sets, fuzzy
sets, and extension sets are shown in Table 1. Some definitions
of extension theory are introduced in the next section.

2.1. Matter-Element Theory

2.1.1. Definition of Matter-Element. Defining the name of
matter as 𝑁, the characteristics of the matter as 𝑐, and the
value of 𝑐 as 𝑣, a matter-element in extension theory can be
described as follows:

𝑅 = (𝑁, 𝑐, 𝑣) , (1)

where𝑁, 𝑐, and 𝑣were called the three fundamental elements
of the matter-element. If the value of the characteristic has
a classical domain or a range, then we define the matter-
element for the classical domain as follows:

𝑅 = (𝑁, 𝑐, 𝑣) = (𝑁, c, ⟨𝑣𝐿, 𝑣𝑈⟩) , (2)

where 𝑣𝐿 and 𝑣𝑈 are the lower bound and upper bound of a
classical domain.

2.1.2. Multidimensional Matter-Element. Assuming 𝑅 =

(𝑁, 𝐶, 𝑉) to be a multidimensional matter-element, 𝐶 =

[𝑐
1
, 𝑐
2
, . . . , 𝑐

𝑛
] a characteristic vector, and 𝑉 = [𝑣

1
, 𝑣
2
, . . . , 𝑣

𝑛
]

a value vector of 𝐶, then a multidimensional matter-element
is defined as

𝑅 =

[
[
[
[

[

𝑁, 𝑐
1
, 𝑣
1

𝑐
2
, 𝑣
2

...
𝑐
𝑛
, 𝑣
𝑛

]
]
]
]

]

=

[
[
[
[

[

𝑅
1

𝑅
2

...
𝑅
𝑛

]
]
]
]

]

, (3)

where 𝑅
𝑖
= (𝑁, 𝑐

𝑖
, 𝑣
𝑖
) (𝑖 = 1, 2, . . . , 𝑛) is defined as the sub-

matter-element of 𝑅.

2.2. Extension Set Theory

2.2.1. Definition of Extension Set. Let 𝑈 be the universe of
discourse; then, an extension set 𝐴 on 𝑈 is defined as a set
of ordered pairs as follows:

𝐴 = {(𝑣, 𝑦) | 𝑣 ∈ 𝑈, 𝑦 = 𝐾 (𝑣) ∈ (−∞,∞)} , (4)

where 𝑦 = 𝐾(𝑥) is called the correlation function for
extension set 𝐴. The 𝐾(𝑥) maps each element of 𝑈 to a
membership grade between −∞ and ∞. The higher degree
and the more elements belong to the set. In a special
condition, when 0 ≤ 𝐾(𝑥) ≤ 1, it corresponds to a normal
fuzzy set.𝐾(𝑥) ≤ −1 implies that the element 𝑥 has no chance
to belong to the set. When −1 < 𝐾(𝑥) < 0, it is called an
extension domain, which means that the element 𝑥 still has a
chance to become part of the set.

2.2.2. Definition of Correlation Function. The correlation
functions have many forms dependent on application. If we
set 𝑉
𝑜
= ⟨𝑎, 𝑏⟩ and 𝑉 = ⟨𝑐, 𝑑⟩ being two intervals in the real

number field, and 𝑉
𝑜
∈ 𝑉, then the correlation function in

the extension theory can be defined as follows:

𝐾 (𝑣) =
𝜌 (𝑣, 𝑉

𝑜
)

𝐷 (𝑣, 𝑉
𝑜
, 𝑉)

, (5)

where

𝐷(𝑣, 𝑉
𝑜
, 𝑉) = {

𝜌 (𝑣, 𝑉) − 𝜌 (𝑣, 𝑉𝑜) , 𝑣 ∉ 𝑉
𝑜
,

−1, 𝑣 ∈ 𝑉
𝑜
,

𝜌 (𝑣, 𝑉
𝑜
) =



𝑥 −
𝑎 + 𝑏

2



−
𝑏 − 𝑎

2
,

𝜌 (𝑣, 𝑉) =



𝑥 −
𝑐 + 𝑑

2



−
𝑑 − 𝑐

2
.

(6)

The correlation function can be used to calculate the mem-
bership grade between 𝑥 and 𝑉

𝑜
as shown in Figure 1.

2.3. Decision-Making Method for Solar Power System. Using
the decision-making method for the solar power systems, it
must have a software suit to simulate APGC, the maximum
power, and the current of the solar power systems. Then, we
can use the characteristics of solar power system to build the
matter-element model of solar systems and to calculate the
estimated index for selecting rank.
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Table 1: Three different sorts of mathematical sets.

Compared item Standard set Fuzzy set Extension set
Research objects Data variables Linguistic variables Contradictory problems
Model Mathematics model Fuzzy mathematics model Matter-element model
Descriptive function Transfer function Membership function Correlation function
Descriptive property Precision Ambiguity Extension
Range of set 𝐶

𝐴
(𝑥) ∈ (0, 1) 𝜇

𝐴
(𝑥) ∈ [0, 1] 𝐾

𝐴
(𝑥) ∈ (−∞,∞)

1

0

Positive
field Zero

boundary

Classical
domain

Joint
domain

Extension
field Negative

field

𝑎 𝑏𝑐 𝑑
𝑥

𝐾(𝑥)

−1

Figure 1: The proposed extended relation function.

2.4. Test Conditions. The paper is based on the simulated
software to unify the location, area, the direction of har-
monization, and the horizontal angle for the solar power
system. It simulates all the conditions of each solar power
system installed in the location of the latitude and longitude,
respectively, (24, 9) and (120, 40), in Taichung. Then, it
simulates the solar power system and the horizontal included
angle is 23 degrees and the panel toward the south. The
simulated total area of the solar power system is 50 square
meters. There are established five groups of the matter-
element model according to the characteristics which are the
APGC, themaximum power, themaximum current, the total
cost, and the total weight of the solar power systems.

The first three data statistics calculate from the commer-
cial simulation software, the typical simulated results of the
solar power system can be shown in Figures 2 and 3, there are
easy to calculate the APCG, maximum power, and current of
the tested solar system.

The two other data are provided from the producers
of solar power systems. Table 2 shows the specification of
different solar systems. Then, the paper uses the earlier 5
characteristics to create the matter-element model as shown
in Table 3. Here, the A-class represents the best solar module.
The opposite E-class represents the worst solar module.
Table 3 shows that the 𝑐1 is APGC, 𝑐2 is themaximum power,
𝑐3 is the total cost, 𝑐4 is the maximum current, and 𝑐5 is the
total weight.

2.5. The Proposed Extension Decision-Making Method. This
paper has been successfully using computer software to

Table 2: Specifications of the different PV modules.

PV
samples

Characteristics

APGC
(kwh/year)

Max.
power
(kw)

Cost
(103 USD)

Max.
current
(A)

Weight
(kg)

Module 1 4962 4.2 23.6 240 380
Module 2 4575 3.8 23.6 238 395
Module 3 11969 10.3 42.1 253 800
Module 4 3890 3.7 51.5 119 1030
Module 5 6998 6.2 30.1 174 644
Module 6 6629 5.6 24.8 330 608
Module 7 6685 6.0 27.7 341 608
Module 8 5251 4.3 44.1 288 662
Module 9 4528 4.1 40.8 131 836
Module 10 6833 6.2 26.8 363 886
Module 11 6286 5.1 52.3 220 420
Module 12 7255 6.3 29.7 178 570
Module 13 7858 6.7 29.3 186 532
Module 14 7812 6.3 30.9 356 600
Module 15 7915 6.2 32.7 356 601
Module 16 6543 5.7 32.2 324 672
Module 17 7284 6.4 23.5 127 812
Module 18 7415 5.5 30.7 332 550
Module 19 12614 10.8 47.3 257 800
Module 20 12297 10.5 42.4 255 800
Module 21 11094 9.5 49.0 172 1150
Module 22 5824 4.6 29.7 278 814
Module 23 4335 4.1 51.3 199 624
Module 24 7303 6.0 33.1 338 589
Module 25 3903 3.5 49.3 221 516
Module 26 8209 7.1 24.9 236 480
Module 27 4307 3.9 47.0 125 941
Module 28 6943 5.9 30.5 338 476
Module 29 10200 8.8 40.1 219 660
Module 30 2134 2.1 38.6 121 620

implement the proposed method for the selection of solar
power systems; the details of the proposedmethod are shown
as follows.
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Table 3: Matter-element models of different classes.

Classes Matter-element models

A-Class 𝑅1 =

{{{{{{{{{

{{{{{{{{{

{

A 𝑐1

𝑐2

𝑐3

𝑐4

𝑐5

⟨80, 100⟩

⟨80, 100⟩

⟨0, 20⟩

⟨80, 100⟩

⟨0, 20⟩

}}}}}}}}}

}}}}}}}}}

}

B-Class 𝑅2 =

{{{{{{{{{

{{{{{{{{{

{

B 𝑐1

𝑐2

𝑐3

𝑐4

𝑐5

⟨60, 80⟩

⟨60, 80⟩

⟨20, 40⟩

⟨60, 80⟩

⟨20, 40⟩

}}}}}}}}}

}}}}}}}}}

}

C-Class 𝑅3 =

{{{{{{{{{

{{{{{{{{{

{

C 𝑐1

𝑐2

𝑐3

𝑐4

𝑐5

⟨40, 60⟩

⟨40, 60⟩

⟨40, 60⟩

⟨40, 60⟩

⟨40, 60⟩

}}}}}}}}}

}}}}}}}}}

}

D-Class 𝑅4 =

{{{{{{{{{

{{{{{{{{{

{

D 𝑐1

𝑐2

𝑐3

𝑐4

𝑐5

⟨20, 40⟩

⟨20, 40⟩

⟨60, 80⟩

⟨20, 40⟩

⟨60, 80⟩

}}}}}}}}}

}}}}}}}}}

}

E-Class 𝑅5 =

{{{{{{{{{

{{{{{{{{{

{

E 𝑐1

𝑐2

𝑐3

𝑐4

𝑐5

⟨0, 20⟩

⟨0, 20⟩

⟨80, 100⟩

⟨0, 20⟩

⟨80, 100⟩

}}}}}}}}}

}}}}}}}}}

}

Step 1. Normalize the values of the characteristics into an
interval between 0 and 100 as in (7). This process will be
beneficial for estimation of solar systems. Consider

𝑉
new
𝑗

= (

𝑉
old
𝑗

− 𝑉min

𝑉max − 𝑉min
) × 100, (7)

𝑉max = max {𝑉
𝑗
} ,

𝑉min = min {𝑉
𝑗
} .

(8)

Step 2. Establish the matter-element model of every rank
according to Table 3, where

𝑅
𝑖
=

{{{{{

{{{{{

{

class 𝑐1 𝑣
𝑖1

𝑐2 𝑣
𝑖2

𝑐3 𝑣
𝑖3

𝑐4 𝑣
𝑖4

𝑐5 𝑣
𝑖5

}}}}}

}}}}}

}

. (9)
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Figure 2: The typical APGC curves of the solar power system.
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Figure 3: The typical maximum power and current curves of the
solar power systems.

Step 3. Calculate the correlation index of every rank with the
proposed extended correlation function as follows:

𝐾
𝑖𝑗
=

{{{{

{{{{

{

−𝜌 (𝑣
𝑖
, 𝑉
𝑖𝑗
) , 𝑣

𝑖
∈ 𝑉
𝑖𝑗
,

𝜌 (𝑣
𝑖
, 𝑉
𝑖𝑗
)

𝜌 (𝑉
𝑖
, 𝑉
𝑝𝑖
) − 𝜌 (𝑉

𝑖
, 𝑉
𝑖𝑗
)

, 𝑣
𝑖
∉ 𝑉
𝑖𝑗
,

𝑖 = 1, 2, . . . , 5; 𝑗 = 1, 2, . . . , 5.

(10)

Step 4. Set the weights of the estimated characteristics,
𝑊
𝑖1
, 𝑊
𝑖2
,𝑊
𝑖3
,𝑊
𝑖4
, and𝑊

𝑖5
, depending on the importance of

every characteristic in the estimated process of the user. In
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this paper, the five weights are set at 0.3, 0.15, 0.3, 0.15, and
0.1, whichmeans that the APGC and cost are more important
than the other characteristics.

Step 5. Calculate the relation indexes for every rank as
follows:

𝜆
𝑖
=

5

∑

𝑗=1

𝑊
𝑖𝑗
𝐾
𝑖𝑗
, 𝑖 = 1, 2, . . . , 5. (11)

Step 6. Normalize the values of the relation indexes into an
interval between −100 and 100 as in (12). This process will be
beneficial for the estimated process. Consider

𝜆


𝑖
=

{{{{

{{{{

{

𝜆
𝑖

𝜆max
× 100, 𝜆

𝑖
> 0,

𝜆
𝑖

𝜆min


× 100, 𝜆
𝑖
< 0,

(12)

where

𝜆min = min {𝜆
𝑖
}; 𝜆max = max {𝜆

𝑖
} . (13)

Step 7. Rank the normalized correlation indexes to estimate
the rank of the tested solar system. Generally, the high
correlation index implies that the solar power system has the
high probability to belong to this class. Therefore, using the
correlation index can be easy to determine the class of system
that is most useful for the user and engineer.

3. Test Results and Discussion

The paper provides the decision-making method of solar
power system that uses the MATLAB software to write the
computing program. The testing results of the proposed
method are shown in Table 4. It can observe the correlated
index of various solar systems with the different rank, it
should be noticed that the correlated index is based on
the demanded conditions of the user. It can observe the
correlated index of various solar power systems from Table 4.
For example, module 1 can be a D-class solar power system
due to large correlated index with the D-class, and module
19 is an A-class or better solar power system due to large
correlated index with the A-class. On the contrary, the
module 25 is an E-class or bad solar power system in the
demanded conditions of the user. Table 5 compiles statistics
of the top 5 according to A and E classes with correlated
index the top 5 of the A-class are modules 19, 10, 20, 3, and
7, respectively, and the top 5 of the E-class include modules
4, 25, 9, 27, and 30, respectively. Therefore, the proposed
EDMM is useful to determine the optimal solar power system
based on the predetermined specifications of the user or solar
system engineer.

4. Conclusion

Thepaper combines the commercial solar simulated software
with the proposed EDMM to determine the optimal solar

Table 4: The correlation results of solar modules.

Sample Rank
A B D C E

Module 1 −40 −76 38 14 −56
Module 2 −20 −79 10 12 −53
Module 3 46 −52 14 15 −80
Module 4 −100 −94 −54 −85 26
Module 5 −37 18 3 44 −29
Module 6 25 9 −53 10 −68
Module 7 37 11 −50 24 −40
Module 8 −60 22 100 −29 −46
Module 9 −76 −62 20 −28 9
Module 10 62 48 2 36 −36
Module 11 −8 −67 8 −19 −61
Module 12 −33 10 6 60 −31
Module 13 −17 −15 13 37 −36
Module 14 18 36 −53 43 −51
Module 15 17 50 −49 39 −53
Module 16 1 48 −36 12 −42
Module 17 −54 −62 −57 66 1
Module 18 5 24 −45 42 −46
Module 19 66 −77 −62 7 −91
Module 20 56 −60 19 11 −82
Module 21 12 −64 −27 −75 −72
Module 22 −39 17 42 2 −26
Module 23 −82 3 26 −59 −44
Module 24 8 42 −42 54 −49
Module 25 −53 −72 −32 −27 16
Module 26 31 −34 −58 30 −72
Module 27 −89 −80 17 −62 3
Module 28 20 17 −48 33 −46
Module 29 −29 24 −38 10 −66
Module 30 −84 4 −74 27 2

Table 5: The top 5 of A-class and E-class.

Ranks A-class E-class
1st Module 19 Module 4
2nd Module 10 Module 25
3rd Module 20 Module 9
4th Module 3 Module 27
5th Module 7 Module 30

power system based on the predetermined specifications of
the user or the engineer. The calculation of the proposed
decision-making algorithm is also fast and very simple. It can
be easily implemented by PC software. Test results show that
the proposed method cannot only estimate the class of solar
system, but it can also be applied to the selecting tools of other
related renewable power systems such as wind power and full
cells systems. The proposed method is also a new decision-
making scheme for other engineering problems.
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This paper proposes a photovoltaic (PV) power system for battery charger applications. The charger uses an interleaving boost
converter with a single-capacitor turn-off snubber to reduce voltage stresses of active switches at turn-off transition. Therefore,
active switches of the charger can be operated with zero-voltage transition (ZVT) to decrease switching losses and increase
conversion efficiency. In order to draw the maximum power from PV arrays and obtain the optimal power control of the battery
charger, a perturbation-and-observation method and microchip are incorporated to implement maximum power point tracking
(MPPT) algorithm and power management. Finally, a prototype battery charger is built and implemented. Experimental results
have verified the performance and feasibility of the proposed PV power system for battery charger applications.

1. Introduction

Due to the continuous growth of the global energy demand
for developing industry, it increases society awareness of
environmental impacts from the widespread utilization of
fossil fuels, leading to the exploration of renewable energy
sources, such as PV arrays, wind energy, and so on. One
of these sources is PV arrays energy, which is clean, quiet,
and maintenance-free. However, due to the instability and
intermittent characteristics of PV arrays, it cannot provide
a constant or stable power output. Thus, a power converter
(dc/dc converter or dc/ac converter) and MPPT algorithm
are required to regulate its output power.

Several MPPT algorithms have been proposed [1–10].
Some of the popular MPPT algorithms use perturbation-
and-observation method [1–3], incremental conductance
method [4], constant voltage method [5, 6], β method [7],
system oscillation method [8, 9], and ripple correlation
method [10]. The perturbation-and-observation method
requires the measurement of only a few parameters, thus it
facilitates an MPPT control. As a result, it is often applied to
the PV arrays for enhancing power capacity.

A typical PV power system is shown in Figure 1. The
PV arrays usually need a battery charger to increase its
utility rate. The research of this paper is only focused
on PV arrays for battery charger applications. For charger
design, many charging methods have been developed, such
as the constant trickle current (CTC), constant current
(CC), constant voltage (CV), hybrid CC/CV [11], and
reflex charging methods [12–15]. The CTC method has a
disadvantage that it has a longer charging time, the CC and
CV are the simplest methods to battery charger, but both of
them result in the situations of undercharge and overcharge.
The hybrid CC/CV method can improve charging efficiency
and charging time, but it has a disadvantage of difficult
control. To reduce the charging time of the batteries, the
reflex charging method is adopted in this paper. The method
consists of a high positive pulse-charging current followed
by a high current, short time negative pulse-discharging
current, and a rest period. A high positive pulse-charging
current can reduce the charging time and a negative pulse-
discharging current is to reduce internal cell pressure and
temperature of batteries. A rest period can provide the
batteries with a reflex time in charging process.
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IL L1

Vi

M1

D1

IDS1

DS1

DS3

DS2

LS
CS2

CS1

CO RL VO

+

−
+

−

Lossless turn-off snubber
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The basic switching power converters have six circuit
structures, such as buck, boost, buck-boost, Cuk, Sepic,
and Zeta converters. In order to obtain continuous input
current for battery charger, the basic boost converter is
widely used. However, it is operated under high switching
frequencies resulting in high switching losses, noises, and
component stresses. These drawbacks reduce power seriously
and deteriorate in the performances of the basic boost
converter. In order to alleviate the problems described
previously, soft-switching technologies are introduced into
the basic boost converter to reduce switching losses. Soft-
switching technologies can be classified as passive and
active soft-switching technologies. The passive technologies
use only passive components to perform soft-switching
operation [16–18]. The active technologies add one or more
active switches along with other passive components to the
basic switching power converters to perform soft-switching
operation [19, 20]. For cost considerations, the proposed
battery charger with passive soft-switching technologies is
more attractive at low power level applications.

A basic boost converter with a passive lossless turn-off
snubber for battery charger applications is usually adopted,
as shown in Figure 2 [18], because it has a simple structure.
However, the basic boost converter has a disadvantage that its
output ripple current will swing over a wide range resulting

in a low battery life. In order to reduce output ripple
current and increase power level, two sets of boost converters
are incorporated with an interleaving fashion, as shown in
Figure 3 [21]. Although interleaving boost converter with
two sets of passive soft-switching circuits can also achieve
soft-switching features, their component counts and cost are
increased significantly. To overcome the previously discussed
drawbacks, an interleaved boost converter with a single-
capacitor turn-off snubber for battery charger applications
is proposed, as shown in Figure 4. The proposed battery
charger requires only a resonant capacitor CS which is
associated with inductors L1 and L2 to reduce switching
losses of active switches.

2. Control Algorithm of the Proposed Charger

In order to achieve an optimal power control of battery
charger, an MPPT algorithm and a power management
unit are needed. These control algorithms are described as
follows.

2.1. Topology of Battery Charger. The proposed charger in-
cludes an interleaving boost converter and a controller,
as shown in Figure 5. Moreover, the controller adopts
microchip to implement MPPT of PV arrays and battery
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charging management. Therefore, the controller of the
proposed battery charger can be divided into three units.
They are MPPT operation, battery management, and power
management units. The MPPT operation unit can imple-
ment the MPPT of PV arrays. The charging algorithm of
battery charger is controlled with reflex charging method by
battery management unit to reduce the charging time. In
order to achieve the best energy utilization of the PV arrays,
an MPPT with perturbation-and-observation method is
integrated into an MPPT operation unit. Since the MPPT
and charging algorithm must be associated to implement
optimal control of battery charger, the power management
unit is needed. To achieve optimal stability and safety for
the proposed battery charger, the functions of under-voltage,
over-current, and over-temperature protection circuits are
required. All of the protection signals are also realized on a
microchip.

2.2. MPPT Algorithm. Output characteristic variations of PV
array depend on climatic conditions, such as temperature of
PV arrays and insolation of sun. Its P-V curves at different
insolation of the sun are shown in Figure 6. From Figure 6, it
can be seen that each insolation level has a maximum power
Pmax, where Pmax 1 is the maximum power at the largest
insolation of sun while Pmax 3 is the one at the least insolation
of sun. Three maximum power points Pmax 1 ∼ Pmax 3 can be

connected by a straight line. Operational area on the right
hand side of the straight line is defined as B area, while the
one on the left hand side is defined as A area. Since output
load connected in PV arrays increases, output voltage of PV
arrays decreases. Therefore, when working point of PV arrays
locates in A area, output load must decrease to make the
working point to approach the maximum power point of PV
arrays. On the other hand, when working point of PV arrays
places on B area, output load must increase. Their operation
conditions are shown in Figure 7. Figure 7(a) shows the
working point located on A area, while Figure 7(b) illustrates
the one located on B area. When working point locates on
A area, the working point is changed from A1 to maximum
power point Pmax at point A6 through A2, A3, A4, and A5,
as shown in Figure 7(a). When working point locates on B
area, the working point is changed from B1 to maximum
power point Pmax at point B6 through B2, B3, B4, and B5,
as shown in Figure 7(b). According to different operational
area to increase or decrease output load, working point of
PV arrays can be shifted to MPP.

In order to extract maximum power of PV arrays, a
simple perturbation-and-observation method is adopted. Its
flow chart is shown in Figure 8. In the MPPT flow chart,
Vn and In are, respectively, new voltage and current of PV
arrays, VP and PP separately represent its old voltage and
power value, and Pn(= VnIn) is the new power value of PV
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arrays. According to flow chart of MPPT using perturbation-
and observation-method, the first step is to read new voltage
Vn and current In of PV arrays, and then to calculate new
PV power Pn. The next step is to judge the relationship of
Pn and PP . According to the relationship of Pn and PP and
procedures of MPPT flow chart, the procedure enters to
judge the relationship ofVn andVP . When the relationship of
Vn and VP is decided, operational area of working point can
be specified. According to control algorithm of MPPT, when
the working point of PV arrays is located in A area, power
system connected in PV arrays to supply load power must
decrease output power to close the distance between working
point and MPP of PV arrays. On the other hand, when the
operating point is located in B area, PV power energy must be
increased to approach maximum power point of PV arrays.
Finally, the procedure of MPPT flow chart is returned to the
first step to judge next maximum power point of PV arrays.

2.3. Power Management. The proposed charger is with a
reflex charging method to reduce charging time, since the
charging voltage and current of batteries must be limited
for protecting battery life. The conceptual waveforms of
charging current and voltage of battery charger with a
reflex charging method are shown in Figure 9. Figure 9(a)
shows reflex charging waveforms of battery charger under
minimum battery voltage VB(min), its VB(min) is expressed
as undercharge condition of battery voltage. Figure 9(b)

shows reflex charging waveforms of battery charger under
maximum battery voltage VB(max), its VB(max) is expressed as
overcharge condition of battery voltage. According to VB(min)

and IB(max) or VB(max) and IB(min), the power limitation curve
of battery charger can be obtained, as shown in Figure 9.
When the maximum power PPV(max) of PV arrays is larger
or less than Pmax 1, the power operation point of PV arrays is
traced as shown in Figure 10. As mentioned previously, the
charging and discharging power of the proposed charger will
be limited by power curve to extend battery life.

3. Derivation and Operational Principle of
the Proposed Charger

In order to describe the merits of the proposed battery
charger, its topology derivation and operational principles
are briefly described as follows.

3.1. Derivation of the Proposed Charger. To reduce switching
losses, a lossless turn-off snubber is inserted in a basic
boost converter as shown in Figure 2. When switch M1

is turned on, capacitors CS1 and CS2 are charged through
inductor Ls and diode DS2 in a resonant manner. At the
end of the resonant interval, capacitors CS1 and CS2 are
charged to VO and are clamped at VO until switch M1 is
turned off. When switch M1 is turned off, the charges stored
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in capacitors CS1 and CS2 are discharged to output load
through diodes DS1 and DS3, respectively. Thus, switch M1 is
turned off with zero-voltage transition (ZVT). As mentioned
previously, although it can achieve the soft-switching feature,
its output current ripple is relatively large for high current
and low output voltage applications. Therefore, to reduce
output current ripple, an interleaving scheme is usually
adopted. In the following, the proposed interleaving boost
converter with a single-capacitor snubber is derived.

Two lossless turn-off snubbers are used in an interleaving
boost converter to reduce switching losses, as shown in
Figure 3. To simplify circuit of Figure 3, voltages of capacitors
CS12 and CS22 are replaced with dc voltages VCS12 and VCS22,
respectively. When voltages of capacitors CS12 and CS22 are
replaced with dc voltages, the energies stored in capacitors
CS12 and CS22 do not need to discharge their charges.
Thus, diodes DS11 and DS21 can be removed, as shown in
Figure 11(a). If voltage VCS12 or VCS22 is equal to (VO–VPV),
nodes A, C, and E will have the same potential. Thus, they
can be merged as node A, as shown in Figure 11(b). Based on
the operational principle of an interleaving boost converters
and the turn-off snubber, operational states of diode D11

(or D21) is the same as diode DS23 (or DS13) except that
the operational duration of the turn-off snubber is operated

within resonant mode. Since the duration of resonant mode
is much shorter than a period of the proposed converters,
nodes F and D (or G and B) can be combined as the same
node H (or I), as shown in Figure 11(c). It will not affect
its original operational principle. Because inductor currents
IL11 and IL21 are unidirectional in the derived converter,
inductors L11 and LS21 connected with diode DS22 in series
can be combined and replaced by inductor L1. Similarly,
inductors L21 and LS11 and diode DS12 can be also merged
as inductor L2, as shown in Figure 11(d). In Figure 11(c),
since capacitors CS11 and CS21 and diodes D11 and DS23 or
D21 and DS13 are, respectively, connected in parallel, they can
be, respectively, incorporated as capacitor CS and diode D1

or D2. From Figure 11(d), it can be observed that the derived
boost converter requires only a resonant capacitor CS, which
is associated with inductors L1 and L2 to function as a lossless
turn-off snubber, reducing switching losses and component
counts significantly. Therefore, Figure 11(d) is proposed for
battery charger applications.

3.2. Operational Principle of the Proposed Charger. In Figure
4, the proposed battery charger with a single-capacitor turn-
off snubber can achieve a ZVT feature for active switches.
Operational modes of the proposed charger are divided
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Figure 11: Derivation of the proposed battery charger with a single-capacitor turn-off snubber.

into ten modes, as illustrated in Figure 12, and their key
waveforms are illustrated in Figure 13. In the following, each
operational mode is described briefly.

Mode 1 (Figure 12(a); t0 ≤ t < t1). Before t0, diode D2 is
in freewheeling, and inductor current IL2 is equal to diode
current ID2. At t = t0, switch M1 is turned on. The equivalent
circuit at this time interval is shown in Figure 12(a), from
which it can be found that switch current IDS1 is equal to
the sum of capacitor current ICS and inductor current IL1.
Since the interval of t0 ∼ t1 is very short, inductor current
IL1 is approximately equal to zero and capacitor voltage VCS

is close to zero. Thus, switch current IDS1 is approximately
equal to capacitor current ICS. During this time interval, the
current ICS is abruptly increased up to inductor current IL2,
and ID2 is abruptly decreased down to zero.

Mode 2 (Figure 12(b); t1 ≤ t < t2). At time t1, capacitor
current ICS is equal to inductor current IL2, and diode D2 is
reversely biased. At this time interval, snubber capacitor CS

resonates with inductor L2, and switch current IDS1 is just
equal to the sum of resonant inductor current IL2(= ICS)
and inductor current IL1. At the same time, capacitor current

ICS reaches its maximum value which can be expressed as
follows:

ICS = Vi

ZO
, (1)

where ZO is the characteristic impedance of L2-CS or L2-CS

network, which is equal to
√
L1/Cs or

√
L2/Cs.

Mode 3 (Figure 12(c); t2 ≤ t < t3). When t = t2, capacitor
voltage VCS is equal to VO, and diode D2 starts freewheeling
through inductor L2. At the same time, switch M1 is still in
the on state. The switch current IDS1 is now equal to inductor
current IL1 which increases linearly, while inductor current
IL2 is decreased linearly.

Mode 4 (Figure 12(d); t3 ≤ t < t4). At time t3, switch
Ml is turned off. Because inductor current IL1 must be
continuous, capacitor CS starts to discharge for sustaining a
continuous inductor current. Thus, switch M1 can be turned
off with ZVT.

Mode 5 (Figure 12(e); t4 ≤ t < t5). When time reaches t4, the
voltage VCS across capacitor CS is discharged toward zero,
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Figure 12: Continued.
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Figure 12: Operational modes of the proposed battery charger over one switching cycle.

and diode D1 starts freewheeling. During this time interval,
diodes D1 and D2 are in freewheeling through inductors L1

and L2, respectively.

Mode 6 (Figure 12(f); t5 ≤ t < t6). At time t5, diode D1 is
still in freewheeling, but diode D2 stops freewheeling because
inductor current IL2 drops to zero. In this moment, switch
M2 is turned on. Inductor current IL1 is equal to the sum of
diode current ID1 and capacitor current −ICS. Additionally,
because the switch current IDS2 will flow through the low-
impedance path of capacitor CS, diode current ID1 will
be dominated by the switch current IDS2. That is, within
this time duration, capacitor current −ICS is approximately
equal to the switch current IDS2. Capacitor current −ICS is
abruptly increased up to inductor current IL1, and ID1 is
abruptly decreased down to zero.

Mode 7 (Figure 12(g); t6 ≤ t < t7). At time t6, diode D1 is
reversely biased, and resonant network formed by capacitor
CS and inductor L1 starts resonating. The switch current
IDS2 is equal to the sum of inductor current IL1 (= −ICS) and
inductor current IL2 , and capacitor CS is reversely charged.

Mode 8 (Figure 12(h); t7 ≤ t < t8). At t = t7, the capacitor
voltage VCS goes down to −VO. The time interval lasts
approximately a quarter of the resonant cycle. At the same
time, capacitor current −ICS reaches its maximum value,
which can be expressed by (1). During this mode, diode
D1 starts freewheeling, and inductor current IL2 is increased
linearly.

Mode 9 (Figure 12(i); t8 ≤ t < t9). At time t8, switch M2

is turned off. Since the inductor current IL2 must be in
smooth transition, capacitor voltage will drop to maintain a
continuous inductor current. When t = t9, capacitor voltage
VCS drops to zero.

Mode 10 (Figure 12(j); t9 ≤ t < t10). During this time
interval, diodes D1 and D2 are in freewheeling through

inductors L1 and L2, and their currents ID1 and ID2 are
decreased linearly. When switch Ml is turned on again at the
end of Mode 10, a new switching cycle will be recycled.

4. Control and Design of the Proposed Charger

In order to achieve optimal control of the proposed charger,
the MPPT operation algorithm of PV arrays and reflex
charging algorithm of battery must be considered. In the
following, control and design of the proposed charger are
described.

4.1. Control of the Proposed Charger. The proposed charger
consists of an interleaving boost converter and controller.
The controller adopts microchip of CY8C27443 made by
Cypress Company. Block diagram of the proposed charger is
shown in Figure 14. In Figure 14, the CY8C27443 microchip
is divided into three units: MPPT, battery management, and
power management units. In MPPT unit, the perturbation-
and-observation method is adopted to trace maximum
power point of PV arrays. The maximum power PP of PV
arrays can be decided. Moreover, battery management unit
has four input signals (VB, VB(max), IB, and IB(max)) where VB

is the battery voltage, VB(max) is the set maximum battery
voltage, IB is the battery charging current, and IB(max) is
the set maximum battery charging current. According to
four input signals, PB(= VBIB) and PB(max)(= VBIB(max))
can be calculated. The PB represents the present charging
power of battery, while PB(max) is the set maximum charging
power. In addition, when VB is equal to or greater than
VB(max), protection judgment makes output signal SP from
low to high value. The SP is sent to PWM generator for
shutdown PWM generator to avoid battery overcharge. In
power management unit, a comparator is used to judge
relationship of PP and PB(max). When PP(=PPV(max)) is greater
than PB(max), signal S1 is high and switch selector is operated
to set Pset = PB(max). When PP is equal to or less than
PB(max), signal S1 is low and switch selector is operated to set
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Pset = PB. The Pset and PB are sent to error amplifier to attain
error value ΔP. When PWM generator attains ΔP, ΔP and
triangle waves inside PWM generator attain PWM signals M1

and M2 via the comparator. The interleaving boost converter
can change charging current IB according to PWM signals
M1 and M2.

4.2. Design of the Proposed Charger. To realize the proposed
soft-switching charger systematically, design of inductor L1

or L2 and the snubber CS are presented as follows.

4.2.1. Design of Inductor L1 or L2. Since the proposed charger
is operated at the boundary of continuous conduction
mode (CCM) and discontinuous conduction mode (DCM),
the relationship between Vi and VO can be attained with
volt-second balance principle. Thus, transfer function M(=
VO/VPV) can be expressed as

M = 1
1−D

, (2)

where D is duty ratio of the proposed charger. When duty
ratio D is determined by the relationship between VPV and
VO, inductor L1 or L2 can also be expressed as

L1 = L2 = D(1−D)VO

2IO
TS, (3)

where TS is the switching cycle of the proposed charger and
IO is output current.

4.2.2. Design of Snubber Capacitor CS. In the proposed
charger, capacitor CS resonates with inductor L1 or L2 to
smooth out switch voltage at turn-off transition. The energy
stored in CS can be determined as

WCS = 1
2
CSVO

2. (4)

To completely eliminate the switch turn-off loss, the energy
stored in capacitor CS must be at least equal to the turn-off
loss WSoff . According to switching loss calculation of switch,
WSoff can be expressed by

WSoff = tSoff

2
VOIDP, (5)

where tSoff is the falling time of switch at turn-off transition,
VO represents output voltage and IDP is switch current at
turn-off transition of switch. Therefore, capacitor CS can be
determined as

CS ≥ IDP

VO
tSoff . (6)

The peak current ICS of capacitor CS should be limited
to being less than the peak values of IDS1 and IDS2, so it
will not increase the current ratings of switches M1 or
M2. To eliminate turn-off loss WSoff completely at different
operation conditions, the time tSoff is approximately equal to
200 ns in practical design considerations.
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Figure 15: Measured voltage and current waveforms of (a) switch
M1, and (b) switch M2 in the proposed converters.

5. Measurements and Results

To verify the analysis and discussion, a PV system used to
charge 48 V battery with the following specifications was
implemented:

(i) input voltage Vi: 34 ∼ 42Vdc (PV arrays),

(ii) output voltage VO: 44 ∼ 54Vdc (4 sets of 12 V battery
connected in series),

(iii) output maximum current IO(max): 10 A,

(iv) output maximum power PO(max): 540 W.

From (6), value of snubber capacitor CS can be calculated as
37 nF where IDP is 10 A and VO is 54 V. In our design sample,
a capacitor with 39 nF is adopted. The components of power
stage in the proposed boost converters are determined as
follows:

(i) M1, M2: IRFP250,

(ii) D1, D2: MVUR1560,

(iii) CO: 470 μF,

(iv) L1, L2: 30 μH,

(v) CS: 39 nF,

(vi) inductor core: EE-35.

The measured voltage and current waveforms of the
active switches with the proposed single-capacitor snubber
(as shown in Figure 4) and with two sets of turn-off snubbers
(as shown in Figure 3) are shown in Figures 15 and 16,
respectively. Although we can observe that each power switch
is turned off with ZVT feature, there still exist significant
differences. Compare with Figures 15 and 16, we can see
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Figure 16: (VDS1: 50 V/div, IDS1: 5 A/div, time: 1 μs/div). Measured
voltage and current waveforms of switch in the interleaved boost
converter with two sets of turn-off snubbers.
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Figure 17: Measured waveforms of inductor current IL and
charging current IB of (a) single boost converter and (b) the
proposed interleaving boost converter.

that the rise voltage curves of Figure 15 are smoother than
those of Figure 16. The reason of this is that interleaving
boost converter with two sets of turn-off snubbers, causes
an abrupt energy on active switches and results in more
switching losses. Figure 17(a) shows measured inductor
current and charging current of the single boost converter
with a turn-off snubber, and Figure 17(b) shows measured
inductor current and charging current of the proposed
interleaved boost converter with a single-capacitor turn-off
snubber. From Figure 17, it can be seen that the proposed
converter with a single-capacitor turn-off snubber has a
lower ripple charging current IB.

To make a fair comparison, the hardware components
of the proposed charger and hard-switching boost charger
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capacitor turn-off snubber.

are kept as the same as possible. Figure 18 shows the
plots of output voltage and current waveforms of the two
kinds of chargers under step-load changes between 20%
and 100% with, respectively, rate of 1 kHz and a duty
ratio of 50%. From Figure 18, it can be observed that
although the proposed charger uses less component counts,
it yields almost the same dynamic performance as those with
complicated configurations. The comparisons between the
efficiencies of the proposed charger and their counterparts
are illustrated in Figure 19. It can be observed that the
proposed charger cannot always yield higher efficiencies
than the others under various operating conditions. It has
a trend that, at higher output load, the proposed charger
and the ones with two turn-off snubbers can yield higher
efficiency, while at lower ones, the discussed charger with
two sets of turn-off snubbers yields lower efficiency than
the others. The reasons behind this are that at a fixed
power level, a higher output load level will result in higher
switch currents and the turn-off losses WSoff will be much
higher than the sum of the extra conduction loss WES

and switching loss WSon. Figure 20 shows the measured
waveforms of battery voltage VB and charging current IB
with pulse current charging method under repetitive rate of
1 s and duty ratio of 500 ms, as shown in Figure 14. Figure
20(a) shows those waveforms under PPV(max) = 50 W, while
Figure 20(b) illustrates those waveforms PPV(max) = 100 W.
From Figure 20, it can be seen that maximum pulse charging
current IO(max), respectively, is limited 1 A (about 0.15 C) and
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Figure 19: Comparison among efficiencies of the discussed inter-
leaving boost converter with a single-capacitor turn-off snubber,
hard switching, and two sets of turn-off snubbers from light load
to heavy load.
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Figure 20: Measured waveforms of battery voltage VB and charging
current IB with pulse current charging method: (a) IB(max) =
1 A and (b) IB(max) = 2 A.

2 A (about 0.3 C), where battery adopts lead-acid battery and
capacity of each battery is 12 V/7 Ah and total battery voltage
is 50 V. Measured waveforms of voltage VPV, current IPV and
power PPV of PV arrays with perturbation-and-observation
method are used to implement MPPT. Figure 21(a) shows
those waveforms under maximum power point PPV(max) at
100 W, while Figure 21(b) depicts those waveforms under



14 International Journal of Photoenergy

VPV

IPV

PPV

LeCroy

VVVPVV V

IIPII VV

PPPPPPVVV

y

(a) (VPV: 50 V/div, IPV: 2 A/div, PPV: 100 W, time: 100 ms/div)

VPV

IPV

PPV

LeCroy

VVVPPVV VV

IIPII VV

PPPPPPVV

yyyyy

(b) (VPV: 50 V/div, IPV: 2 A/div,PPV: 100 W, time: 100 ms/div)

Figure 21: Measured waveforms of voltage VPV, current IPV and Power PVP of PV arrays with perturbation- and-observation method to
implement MPPT: (a) PPV(max) = 100 W, and (b) PPV(max) = 200 W.

PPV(max) at 200 W. From Figure 21, it can be found that
tracking time of PV arrays from zero to the maximum power
point is about 40 ms.

6. Conclusions

In this paper, an interleaving boost converter with a passive
snubber for battery charger applications is proposed. The
proposed charger with a single-capacitor snubber to reduce
voltage stresses of active switches at turn-off transition.
Therefore, the conversion efficiency of the proposed charger
can be increased significantly. In order to draw maximum
power from the PV energy, a simple perturbation-and-
observation method is incorporated to realize maximum
power conversion. To verify the merits of the proposed
charger, the operational principle, steady-state analysis, and
design considerations have been described in detail. Addi-
tionally, from the experimental efficiency of the proposed
charger, it has been shown that the proposed charger can
yield higher efficiency at heavy load condition. An experi-
mental prototype for a battery charger application (540 W,
54Vdc/10 A) has been built and evaluated, achieving the
efficiency of 88% under full load condition. Therefore, the
proposed interleaving boost converter is relatively suitable
for battery charger applications.
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Solar hydrogen system is a unique power system that can meet the power requirements for future energy demands. Such a system
uses the hydrogen as the energy carrier, which produces energy through the electrolyzer with assistance of the power from the PV
during the sunny hours, and then uses stored hydrogen to produce energy through the fuel cell after sunset or on cloudy days. The
current study has used premanufactured unitized regenerative fuel cells in which the electrolyzer and the fuel cell function within
one cell at different modes. The system components were modeled and the one-day real operational and simulated data has been
presented and compared. The measured results showed the ability of the system to meet the proposed load, and the total efficiency
was about 4.5%.

1. Introduction

Photovoltaic (PV) power generation, which directly converts
solar radiation into electricity, contains a lot of significant
advantages, such as being inexhaustible and pollution-free,
silent and with no rotating parts, and its size-independent
electricity conversion efficiency. A positive environmental
effect of photovoltaic is replacing electricity generated in
a more pollutant way, or providing electricity where none
was available before. While increasing the penetration of
solar photovoltaic devices, various antipollution apparatuses
can be operated by solar PV power, for example, water
purification by electrochemical processing or stopping desert
expansion by photovoltaic water pumping with tree implan-
tation [1].

The hybrid PV/hydrogen systems have units producing
hydrogen called electrolyzers, which are used to generate
hydrogen with the assistance of the PV as an energy source.
This hydrogen will be preserved in suitable storage medium
before being converted to DC power through a unit called
fuel cell. Fuel cells are electrochemical devices that convert

chemical energy, typically from hydrogen, directly into
electrical energy. The introduction of fuel cell systems into
the power generation market will not only supply clean
renewable energy to millions of users, but it will help to
reduce the dependence on oil [2].

Such a system includes a source of power (PV modules),
a hydrogen generator (electrolyzer), a storage medium to
store the hydrogen and hydrogen utilization units (fuel cell)
which are able to make a continuous, and self-dependant
or uninterruptable source of energy. The PV size should be
designed properly, in order to have excess power over the
load requirement. This excess power will be used to generate
hydrogen through the generation units, and it will then
utilize it after sunset or at a time of low solar irradiation. The
load in this system will be powered in the short-term by the
PV modules, and the hydrogen system will act as a long-term
supplier. An illustration of short- and long-term supplying is
shown in Figure 1.

The modeling of a PV-powered hydrogen generation sys-
tem is needed to solve the electrical equations for the PV and
the DC/DC converters (if they exist) and the electrochemical
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Figure 1: Long- and short-term power supplying for solar hydrogen
systems [3].

equation for the electrolyzers. Fischer [4] compared the
experimental results of a small system consisting of a solar
cell generator, water electrolysis, and power conditioning
with calculated results of a system simulation model, while
Vidueira et al. [5] examined the performance of the solar
hydrogen system for producing hydrogen via an electrolysis
generator, in order to satisfy the hydrogen consumption of
the first two fuel cell buses in Madrid. Some other researchers
used various software to simulate the system performance,
such as Park et al. [6, 7], who used (PSCAD/EMTDC) soft-
ware to simulate a hydrogen production system performance.

Galli and Stefanoni [8] investigated and tested some
commercial solar-hydrogen technologies, preliminary per-
formance results, and the control of the system for solar-
powered regenerative fuel cell system in Italy, while Hed-
ström et al. [9] did so in Sweden, Abaoud and Steeb [10]
in the German-Saudi bilateral program HYSOLAR, Voss
et al. [11] in Germany, Lutfi and Veziroǧlu [12] in Pakistan,
Chaparro et al. [13] in Spain, and Little et al. [14] in UK.
Torres et al. [15] also simulated a PV-hydrogen-fuel-cell
hybrid system in Mexico.

The main objective of this paper is to present the perfor-
mance of a hybrid PV/unitized regenerative fuel cell system
under Malaysian weather conditions. A PV/unitized regen-
erative fuel cell system is built in the laboratories of the
solar energy research institute (SERI)/Universiti Kebangsaan
Malaysia. The results presented in this paper are based on
a real operation conditions. The comparison between the
operational and simulated data is also presented in this paper.

2. System Description

The proposed system mainly consists of two major subsys-
tems, which are the PV modules (Kyosera, KC85T) located
outdoor and the hydrogen system located inside the lab. The
main components of the system used in this work are 3 same
oriented PV modules (the method used by Markvart [16] is
based on the maximum operating current, and the lowest
solar irradiation was used to predict how many modules
needed to be used) with 87 W maximum power and 0.65 m2

active area, unitized regenerative fuel cell (URFC), gases
storages and water tanks, humidifiers, water traps, DC/DC
converter (WD150-400), maximum power point tracker

(MPPT) (STECA PR 1010) to ensure maximum PV power
output, and bus bar to transfer the current either from the
PV to the load and electrolyzer in the sunny hours or from
the fuel cell to the load during the sunset. The system starts
in the morning, when the PV current is high enough to
power the load, while the excess current sends power to
URFC stack, which works in electrolysis mode, receiving
water from small water pump. The generated gases are then
sent to the storage tanks. When the PV current fails to power
the load, the system will then switch to fuel cell mode after
purging the lines with nitrogen. The humidifiers used for
fuel cell mode were PERMA PURE MH Series humidifiers
which are shell and tube moisture exchangers that allow
the transfer of water vapor between a liquid water supply
and a flowing gas stream. Water is absorbed into the walls
of the Nafion tube and transferred to the dry gas stream.
This transfer is driven by the difference in partial pressures
of water vapor on opposing sides. Deionized water was
filled into the tank which is equipped with heater (2 kW)
to heat up the water to the desired temperature through the
temperature controller. Nitrogen for purging was used when
switching from electrolyzer mode to fuel cell mode and at
system shutdown time at which the nitrogen supplies to both
hydrogen and oxygen piping line using solenoid valve. The
solenoid valves will open and allow nitrogen to flow through
the fuel and oxidant. A schematic of the hydrogen system is
shown in Figure 2.

The laboratory was equipped with a fuel cell test station
capable of measuring the stack temperature, hydrogen and
air flow rate measurement, and the stack operating current
and voltage. The subsystem contains humidification bottles
for the fuel cell mode to humidify the reactant gases. The
humidification can be bypassed if a dry gas feed into the stack
is desired. The gas flow rates are controlled manually by a set
of valves for each side of the stacks. Moreover, a data acquisi-
tion system was incorporated to generate polarization curves
and time history of the stacks performance, the temperature
at various locations in the system, and the solar irradiation.

3. System Modeling

3.1. PV Module. The model given by Duffie and Beckman
[17] was used to model the PV modules’ current and
voltage output. At fixed temperatures and solar radiation, the
current-voltage characteristic of a PV module can be mod-
eled using

I = IL − ID = IL − Io
(
e(V+IRs)/a − 1

)
− V + IRs

Rsh
. (1)

The power is given by

PPV = IV. (2)

In most cases, the shunt current can be ignored because
the shunt resistance is so high that the term goes to zero, par-
ticularly for monocrystalline solar cells, so (1) becomes

I = IL − ID = IL − Io
(
e(V+IRs)/a − 1

)
(3)
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Figure 2: The hydrogen system prototype.

and in terms of voltage becomes

V = a · ln
(
IL − I + Io

Io

)
− IRs. (4)

The values of IL, Io, Voc, and the parameter a are functions of
the cell temperature. The model presented by Duffie and

Beckman [17] was used to find these parameters and con-
sequently the operating voltage at any load current.

3.2. Electrolyzer Mode. The electrode kinetics of an elec-
trolyzer modeled using the semiempirical current-voltage
relationships is presented by Ulleberg [18]. The basic form



4 International Journal of Photoenergy

Table 1: Electrolyzer mode parameters.

Parameter Value Unit

r1 9.5 × 10−5 Ω·m2

r2 −4.7 × 10−7 Ω·m2 · ◦C−1

s1 0.1689 V

s2 0.0008 V·◦C−1

s3 −1.33 × 10−5 V·◦C−2

t1 0.33 m2·A−1

t2 5.48 m2·A−1 · ◦C
t3 242 m2·A−1 · ◦C2

of the I-V curve is given by (5), and that curve varies for a
given temperature:

Uel = Uo − RT

nF
ln
(
PH2 · P0.5

02

)
+

r

A
I + s log

(
t

A
I + 1

)
. (5)

Ulleberg and Mørner [19] used the following equations to
count the temperature dependence of the ohmic resistance
(r) and the overvoltage coefficients (s and t):

t = t1 +
t2
T

+
t3
T2

,

r = r1 + r2T ,

s = s1 + s 2T + s3T
2 .

(6)

The electrolyzer used in this study had been tested under
different operating temperatures, and with and without
ohmic losses to predict the ohmic losses (as well as the rest
of the losses). The results are then plotted, and, through
curve fitting, the parameters can be found. Table 2 listed the
overpotential parameters for the electrolyzer. Once the eight
parameters for the electrolyzer mode were found, (5) can
be used to describe the I-U for the stack. Table 1 listed the
electrolyzer mode parameters.

3.3. Fuel Cell Mode. The current-voltage characteristics of a
PEM fuel cell used in this study are an empirical equation
used by Ulleberg [20] that takes overvoltages due to activa-
tion into account. However, the concentration losses were
neglected since the operating current density was lower than
200 mA/cm2. The following equation was used to predict the
fuel cell mode voltage as a function of the current density:

Ufc = Uo − b log i− ri. (7)

The open-circuit voltage can be measured or calculated from

Uo = Erev + b log io. (8)

Table 2 listed the real operation results for the URFC working
on the fuel cell mode at two different cell temperatures and
1 bar pressure fully humidified hydrogen and oxidants.

In order to simulate the performance of the system, the
electric and thermoelectric equations of each part of the
system were solved using MATLAB code. The input param-
eters were the solar irradiation and location parameters
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Figure 3: Solar irradiation for the selected day (November 19,
2009).
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Figure 4: PV current output and load current for the selected day
(November 19, 2009).

(whether data), proposed load profile, regenerative fuel
cell specifications, and the hydrogen and oxygen tanks
specifications. The DC/DC controller efficiency was set to
95%.

4. Results and Discussion

Among the testing days, a relatively low solar radiation day
was selected, on which the total daily radiation was about
4.1 kWh (refer to Figure 3). The system first turned on the
electrolyzer mode ELM to generate hydrogen. Figure 4 shows
the measured and simulated PV current output and the cur-
rent given to the load. Its clear to see that the current from the
PV during the sunny hours was much higher than the load
current, and therefore the excess current goes to the stack
to generate hydrogen. The simulated and measured data was
almost with relatively low error, especially at a low operating
current, and slightly increased when the current increased
due to nonconsiderable ohmic loses for the simulation data.

The electrolyzer current keeps increasing as the PV
current increases and then decreases till reaching to zero at
about 4 PM. At that time, the stack switched to fuel cell mode
FCM after purging the stack with inert nitrogen. The fuel
cell mode current is higher than the load current and the
load voltage is 12 V DC, while the fuel cell mode voltage
is less than 6 V. Because of this the stack should generate a
higher current to meet the power required for the load after
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Table 2: Fuel cell mode parameters.

T, oC

Oxygen Air

Erev.

V
Uo

V
b,

mV/dec
io,

mA/cm2
Erev.

V
Uo

V
b,

mV/dec
io,

mA/cm2

30 1.18 1.028 86.6 0.0016 1.17 0.972 91.1 0.0012

70 1.17 0.999 71.8 0.0035 1.16 0.962 79 0.0028
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Figure 5: Fuel cell and electrolyzer mode measured current.
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Figure 6: Fuel cell mode voltage and electrolyzer mode voltage.

DC/DC controls the voltage to the desired load amount.
Figure 5 shows the stack current for the electrolyzer and fuel
cell mode.

The Fuel cell and electrolyzer mode voltage are shown in
Figure 6. The voltage of the stack during the fuel cell mode is
around 6 V (7 cells stack). The measured electrolyzer voltage
was slightly higher than the simulated values because the
PV output voltage was slightly higher than the electrolyzer
required voltage. The bus bar current available at the system
is either from the PV current or from the stack through
the fuel cell mode. Figure 7 shows the bus bar current
distribution for the selected day.

The variation of the stored hydrogen inside the hydrogen
tank is shown in Figure 8. The initial pressure value was set at
1 bar. The simulation results showed acceptable predictable
values comparing to the real data, with a RMS error of
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Figure 7: Measured fuel cell and electrolyzer mode bus available
current.
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Figure 8: Simulated and measured hydrogen tank pressure.

0.07 bars. This was mainly because the gases were assumed to
behave as an ideal gas and the real amount of the produced
and consumed amount of hydrogen was not the same as the
simulated values.

The summary of the full measured results for the selected
day is shown in Figure 9 and all the results are listed in
Table 3.

5. Conclusion

The following can be concluded from the current study.

(1) The load will be powered by the PV array at the solar
time, and the extra power will go to the electrolyzer
to produce hydrogen. After sunset, or at the time of
low irradiation, this stored hydrogen will be used to
power the load through the fuel cell.
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Table 3: Summary of the selected day measured and simulation results.

System Simulated Measured

Solar input 4.08 4.08 kWh/m2

PV output 0.83 0.78 kWh

PV efficiencya 10.3 9.7 %

User load 0.37 0.37 kWh

PV to loadb 28.85 31.43 %

Load powered by PVc 65.26 66.94 %

FCM power 0.13 0.12 kWh

FCM operating hours 7 7 hr

Total H2 consumedd 0.25 0.27 kWh

FCM energy efficiencye 50.1 45.35 %

ELM power 0.46 0.51 kWh

ELM operating hours 9 9 hr

Total H2 produced 0.39 0.35 kWh

ELM energy efficiencyf 84.48 68.98 %

Total system Efficiencyg 4.55 4.55 %

Round trip efficiencyh 42.31 31.28 %
a
PV output to the solar input.

b(Load − Fuel cell mode power)/PV output.
c(Load − Fuel cell mode power)/load.
dBased on HHV for hydrogen.
eFuel cell mode power to the hydrogen consumed.
fHydrogen produced to the electrolyzer mode power.
gLoad to the solar input.
hFuel cell mode efficiency and electrolyzer mode efficiency.
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ELM FCM

0.12 kWh

0.27 kWh Load
0.37 kWh

H2 produced
0.35 kWh
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DC/DC
H2 stored
0.08 kWh

Figure 9: Summary of measured data for the selected day.

(2) Comparing the simulated results with measured data
shows the ability of the cell modeling to predict the
cell performance with an acceptable level of error.
The difference between the measured and simulated
data increased as the operating current increases.

(3) The performance of the stack works on electrolyzer
or fuel cell mode was slightly lower when compared
with the discrete electrolyzer and fuel cell, which

is an expected result since the membrane electrode
assembly catalysts were chosen based on compromise
between fuel cell and electrolyzer mode performance.

Abbreviations

a: Curve fitting parameter Volts
b: Tafel constant mV/dec
E: Voltage V
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F: Faraday’s constant, 96485 Amp · sec/mol
G: Solar irradiance W/m2

I : Current Amp
Io: Diode reverse saturation current Amp
i: Current density Amp/cm2

No: Molar flow rate mol/sec
NC : No. of cell in the stack
n: No. of electron in the reaction (2)
P: Power W
P: Partial pressure atm
R: Resistance ohm
R: Gas constant kJ/kg · K
r: Parameter related to ohmic resistance

ohm ·m2

s: Coefficient for overvoltage V
t: Coefficient for overvoltage m2/Amp
T : Temperature K
U : Fuel Cell or electrolyzer Voltages V
V : PV voltage V.

Subscripts

c: Cell
D: Diode
el: Electrolyzer
fc: Fuel cell
H2: Hydrogen
L: Light
O2: Oxygen
o: Exchange current density
oc: Open circuit
s: Series
sh: Shunt
sc: Short circuit
ref: Reference
rev: Reversible
T : Tilted.
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The design of a solar dish concentrator is proposed based on triangular membrane facets for space power applications. The facet
concentrator approximates a parabolic surface supported by a deployable perimeter truss structure, which originates from a large
aperture space antenna. For optimizing the number of facets rows and focal-diameter ratio of the concentrator, Monte Carlo
ray-tracing method is utilized to determine optical performance of the concentrator, and the system root-mean-square (RMS)
deviation is considered in this design procedure. A 600-facet concentrator with focal-diameter ratio of 1.1 will achieve 83.63% of
radiative collection efficiency over a 15 cm radius disk located in the focal plane, with a mean solar concentration ratio exceeding
300. The study in this paper is helpful for the development of the membrane facet concentrator.

1. Introduction

Space-based solar energy is an attractive energy source with
a huge potential application for the space solar power and
support of various spacecrafts. Researchers have focused on
researching the large aperture concentrator as the key com-
ponent for space-based concentrator photovoltaic (CPV)
system collecting space-based solar radiation onto a high-
efficiency photovoltaic cells [1, 2]. To reduce volume and
mass of space-based CPV systems while maximizing effi-
ciency of the photovoltaic cells, there has been long interest
in the development of membrane dish concentrators for
space power applications. As lightweight, inexpensive, high-
performance structures, they are excellent candidates for
space-deployable collectors as well as cost-effective terrestrial
energy sources. For the terrestrial use, the proposed design
of ellipsoidal polyester membrane facets has much better
performances than a multifacet dish concentrator consisting
of identical circular, and the simulated membrane shape
was experimentally verified [3]. A large-span solar parabolic
trough concentrator is designed based on a multilayer
polymer mirror membrane mounted on a rotatable concrete
structure [4]. For the use in space, an inflatable prototype for

the Deployable Solar Concentrator has been developed [5].
Especially, L’Garde has developed power antenna concept,
and this new technology utilizes an inflatable membrane
reflector to concurrently concentrate solar energy for space
electrical power generation, while acting as an antenna with
large aperture and high gain [6]. Similarly, many reflector
antennas with a mesh membrane surface and a deployable
perimeter truss, such as AstroMesh antenna [7, 8] and
deployable modular mesh antenna [9], divide the reflector
surface into triangular flat facets. While the above antenna
configurations are also adaptive to be used as concentrators,
they had not been explored for solar power generation
applications.

This paper deals with the optical design of a lightweight
solar concentrator with triangular membrane flat facets as
potential low-cost alternate for space solar power generation
applications. The focal radiation flux distributions are
calculated by the Monte Carlo ray-tracing method. To obtain
the desired radiative collection efficiency and mean solar
concentration ratio, we investigate on the minimal number
of facets of the concentrator when varying focal-diameter
ratio (F/D) of the concentrator under consideration of both
the system RMS deviation and the random surface error.
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2. Concentrator Geometry

Generally, the deployable membrane antennas consist of
cable network supplemented with a membrane, tension ties,
perimeter truss, and rear net. For simplicity, we only consider
the forming process for a membrane surface. The number
and size of triangle facets of the membrane surface are
determined by layout of nodes. To minimize the number of
nodes, a net with coinciding three-band nodes is adopted in
this paper [10]. The layout of nodes is shown as Figure 1(a).
For the circular aperture, the membrane is divided into m
equal sectors and N equally spaced concentric circles, and
there are m × n nodes in the nth concentric circles lying on
equally spaced radian length of 2π/(mn). Then the horizontal
nodes are mapped onto the desired parabolic surface giving
the shape of membrane after deformation. In reality, the
horizontal nodes of membrane are pulled down by cable to
the mapped positions of nodes, and then the nearby three
nodes comprise a triangle membrane facet. The mapping
procedure used for generating the triangular-facet mem-
brane surface is shown in Figure 1(b). The ideal deformed
membrane is approximately parabolic in shape and consists
of many triangular flat planes, but in reality each plane
becomes deformed due to cable tension, membrane tension,
membrane size, and surface curvature which is related to
focal length. The ideal forming process for a membrane
surface has only been considered in this paper. In the final
surface, the number of triangular facets t and nodes j are

t = mN2,

j = mN2 + 1,
(1)

and numerical description of the deformed membrane given
by the positions of nodes on the parabolic surface is derived
as
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where n is the number of concentric circles where the nodes
are located, i represents the ith node in the anticlockwise
direction in the nth concentric circle, D is the aperture diam-
eter, and F is the nominal focal length of the concentrator.

For the solar concentrator based on a triangular mem-
brane facets, in this paper we assume the requirements for the
radiation flux on a circular target are that radiative collection
efficiency ηc = 80%, at a high mean concentration ratio of at
least Cmean = 300; meanwhile, the concentrator geometry is
refined by selecting the minimum number of facets rows N ,
and the F/D ratio is varied to get the desired radiation flux as
high as possible.

m = 6

1

2

3

4

5

D/2 i
=

1

i
=

1

i = 2
i = 2

i = 3

n
=

4

n
=

5

n
=

3

n
=

6

(a)

X

Y
Z

(b)

Figure 1: Flat-facet concentrator: (a) a layout of nodes with m = 6
and t = 294 facets, placed in N = 7 rows and (b) the mapping
procedure for generating the triangular facets membrane surface.

3. Monte Carlo Ray-Tracing Method

In Monte Carlo ray-tracing method, the average radiation
flux on the target q and the area-weighted mean solar con-
centration Cmean on a circular disk target are defined as

q = π
∑Ntarget

m=1 qm
(
r2
m − r2

m−1

)

πR2
target

,

Cmean = q

I0
,

(3)

where qm is the radiation flux received by the mth discrete
annular element, rm is the radius of the mth discrete annular
element,Ntarget is the number of discrete annular elements on
the circular target, Rtarget = 0.15 m is the radius of the circular
target disk, and I0 is the incident direct solar flux in space.

Incident rays are distributed over the triangular ele-
ments in proportion to the projected element areas. The
angular distribution of the launched rays is modeled by
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Table 1: Parameters of the simulated concentrator.

Parameters Numerical value

Concentrator aperture D = 6 m

Focal-diameter ratio F/D = 0.4∼1.6

Incident direct solar flux I0 = 1309.2 W/m2

Target size Rtarget = 0.15 m

Receiver type Flat, without shadowing

Number of facets N = 9, 10, 11, 12

Half-cone angle of sun disk θsun = 4.65 mrad

Surface error σs = 0, 10 mrad

Reflectivity of facets 1

equal sectors divided m = 6

the “pillbox-sunshape”, which represents the ideal solar disk
with uniform brightness in half-cone angle θsun. In order to
take into account the random surface error combining with
membrane wrinkling at the facets, a Gaussian distribution
(expressed in milliradians) is assumed for the angular
deviation of the reflected rays with respect to the nominal
direction of reflection [11]. The latter is given by the specular
law of reflection in which triangular-facets normal vectors
are derived from the node triples positions. The receiver
is considered without shadowing the incident solar energy.
Table 1 summarizes the parameters of the membrane facet
concentrator.

4. Optical Design of Triangular-Facets
Concentrator for the System

The accuracy requirements of deployable antenna with a
perimeter truss structure are often specified by the system
RMS deviation δrms of the actual triangular flat facets surface
from the desired parabolic surface. While we could vary the
F/D ratio of the concentrator originated from the deployable
antenna to get the focal radiation flux as high as possible,
the allowable RMS deviation limits the satisfying range of
F/D ratios. Thus, the RMS deviation is considered for this
analysis. For a given value of δrms, the maximal triangular
facet length L and the facet rows N are given by [12]

L

D
=
√

8
√

15
δrms

D

F

D
,

N = D

2L
.

(4)

According to the practical limitation of the allowable
RMS deviation δrms = 0.36 mm [13], the relationships
between the facet rows N and the minimum F/D ratio are
shown by the curve in Figure 2. In Figure 2, the F/D ratios
satisfying the requirement of the RMS deviation are on the
upper right zone of the curve, and there are satisfying F/D
ratios for N = 9, 10, 11, and 12, respectively. The satisfying
range of F/D ratios enlarges when the facet rows N increases.
With the concentrator divided into an enough large number
of small facets, all range of F/D ratios is satisfying. This
relationship offers restricted limits for the F/D ratio selected

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
6

7

8

9
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13

Focal-diameter ratio (F/D)

N

Figure 2: The dependence of the number of facet rows N on mini-
mum F/D ratio with the allowable RMS deviation δrms = 0.36 mm.

for different facet rows N in the following optimization
procedure of the flat-facet concentrator.

Figures 3(a) and 3(b) show that the variation of radiative
collection efficiency with F/D ratio when the random surface
error σs is 0 and 10 mrad, respectively, for the facet rows N
of 9, 10, 11, and 12. Both figures illustrate that the larger
the number of facets, the higher the collection efficiency.
By comparing (a) and (b), it is shown that the collection
efficiency ηc is slightly lower in the presence of random
surface error for the same facet rows N value. For instance,
by comparison of the case with and without the surface error,
the average decreasing amount is only 0.1% from 0.4 to
1.6 of F/D ratio. In addition, an optimal F/D ratio which
corresponds to the highest collection efficiency exists for
each facet rows N as the horizontal line shows; however, the
optimal F/D ratio decreases with the increase of facet rows N .
For instance, for a concentrator with N = 10, the collection
efficiency ηc increases from 67.7% to 85.27% for the F/D
ratio increasing from 0.4 to 1.1 and with N increasing from
9 to 12, the optimal F/D ratio decreases from 1.3 to 1.1.
Furthermore with the F/D increasing beyond the optimal
F/D ratio, the collection efficiency decreases more obviously
with random surface error than without random surface
error, for example the average decrease is 0.3% with surface
error of 10 mrad and 0.15% without random surface error
when F/D ratio increases from 1.1 to 1.6 for N = 10.

Similarly, Figures 4(a) and 4(b) show the variation of the
mean concentration ratio Cmean with the F/D ratio for several
facet rows N values when the random surface error σs is 0 and
10 mrad, respectively. The mean concentration ratio Cmean

exhibits similar dependence on F/D ratio as the collection
efficiency does (Figure 3). The mean concentration ratio also
increases with the increasing number of facet rows N . With
the surface error increasing from 0 to 10 mrad, the mean
concentration ratio Cmean appreciably decreases. When N =
10, F/D = 1.1, the mean concentration ratios are 340.9,
333.5, respectively, both exceeding 300.
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Figure 3: The dependence of radiative collection efficiency ηc on F/D ratio with the random surface error σs of (a) 0 mrad and (b) 10 mrad.
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Figure 4: The dependence of the area-weighted mean solar concentration Cmean on F/D ratio with the random surface error σs of (a) 0 mrad
and (b) 10 mrad.

In the case keeping concentrator aperture D constant,
the existence of the optimal F/D ratio for each facet rows is
discussed in more detail. When the F/D ratio increases, the
concentrator implies a reflected solar cone with more angular
divergence. Therefore, the image on the receiver increases.
But, on the other hand, a smaller F/D ratio also implies larger
RMS deviation, which increases the image size. Therefore,
the observed optimal F/D ratio is the result of a trade-off
between these two effects.

Based on the above analysis, the selection of the optimal
facet rows N and F/D ratio is determined by both the desired

flux and allowable RMS deviation δrms. The procedure of
optimization design can be described in the following steps:
firstly, the minimum number of facet rows N is obtained
according to the requirements of radiation flux; secondly, the
appropriate range of F/D ratio is derived from the allowable
RMS deviation δrms; finally, the F/D ratio is scanned over
the range satisfying the requirement of the RMS deviation
to achieve the highest radiation flux under the consideration
of the random surface error. Based on this design procedure,
the obtained optimal facet rows N = 10 and F/D ratio = 1.1
result in radiative collection efficiency of 83.63% at a mean
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concentration ratio of 333.5 for a 15 cm radius target with
the surface error of 10 mrad, which fulfills well the design
requirements.

5. Conclusions

We have identified the optical performance of a solar con-
centrator based on triangular membrane facets for energy
collection. The concentrator approximates an ideal parabolic
with triangular flat facets supported by a deployable perime-
ter truss structure, which originates from a large aperture
space antenna. An optical design procedure to the membrane
facet concentrator has been developed. The number of facet
rows N and focal-diameter ratio (F/D) was optimized by
Monte Carlo ray-tracing method, in which the radiative
collection efficiency and area-weighted mean concentration
ratio were calculated. Under consideration of the allowable
RMS deviation δrms = 0.36 mm and a random surface
error combing with membrane wrinkling of 10 mrad, a 600-
facet concentrator will achieve 83.63% of radiative collection
efficiency over a 15 cm radius disk located in the focal plane,
with an area-weighted mean concentration ratio of 333.5.
The solar concentrator based on triangular membrane facets
is a promising option for the development of a cost-effective
space photovoltaic solar energy generation.
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This paper presents an assessment of the electricity generated by photovoltaic (PV) grid-connected systems in Kuwait. Three years
of meteorological data are provided for two main sites in Kuwait, namely, Al-Wafra and Mutla. These data and a PV grid-connected
system mathematical model are used to assist a 100 kWp grid-connected PV system proposed for both sites. The proposed systems
show high energy productivity whereas the annual capacity factors for Mutla and Al-Wafra are 22.25% and 21.6%, respectively.
Meanwhile the annual yield factors for Mutla and Al-Wafra are 1861 kWh/kWp/year and 1922.7 kWh/kWp/year, respectively. On
the other hand the cost of the energy generated by both systems is about 0.1 USD/kWh which is very close to the price of the energy
sold by the Ministry of Electricity and Water (MEW). Furthermore the invested money is recovered during the assumed life cycle
time whereas the payback period for both sites is about 15 years. This work contains worthwhile technical information for those
who are interested in PV technology investment in Kuwait.

1. Introduction

Based on the fact that PV systems are clean, environment
friendly, and secure energy sources, PV system installation
has played an important role worldwide. However, the
drawback of PV systems is the high capital cost as compared
to conventional energy sources. Therefore, many research
works are carried out currently focusing on optimization of
PV systems [1]. Grid-connected PV systems can be divided
into two parts: building integrated PV systems (BiPV) and
distribution generation PV (DGPV) systems. BiPV systems
usually supply a specific load and inject the excess energy
to the grid. On the other hand the DGPV systems inject the
whole produced energy to the grid without feeding any local
load. The grid-connected systems can consist of a PV array
only as an energy source, or anther energy source can be in
cooperation with the PV array such as wind turbine, diesel
system, or a storage unit [2].

PV system size and performance strongly depend on
metrological variables such as solar energy, wind speed,

and ambient temperature and, therefore, to optimize a PV
system, extensive studies related to the metrological variables
have to be done [3]. The importance of the meteorological
data in sizing PV systems lies in the fact that the PV modules
output energy strongly depends on the available solar energy
and the ambient temperature, while the wind turbines (in
case of hybrid PV/Wind systems) output power is a function
of the available wind speed.

The performance of a PV module strongly depends on
the sun light conditions. Standard sunlight conditions on a
clear day are assumed to be 1000 watt of solar energy per
square meter and it is sometimes called “one sun” or a “peak
sun.” Less than one sun will reduce the current output of
a PV module by a proportional amount [1]. Furthermore,
cell temperature, Tc, is an important factor in determining
the performance of PV cells. The increase in cell temperature
decreases PV module’s voltage linearly, while increasing cell
temperature increases PV module’s current. The effect of cell
temperature on PV modules performance depends on PV
cells manufacturing. However, increasing cell temperature by
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Table 1: Monthly mean of daily solar radiation and ambient temperature for Al-Wafra and Mutla sites.

Month
Mutla station Al-Wafra station

Solar radiation Temperature Solar radiation Temperature

JAN 319 (W/m2) 14.3 (◦C) 326 (W/m2) 14.7 (◦C)

FEB 325 (W/m2) 19.4 (◦C) 351 (W/m2) 19.9 (◦C)

MAR 446 (W/m2) 23.1 (◦C) 494 (W/m2) 23.4 (◦C)

APR 484 (W/m2) 28.6 (◦C) 473 (W/m2) 24.9 (◦C)

MAY 512 (W/m2) 37.8 (◦C) 568 (W/m2) 37.2 (◦C)

JUN 546 (W/m2) 42.2 (◦C) 629 (W/m2) 42.9 (◦C)

JUL 599 (W/m2) 42.5 (◦C) 624 (W/m2) 44.3 (◦C)

AUG 604 (W/m2) 42 (◦C) 578 (W/m2) 43.6 (◦C)

SEP 565 (W/m2) 36.9 (◦C) 564 (W/m2) 40.8 (◦C)

OCT 514 (W/m2) 31.6 (◦C) 459 (W/m2) 33.7 (◦C)

NOV 423 (W/m2) 20.2 (◦C) 387 (W/m2) 26 (◦C)

DEC 378 (W/m2) 18.9 (◦C) 319 (W/m2) 18.3 (◦C)

AV. 476 (W/m2) 29.79 (◦C) 481 (W/m2) 30.8 (◦C)

1 Celsius, C, degree decreases PV modules voltage by 0.085–
0.123 V. On the other hand, increasing cell temperature by
1 C increases PV modules current by 0.0026–0.0032 A [1].
Based on this, increasing cell temperature by 1 C degree
decreases PV module’s power by 0.5-0.6%. In general, most
of PV modules are being tested at 25 C degrees; thus, a differ-
ent output power is expected when PV modules are working
under different climate conditions. As for wind speed, the
wind turbine output energy depends on the amount of wind
power which hits the blades of a wind turbine. Therefore, to
predict the energy produced by a wind turbine located in a
specific location, a comprehensive study of the wind speed
characteristic for this location must be done.

In general, the most common optimization methodology
that is followed by the researchers starts by defining a
specific area, and then a time series data for solar energy,
ambient temperature, and wind (in case of hybrid PV/wind
system) must be obtained. After that, the calculation of
optimum tilt angle is conducted by modeling the solar energy
on a tilt surface. Then based on the nature of the PV
system (standalone, grid, or hybrid) the calculation of system
energy sources (PV array battery, wind turbine, and diesel
generator) optimum capacity is done. Finally, the size of the
inverter in the PV system is calculated optimally.

However, according to a World Bank report published
in 2010, the electricity production (MWh) in Kuwait was
reported at 57082 GWh in 2010 [4]. This energy is totally
generated by fossil fuel (64.4% oil sources and 35.7% natural
gas), while the alternative energy sources including solar,
wind, hydro-, and nuclear ones are not used at all [5].
Based on this, the Kuwaiti government has set recently the
most ambitious target for using renewable energy in the
Gulf region. The new Kuwaiti government renewable energy
policy aims to generate 10% of its electricity from sustainable
sources by 2020. The Kuwaiti government is trying to free up
oil for export and expand its generation capacity to support
increased tourism, manufacturing, and home building in
a $112-billion development program. However, renewable
energy is a new subject for Kuwait, and that is why there is

a lack of information regarding the suitability of renewable
energy sources for Kuwait’s weather [6].

Kuwait is a desert country with high numbers of sun
shining hour per day and, therefore, the use of PV grid-con-
nected systems for electricity generation is promising at this
country. Based on this, the main objective of this paper is to
assist the electricity generated by PV grid-connected systems
located at two main sites in Kuwait, namely, Al-Wafra and
Mutla. This assessment—which is done using technical and
economical criteria—provides worthwhile information for
those who are interested in PV system installation at Kuwait.
This work is done based on real meteorological data for the
period 2009–2011. These data are provided by the Kuwait
National Meteorological Network (KNMN) at KISR.

2. Solar Energy Potential in the Selected Sites

In this paper weather profiles for two sites located in Kuwait,
namely, Mutla and Al-Wafra are analyzed. Mutla is located at
latitude N 29◦ 22′ 54′′ and longitude 47◦ 37′ 50′′. Meanwhile
Al-Wafra is located at latitude: 28◦ 37′ 01′′ and longitude 48◦

00′ 29′′. The analyzed weather profiles contain solar radia-
tion and ambient temperature data for three years (2009–
2011). Figure 1 shows the mean hourly solar radiation for
both sites. From the figure, both sites have almost the same
solar radiation profile whereas it reaches the maximum value
(1000 W/m2) in the summer time (June–August) while the
minimum mean value is usually happening in the winter
time (November–February). However both sites are desert
sites with high clearness index along the year and, therefore,
most of global solar radiation recorded consisted of direct
solar radiation. On the other hand, Figure 2 shows the
ambient temperature profile for both sites. The ambient tem-
perature for both sites is in the range of 10–50◦C with peak
value in the summer time and minimum value in the winter
time.

Table 1 shows the monthly mean daily solar radiation
and ambient temperature for Al-Wafra and Mutla sites. The
average ambient temperature for both sites is 28.78◦C, and
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Figure 1: Hourly solar radiation profile for Al-Wafra and Mutla sites.
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Figure 2: Ambient temperature profiles for Al-Wafra and Mutla sites.

30.8◦C, respectively. On the other hand the average solar
radiation for Mutla site is 476 W/m2. This means that the
annual mean daily solar energy received at this site is
5.712 kWh/m2 (the peak sunshine hours is 5.7). As for Al-
Wafra, the annual mean daily solar radiation is 481 W/m2

which leads to that the annual mean daily solar energy is
5.772 kWh/m2 (the peak sunshine hours is 5.8). Based on
this, both sites have high solar energy potential and it is
expected that PV systems productivity will be high as com-
pared to other renewable energy alternatives.

3. PV Grid-Connected System Model

Figure 3 shows the typical component of a grid-connected
system consisting of a PV array, DC-AC inverter and a
grid interconnection point. Based on this, the mathematical
model of the PV grid-connected system must contain the
mathematical model of the PV array as well as the inverter
[7].

3.1. PV Array Mathematical Model. The output power of a
PV array depends on the available solar radiation (G) and
the ambient temperature (T). The output power of a PV
array increases linearly as the solar radiation increases and
decreases as the ambient temperature increases. Thus, the
instantaneous output power of a PV array [1] can be given
by

PPV(t) = PPeak

(
G(t)

Gstandard

)
− αT[Tc(t)− Tstandard], (1)

where Gstandard and Tstandard are the standard test conditions
for solar radiation and cell temperature, respectively, and αT
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Figure 3: PV grid-connected system components.

is the temperature coefficient of the PV module power which
can be obtained from the datasheet [1]. Ppeak is the rated
power of the PV array while Tc is the cell temperature and
it is given by

Tc(t)− Tambient = Tstandard

800
G(t). (2)

To extract maximum power from a PV array which
is under varying weather and load conditions, maximum
power point trackers (MPPTs) are used. Such a device
ensures maximum power operation of PV array and in this
case the PV array is assumed to be operating at maximum
power output, Ppeak. However, based on (1), the calculation
of PV array output power requires solar radiation and
ambient temperature records, and, therefore, hourly solar
radiation and ambient temperature records for the adopted
sites have been obtained.
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3.2. Inverter Mathematical Model. The efficiency of an inver-
ter [1] is calculated by

η(t) = Pin(t)− PLoss(t)
Pin(t)

, (3)

where Pin(t) and PLoss(t) are the instantaneous input power
and power loss during the conversion.

Ignoring the wire efficiency, the input power to the PV
system is the output power of the PV module. The PLoss is
not constant but depends on many conditions which make
it difficult to be calculated. Thus, an alternative model for
inverter efficiency needs to be developed in order to estimate
the inverter’s output power.

Figure 4 shows an efficiency curve for a commercial
inverter obtained from the datasheet. The curve describes the
inverter’s efficiency (in percent) in terms of input power and
inverter rated power.

The efficiency curve can be described by a power function
as follows:

η = c1

(
PPVinput

PINVRated

)c2

+ c3,
PPVinput

PINVRated

> 0,

η = 0,
PPVinput

PINVRated

= 0,

(4)

where PPV and PINVC are PV module output power and inver-
ter’s rated power, respectively, while c1–c3 are the model coef-
ficients.

A MATLAB fitting tool can be used for calculating the
developed inverter model coefficients, c1–c3. Therefore, sam-
ples of the inverter’s efficiency curve shown in Figure 4 must
be taken for the purpose of curve fitting using the MATLAB
fitting tool. Intensive number of samples must be taken for a
specific part of the curve as in zone B, less intensive number
of samples are taken from the zone A, while few samples are
taken from the zone C as described in Figure 4.

4. PV Grid-Connected Evaluation Criteria

To judge the feasibility of a grid-connected PV system,
technical and economical evaluation criteria can be applied.
In this paper technical criteria, namely, capacity factor and
yield factor are applied. On the other hand, the cost of energy
produced by the system (CoE) and the payback period are
used as economical evaluation criteria.

The yield factor (YF) is defined as the annual, monthly, or
daily net AC energy output of the system divided by the peak
power of the installed PV array at standard test conditions
(STC) and it is given by [7]

YF = EPV
(
kWh/year

)

PVWP
(
kWp

) . (5)

This factor assists the productivity of a PV array under
certain weather conditions. On the other hand, the capacity
factor (CF) is defined as the ratio of the actual annual energy
output to the amount of energy the PV array would generate
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Figure 4: Typical efficiency curve for an inverter.

if it operated at full rated power (Pr) for 24 h per day for a
year [7]:

CF = YF

8760
= EPVannual

PR ∗ 8760
. (6)

This factor evaluates the usage of the PV array. However,
the economical evaluation criteria, the life cycle cost, unit
cost, and payback period criteria are used, and the life cycle
cost is given by

LCC = Ccapital +
n∑

1

CO&MRPW

+
n∑

1

CreplacementRPW − CsalvageRPW.

(7)

The capital cost (Ccapital) of a project includes the initial
capital expense for equipment, the system design, engineer-
ing, and installation. This cost is always considered as a single
payment occurring in the initial year of the project, regard-
less of how the project is financed. Maintenance (CO&M) is
the sum of all yearly scheduled operation and maintenance
(O&M) costs. However, equipment replacement costs are not
included. O&M costs include such items as an operator’s
salary, inspections, insurance, property tax, and all scheduled
maintenance. Replacement cost (Creplacement) is the sum of
all repair and equipment replacement cost anticipated over
the life of the system. The replacement of a battery is a
good example of such a cost that may occur once or twice
during the life of a PV system. Normally, these costs occur
in specific years and the entire cost is included in those
years. The salvage value (Csalvage) of a system is its net worth
in the final year of the life cycle period. It is common
practice to assign a salvage value of 20 percent of original
cost for mechanical equipment that can be moved. This
rate can be modified depending on other factors such as
obsolescence and condition of equipment. Future costs must
be discounted because of the time value of money. One dollar
received today is worth more than the promise of $1 next
year, because the $1 today can be invested and earn interest.
Future sums of money must also be discounted because of
the inherent risk of future events not occurring as planned.
Several factors should be considered when the period for
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an LCC analysis is chosen. First is the life span of the equip-
ment. PV modules should operate for 20 years or more
without failure. However, twenty years is the normal period
chosen to evaluate PV projects [1]. Finally the RPW subscript
indicates the present worth of each factor The formula for
the single present worth (RPW) of a future sum of money (F)
in a given year (N) at a given discount rate (I) is

RPW = F

(1 + I)N
. (8)

After calculating the LCC, the unit cost of the energy
produced by the system can be calculated as follows:

CoE = LCC
∑n

1 EPV
. (9)

The payback period can be calculated as follows:

PBP = Ccapital

SavingAnnual ∗ RPW

= Ccapital(USD)

EPVAnnual

(
kWh/year

)∗ CoE(USD/kWh)∗ RPW
.

(10)

5. Results and Discussion

In this paper a 100 kWp grid PV system is assumed to be
installed at each site. The modelled PV module specifications
are shown in Table 2. As for the inverter, a 100 kW inverter is
used. The conversion efficiency model of the used inverter
can be described as follows:

η = −0.3253

(
PPV

PINVR

)−1.143

+ 97.49,
PPV

PINVR

> 0,

η = 0,
PPV

PINVR

= 0.

(11)

Table 3 shows the assumed units cost for the PV system
in calculating the LCC, CoE, and PBP. The life cycle time of
the PV system is assumed to be 20 years.

5.1. Al-Wafra Site. Figure 5 shows the monthly mean daily
energy generated (kWh/month) by the system. The annual
energy generation by the system is 192.270 MWh. According
to this the final yield factor for this system is 1922.7 kWh/
kWp/year. Meanwhile the average capacity factor is 22.25%.
As for the performance of the inverter, a performance factor
for the inverter is defined in this paper. This performance
factor equals to the ratio of the annual mean daily conversion
efficiency to the rated efficiency provided by the manu-
facturer. Based on this the performance factor of the used
inverter is 96.4%. However, the LCC of the proposed system
for Al-Wafra is 371000 USD. This means that the unit cost
of this system is 0.0965 USD/kWh and the payback period is
15.6 years.

Table 2: PV modules specifications.

PV module type KYOCERA (KC200GT)

PV module capacity 200 Wp

Maximum current 7.10

Maximum voltage 16.9

Open circuit voltage 21.5

Short circuit current 7.45

Efficiency (G > 200 W/m2) 12.75%

Efficiency (G < 200 W/m2) 14.5%

Temperature coefficient of power −3.9 × 10−3/◦C

Table 3: PV system units cost.

Unit Price

PV array 3.8/Wp USD

Inverter 100 kWp 32,000.00 USD

O&M 500 USD/year

Salvage 20% of the capital cost

Wires and circuit breakers 7,000.00 USD

Support structure 5,000.00 USD

Civil work and transportation 3,000.00 USD

Cost of kWh in Kuwait 0.10 USD

5.2. Mutla Site. The mean monthly daily energy generated
(kWh/month) by the system is shown in Figure 6. The annual
energy generation by the system is 186.11 MWh. Meanwhile,
the capacity factor for this system is 21.6% and the final yield
factor is 1861 kWh/kWp/year. The performance factor of the
used inverter is 95.9%. As for the system cost, the LCC of the
proposed system for Al-Wafra is 371000 USD. In addition,
the unit cost of this system is 0.0997 USD/kWh and the pay-
back period is 16.1 years.

5.3. Systems Productivity Evaluation. As mentioned before,
the yield factor and the capacity factor criteria are used to
assist the productivity of the proposed systems. In general the
capacity factor is used to assist the usage of a power source.
The CF is ratio of the energy generated by these sources to the
maximum energy that could be generated according to the
source’s ratings and for 24 hours. However, for a PV power
source the sun is only available for 12 hours a day and thus
the ideal CF is 0.5 due to the unavailability of sun during the
night. In addition to that, the maximum real CF is slightly
lower than 0.5 due to the energy conversion losses [8–10].
In general the typical CF for a PV array is in the range of
0.15–0.4 [8–10]. However, in this paper the maximum CF
is 0.4557 after considering the assumed energy conversion
losses. Figure 7 shows the monthly mean daily CF for both
sites. The CF values for both systems are in the range of
(0.15–0.31) which means that both system’s operation are in
the typical operation zone.

On the other hand, the yield factor measures the pro-
ductivity of the PV system. However, there is no typical
range for the yield factor because this factor is a location-
dependant factor. That is to say, each county (climate zone)
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Figure 5: PV system performance at Al-Wafra site.
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Figure 6: PV system performance at Mutla site.
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has its own typical yield factor. In [10] the typical field factors
for 6 countries are reported. The typical YF for Germany
is in the range of 400–1300 kWh/kWp/year, while it is in
the range of 470–1230 kWh/kWp/year for Japan. Further-
more, the typical yield factor for The Netherlands, Italy,
Switzerland, and Israel are 400–900, 450–1250, 450–1400,
and 740–2010 kWh/kWp/year, respectively. As for Kuwait,
Figure 8 shows the range of the YF for both systems. The
monthly mean of YF for Mutla is in the range of 97–
201 kWh/kWp/month; meanwhile it is in the range of 106–
209 for Al-Wafra. However, as mentioned before, the annual
YF for Mutla and Al-Wafra are 1861 kWh/kWp/year and
1922.7 kWh/kWp/year, respectively. This proves that the PV
technology in Kuwait has almost the best performance when
compared to the counties reported by [10].
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Figure 8: Monthly mean daily YF for Al-Wafra and Mutla sites.

6. Conclusion

In this paper the performance of a 100 kWp grid-connected
PV systems was studied for two sites, namely, Al-Wafra and
Mutla in Kuwait. The proposed systems showed high energy
productivity whereas the annual capacity factors for Mutla
and Al-Wafra were 22.25% and 21.6%, respectively. Mean-
while the annual yield factor for Mutla and Al-Wafra were
1861 kWh/kWp/year and 1922.7 kWh/kWp/year, respec-
tively. On the other hand the cost of the energy generated
by both systems was about 0.1 USD which is very close to the
price of the cost of energy sold by the Kuwaiti electricity com-
pany. Furthermore the invested money is recovered during
the assumed life cycle time whereas the payback period for
both sites was about 15 years. Such a work is helpful for PV
technology investments in Kuwait.
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Energy and water are the two major need of the globe which need to be addressed for the sustenance of the human beings on this
planet. All the nations, no matter most populous, developed and developing need to diversify the means and ways of producing
energy and at the same time guarding the environment. This study aims at techno economical feasibility of producing energy using
PV solar panels and utilizing it to pump-water at Dhahran, Riyadh, Jeddah, Guriat, and Nejran regions in Saudi Arabia. The solar
radiation data from these stations was used to generate electricity using PV panels of 9.99 kW total capacity. Nejran region was
found to be most economical in terms of minimal payback period and cost of energy and maximum internal rate of return whereas
PV power production was concerned. Water-pumping capacity of the solar PV energy system was calculated at five locations based
on the PV power production and Goulds model 45J series of pumps. Monthly total and annual total water pumping capacities
were determined. Considering the capital cost of combined solar PV energy system and the pump unit a cost analysis of water
pumping for a well of 50 m total dynamic head (TDH) was carried out. The cost of water pumping was found to vary between 2
and 3 US¢/m3.

1. Introduction

Solar energy is a clean source of energy, and it does not
risk human lives, environment, and economic disasters
which may include oil and coal sludge spills, coal mine
and devastating gas pipeline explosions, unforeseen nuclear
accidents, and water supply contamination from natural
gas fracking. Its utilization promotes better health through
decreased coal plant emissions pollution.

Water pumps, powered by photovoltaic (PV) panels, are
being used frequently to pump water for domestic usage, to
irrigate crops and landscape, to cattle, and provide potable
water. The advantage of using solar energy for pumping the
water is that major quantities of water are required during
day time and that too during time when the sun is on top
of our head, and during these times the PV panels produce
maximum energy and hence the water quantity. These solar
pumps can be installed anywhere no matter it is a valley,

remotely located farms, forest, or locations which are difficult
to reach and are not connected to national electric grid. The
utilization of solar water pump in developing countries is
providing a workable solution to meet water needs of the
people. At the same time, one can also save the environment
by avoiding or minimizing the burning of fossil fuel for
energy generation. The solar water-pumping technology
is commercially available, has-proven record of reliability,
require, minimal skilled manpower once in operation, and
operation and maintenance cost is also very minimal and
affordable.

Kingdom of Saudi Arabia is blessed with high intensities
of solar radiations and longer durations of sunshine hours
and vast open land with gentle topographical features in
most of it and complex terrain in some part of it. According,
Rehman et al. [1] global solar radiation varies between a
minimum of 1.63 MWh/m2/y at Tabuk and a maximum
of 2.56 MWh/m2/y at Bisha while mean value remained as
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2.06 MWh/m2/y. The sunshine duration varied between 7.4
and 9.4 h with an overall mean of 8.89 h or about a total of
3245 h in a year. The specific yield was found to vary from
211.5 to 319.0 kWh/m2 with a mean of 260.83 kWh/m2 [1].
The dwellings are spread all over the Kingdom with major
concentrations in Dhahran on the eastern coast, Riyadh in
the central part, Jeddah on the west coast, Guriat in the
north most, and Nejran in the south part. Most of the
major cities are connected to national electricity grid and
the network of national and provincial highways. Still there
are remote areas and smaller cities and towns which are not
yet connected to national electricity grid and are dependent
on power supply from diesel generating power stations and
have isolated grids. Some of these dwellings are located in
mountainous region where it is not only difficult to lay the
grid but also economically prohibitive. Availability of water
for domestic use and drinking purposes is a great challenge
in such areas and areas which are far from the main cities or
industrial regions. Ground water is available in most of these
areas but they require electricity and equipment to pump the
water for domestic usage, irrigation, and cattle.

Water pumping has regularly been a technical challenge,
solving the problems of drinking water supply and regular
irrigation was a prerequisite for the development of civ-
ilization in many of the ancient empires [2]. The PVPSs
are being installed worldwide, and there were approximately
10,000 such systems in 1993 which reached to almost six
time that is, 60,000 units in 1998, [3]. The ongoing efforts
on performance improvement and modeling [4–9], system
sizing and optimization [10–14], and performance of PV
systems [15] on the basis of experimental measurements have
resulted in commercially acceptable, economically afford-
able, and easily maintainable with least possible expertise.
These developments have lead and are contributing to the
improvement of the lives of remotely located dwellings.

J. S. Ramos and H. M. Ramos [16] used a pump of
154 W powered by a solar array of 195 watt peak (Wp) to
pump water for village having ten families and consuming
100 L of water each with 6-day immunity period and 2%
permissible loss of load at a cost of 1.06 C/m3 and capital
investment of 3019 C. Ould-Amrouche et al. [17] stated
that the utilization of PV water-pumping systems helped
both in improving the living conditions in remote areas
and keeping the environment clean. Mahmoud and El-
Nather [18] conducted the economical feasibility of using
photovoltaic (PV) technology to pump the ground water
in comparison with using diesel units. Their study proved
that PV-battery system was economical compared to the
diesel system. According to Kaldellis [19] the PV water-
pumping systems (PVPSs) are environmentally friendly
solution and contribute substantially to the satisfaction of
remote communities’ water consumption needs.

PV-powered water-pumping systems have been installed
and are operational in various parts of the globe including
Arabian countries, and some of these installation dates
back to early 1990s. Some of these studies and installations
have been reported in the literature like Bhave [20] for
India, Alawaji et al. [21] for the Kingdom of Saudi Arabia,
Hammad [22] for Jordan, Al Suleimani and Rao [23]

Table 1: Geographical coordinates of meteorological stations
considered in this study.

Location Latitude, (◦N) Longitude, (◦E) Elevation, (m)

Dhahran 26.3 50.2 17

Riyadh 24.7 46.7 620

Jeddah 21.7 39.2 17

Guriat 31.4 37.7 504

Nejran 17.6 44.4 1212

Table 2: Global solar radiation on horizontal surface (kWh/m2/d).

Month Dhahran Riyadh Jeddah Guriat Nejran

Jan 3.57 3.76 4.53 3.14 5.71

Feb 4.42 4.63 5.32 3.96 6.60

Mar 5.13 5.38 6.18 5.04 6.98

Apr 6.03 6.19 6.88 6.15 7.43

May 7.03 7.15 7.17 7.10 7.65

Jun 7.73 7.87 7.12 7.95 7.87

Jul 7.26 7.59 7.04 7.76 7.22

Aug 6.97 7.15 6.53 6.92 7.14

Sep 6.45 6.34 6.17 5.92 7.53

Oct 5.33 5.47 5.56 4.41 7.09

Nov 4.00 4.22 4.60 3.26 6.37

Dec 3.28 3.52 4.15 2.80 5.65

Annual 5.60 5.78 5.94 5.37 6.94

for Oman, Al-Karaghouli and Al-Sabounchi [24] for Iraq,
Manolakoset al. [25] for Greece, Kordab [26] for ESCWA
member countries, Meah et al. [27] for, Sutthivirode et al.
[28] for Thailand, and Chueco-Fernández and Bayod-Rújula
[29] for Chile. In Saudi Arabia, the work has been reported
on various aspects of solar energy such as radiation data
prediction and estimation [30–37], photovoltaic-based cost
of solar energy by generation Rehman et al. [38], availability
of solar radiation and sunshine duration by Aksakal and
Rehman [39], photovoltaic electricity for irrigation Rehman
et al. [40] desert camping Al-Ali et al. [41], and solar
radiation and sunshine duration maps by Mohandes and
Rehman [42].

2. Input Data and Assumptions

The geographical coordinates and elevation above mean sea
level of all the locations being considered in the present work
are listed in Table 1. The global solar radiation values are
summarized in Table 2 for Dhahran, Riyadh, Jeddah, Guriat,
and Nejran. The isolated grid PV power system with 9.99 kW
of installed capacity is considered for all the locations being
reported in this paper. The PV systems consist of 54 modules
of 185 W each with rated efficiency of 14.8%, module frame
area of 1.24 m2, nominal operating cell temperature of 45◦C,
temperature coefficient of 0.40%, and an inverter of 10 kW
capacity with 90% efficiency. The miscellaneous losses in
energy yield process are taken as 1%. For financial analysis,
the capital cost is taken as 8US$ per Wp with 25 years of
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Figure 1: Schematic view of the solar photovoltaic water-pumping
system.

operating life, inflation rate of 2%, debt interest rate of 7.0%,
debt ratio of 70%, and debt term of 10 years. The total capital
cost was calculated to be US$79,920, and it is assumed that
it remains the same irrespective of location of the station.
The total area covered by the PV panes was worked out to
be 68 m2. The schematic view of the solar PV water-pumping
system considered in this work is shown in Figure 1.

3. Seasonal Variation of Solar Radiation
on Horizontal Surface

Long-term monthly average global solar radiation intensities
on daily basis for Dhahran, Riyadh, Jeddah, Guriat, and
Nejran are summarized in Table 2. Highest intensities of
7.73, 7.87, 7.95, and 7.87 kWh/m2/d were observed in the
month of June at Dhahran, Riyadh, Guriat, and Nejran,
respectively and of 7.17 kWh/m2/d in May at Jeddah. It is
also evident that relatively higher intensities were observed
during April to September period which also correspond to
higher-demand period for both power and water. Highest
annual mean solar radiation intensity of 6.94 kWh/m2/d was
found at Nejran.

4. Solar Energy, Energy Density, and
Greenhouse Gases Emission Analysis

The energy produced a PV array and delivered to the grid is
estimated as follows:

EP = SηPHt , (1)

where S is the area of the array, Ht is the daily total radiation
on tilted surface, and ηP is the average efficiency of the PV
array. The produced energy (EP) is reduced by taking into
consideration the miscellaneous PV array losses, (λp) and

Table 3: Values of PV module-related variables.

PV module type ηr (%) NOCT (◦C) βP (%/◦C)

Monocrystalline silicon (Mono-Si) 13.0 45 0.40

Polycrystalline silicon (Poly-Si) 11.0 45 0.40

Amorphous silicon (a-Si) 5.0 50 0.11

Cadmium telluride (CdTe) 7.0 46 0.24

Copper indium diselenide (CIS) 7.5 47 0.46

other power conditioning losses (λc). These losses are taken
into consideration using the following equation:

EA = EP
(

1− λp
)

(1− λc), (2)

where EA is the PV array energy available to the load and
the battery, if in use. The overall efficiency ηA is defined as
follows:

ηA = EA
SHt

. (3)

In (1), the average efficiency of the PV array (ηP) which is
a function of average temperature of the PV module Tc is
estimated using the following equation:

ηP = ηr
[
1− βP(Tc − Tr)

]
, (4)

where ηr is the PV module efficiency at reference temperature
Tr( = 25◦C) and βP is the temperature coefficient for module
efficiency. The module temperature Tc is related to the
mean monthly ambient temperature Ta through Evan’s [43]
formula as given below:

Tc − Ta =
(

219 + 832Kt

)(NOCT− 20
800

)
, (5)

where NOCT is the nominal operating cell temperature
and Kt the monthly mean clearness index. The values of
ηr , NOCT, βP , and depend on the type of PV module
considered. For standard technologies and module the values
of these variables are summarized in Table 3. The efficiency
of photovoltaic cells varies with their operating temperature.
Most cell types exhibit a decrease in efficiency as their
temperature increases.

The monthly total energy estimated using (1) to (5)
for all the locations is summarized in Table 4. This table
also includes the energy density per unit area of the PV
panel in kWh/m2. At Dhahran and Riyadh the maximum
energy of 1.569 and 1.596 MWh was observed in the
month of October while at Jeddah (1.573 MWh), Guriat
(1.517 MWh), and Nejran (2.057 MWh) in the months of
March, August, and November, respectively. Similarly, the
highest values of energy density of 23.07, 23.47, 23.13, 22.31,
and 30.25 kWh/m2 corresponding to Dhahran, Riyadh,
Jeddah, Guriat, and Nejran occurred in the months of Octo-
ber, October, March, August, and November, respectively.
Based on annual total energy output, maximum energy of
19.59 MWh was produced at Nejran while a minimum of
16.325 MWh at Dhahran, as can be seen from Table 4.
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Table 4: Annual energy delivered and energy density for all the stations under consideration.

Month
Dhahran Riyadh Jeddah Guriat Nejran

MWh kWh/m2 MWh kWh/m2 MWh kWh/m2 MWh kWh/m2 MWh kWh/m2

Jan 1.303 19.16 1.362 20.03 1.536 22.59 1.288 18.94 1.961 28.84

Feb 1.277 18.78 1.326 19.50 1.443 21.22 1.230 18.09 1.768 26.00

Mar 1.383 20.34 1.435 21.10 1.573 23.13 1.472 21.65 1.719 25.28

Apr 1.319 19.40 1.336 19.65 1.417 20.84 1.444 21.24 1.464 21.53

May 1.354 19.91 1.353 19.90 1.324 19.47 1.478 21.74 1.325 19.49

Jun 1.313 19.31 1.312 19.29 1.195 17.57 1.463 21.51 1.198 17.62

Jul 1.318 19.38 1.347 19.81 1.250 18.38 1.509 22.19 1.204 17.71

Aug 1.416 20.82 1.428 21.00 1.298 19.09 1.517 22.31 1.343 19.75

Sep 1.505 22.13 1.461 21.49 1.384 20.35 1.493 21.96 1.628 23.94

Oct 1.569 23.07 1.596 23.47 1.540 22.65 1.401 20.60 1.966 28.91

Nov 1.341 19.72 1.408 20.71 1.404 20.65 1.206 17.74 2.057 30.25

Dec 1.227 18.04 1.312 19.29 1.439 21.16 1.184 17.41 1.957 28.78

Annual 16.325 240.07 16.677 245.25 16.804 247.12 16.685 245.37 19.590 288.09

Table 5: Summary of greenhouse gases avoided as a result of PV power utilization for water pumping in Saudi Arabia at different locations.

Location GHG (tCO2)/year Gasoline saved (L/year)
During life time of the plant

(tCO2) L

Dhahran 3.3 1,420 82.5 35,500

Riyadh 3.4 1,451 85.0 36,275

Jeddah 3.4 1,462 85.0 36,550

Guriat 3.4 1,452 85.0 36,300

Nejran 4.0 1,704 100.0 42,600

Average 3.5 1,498 87.5 37,445

As a result of utilization of solar energy for water
pumping in Saudi Arabia, on an average of 3.5 tons of
CO2 gas could be avoided from entering into the local
atmosphere annually, as given in Table 5. Equivalently at
Dhahran, Riyadh, Jeddah, Guriat, and Nejran a total of 1,420,
1,451, 1,462, 1,452, and 1,704 liters of gasoline could be
saved from burning for energy production annually. On an
average, during the life time of the PV panels in operation,
in this case 25 years, around 87.5 tons equivalent of green
house gasses could be avoided from entering into the local
atmosphere, or 37,445 liters of gasoline could be saved from
burning.

5. Economical Analysis of Solar
Energy Production

The pretax internal rate of return (IRR) on equity (%) and
assets (%), which represents the true interest yield provided
by the project equity and assets over its life before income
tax, is calculated using the pre-tax yearly cash flows and
the project life and included in Table 6. In the present
case, IRR has been calculated on a nominal basis that is
including inflation. For a project to be considered financially
acceptable, IRR is expected to be equal to or greater than
the required rate of return of the investor. The simple

payback (year) is the duration of time that it takes for a
proposed project to recoup its own initial cost, out of the
income or savings it generates. The simple payback method
is the indicator that how desirable is the investment. Lesser
the payback period better will be the investment. From
economical analysis, it is evident that Nejran is the best
location for the utilization of PV solar energy with maximum
internal rate of return (IRR) of 14.0% and plant capacity of
22.4% and minimum simple payback period of 9.7 years and
cost of energy of 16.32 US¢/kWh compared to other stations
used in the present work. The other remaining locations are
very near to each other whereas cost of energy and other
economical indicators are concerned.

The effect of initial investment cost on cost of energy
(COE) was also studied to check on the sensitivity. The
initial investment costs of 8, 7, 6, 5, 4, 3, and 2US$ per
peak watt (Wp) were considered while keeping all other
interest rates the same. The resulting COE values for all
the locations and initial investment rates are compared in
Figure 2. It is evident that as the initial investment cost goes
down, the COE also responds in the same manner. A decrease
of US$1 per Wp in the initial investment cost (i.e., 7US$
instead of 8US$) causes a decrease of 12.5% in COE (i.e.,
17.13 US¢/kWh instead of 19.58 US¢/kWh), and, for further
decrease of 1US$, the COE decreased to 14.69 US¢/kWh or a
decrease of 16.7%.
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Table 6: Summary of internal rate of return (IRR) and cost of energy (COE) for all the stations considered in the present work.

Location
Pretax IRR (%) Payback period (years) Cost of energy (US¢/kWh) Plant capacity factor (%)

Equity Assets Simple Equity

Dhahran 10.3 3.2 11.7 13.1 19.582 18.7

Riyadh 10.7 3.5 11.4 12.9 19.169 19.1

Jeddah 10.9 3.5 11.3 12.8 19.024 19.2

Guriat 10.7 3.5 11.4 12.9 19.160 19.1

Nejran 14.0 5.2 09.7 11.1 16.319 22.4

Average 11.3 3.8 11.1 12.6 18.651 19.7
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Figure 2: Effect of capital cost on cost of energy generated from
9.99 kW installed capacity PV power plant in Saudi Arabia.

6. Performance of Solar-Energy-Based
Water Pumping

6.1. Water-Pumping Analysis. The power required for pump-
ing water from underground Phyd(W) can be determined by
the expression

Phyd = ρgHQ(W), (6)

where ρ is the density of water (kg/m3), g is the gravitational
acceleration (m/s2), H is the total head (m), and Q is the vol-
umetric flow rate of water (m3/s). Assuming that the density
and the gravitational acceleration do not vary significantly,
the product HQ is found to be directly proportional to the
pumping power requirement. HQ may be considered as the
pumping capacity rate. Thus the equation can be rewritten
as

HQ = Phyd
ρg

(
m4/s

)
(7)

to determine the pumping capacity rate HQ in m4/s for any
given available power Phyd(W). Once the total head H (m)
is available, the volumetric flow rate of water that can be
pumped from underground Q (m3/s) can be calculated. This
expression indicates that a hydraulic power of Phyd = 1 W
is equivalent to a pumping capacity rate of 8.8 m4/day. For
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Figure 3: Flow capacity rate as function of pump size for two series
of pumps.

the determination of the total pumping capacity for a given
period of time, this equation can be written as

HQt = Phyd × t

ρg

(
m4), (8)

where time t is time (s). Accordingly, a hydraulic energy
(Phyd × t) of 1 kWh (i.e., 3600 kJ) is equivalent to a pumping
capacity (HQt) of 367 m4. On the other hand, the required
pump size P(W) can be determined from

P = Phyd
η

= ρgHQ

η
, (9)

where η is the pump efficiency.

6.2. Water-Pumping Capacity. Twelve models of water
pumps at different sizes from Goulds Pump Company were
selected in the present work. Six of these are from 45J series,
and the remaining six are from 70J series high-capacity
flat bowl 6-inch submersible pumps. Detail specifications of
these pumps are given in Tables 7(a) and 7(b). The nominal
flow rate of these pumps at best efficiency ranges from 45
to 70 GPM, and their motor size ranges from 3 to 25 HP.
Depth of water for which the pumps operate ranges from
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Figure 4: Monthly total volumetric flow of water from a well with
total dynamic head of 50 m using solar PV-operated Goulds model
45J series pump for five different sites in Saudi Arabia.

100 to 1350 feet. Nominal flow capacity rate of each pump
(in m4/hr) is also given in the last column in Table 7.

Figure 3 shows the nominal flow capacity rate variation
of the pumps at best efficiency point as function of the power
consumption. As can be seen from this figure, the nominal
flow capacity rate is almost linear with the power (or size) of
the pump in each series of pumps. The least squares fit line
for the data is shown on the figure for each series. The slopes
of the lines are slightly different from each other as a result of
different efficiencies of pumps. 70J series pumps are slightly
more efficient (62% max) than the 45J series pumps (60%
max). Accordingly, the relationship of nominal flow capacity
rate and the power for each series of pumps can be expressed
as follows:

Flow capacity rate (m4/hr) = 227.87 × Power (kW)
for 45J series

Flow capacity rate (m4/hr) = 259.85 × Power (kW)
for 70J series.

The flow rate in m3/hr is obtained by dividing the flow
capacity rate with the total dynamic head (TDH).

Monthly total volumetric flow of water from a depth of
50 m total dynamic head using solar PV-operated Goulds
model 45J series pumps is shown in Figure 4. The maximum
efficiency of the pumps in this series is 60%. Monthly total
volumetric flow of water shows fairly uniform variation
throughout the year except for the Nejran site. In Nejran
site the volumetric flow is found to be considerably higher
during the winter months as compared with that during
the summer months. This is due to the high solar energy
availability during the winter months in the site of Najran.
Referring to Table 4, the yearly average solar electric power
generation from the solar PV panels considered in the five
sites, namely, Dhahran, Riyad, Jeddah, Guriat, and Nejran is
1.86, 1.90, 1.92, 1.90, and 2.24 kW, respectively. Therefore the
most suitable pump model for the solar PV energy generator
is the 45J03 model that comes with 5 hp (2.24 kW) motor
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Figure 5: The annual total volumetric flow of water from a well
with total dynamic head of 50 m using solar PV-operated Goulds
model 45J series pump for five different sites in Saudi Arabia.
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and efficiently operates with a TDH of 54.58 m as can be
seen from Table 7(a). This is the reason why the TDH is fixed
to be 50 m in Figure 4. The annual total volumetric flow of
water for the same solar PV energy generator is shown in
Figure 5 for the five sites considered. The variation of the
annual total volumetric flow among the sites considered is
minimal except for the case of Nejran site where the annual
total volumetric flow is about 18% more than the other sites.

Figure 6 shows the cost (price) of water pumps consid-
ered in this study. The price of water pumps is found to
increase with the size of the pumps. The variation shows a
nearly linear trend for both series of pumps considered. This
trend can be expressed in first-order approximation for both
the pump series as

Price ($) = 102.55 × Power (kW) + 425.09 for 45J
series

Price ($) = 93.158 × Power (kW) + 384.18 for 70J
series of pumps.
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Table 7

(a) Specifications of Goulds water pumps 45J series considered

Model Price (USD) Flow rate (GPM) Power (hp) TDH (feet) Flow rate (m3/hr) Power (kW) TDH (m) Flow capacity rate (m4/hr)

45J03 630 45 3 180 10.22175 2.2368 54.864 560.8061

45J05 745 45 5 300 10.22175 3.728 91.44 934.6768

45J07 987 45 7.5 400 10.22175 5.592 121.92 1246.236

45J10 1280 45 10 550 10.22175 7.456 167.64 1713.574

45J15 1580 45 15 850 10.22175 11.184 259.08 2648.251

45J20 2065 45 20 1075 10.22175 14.912 327.66 3349.259

45J25 2226 45 25 1350 10.22175 18.64 411.48 4206.046

Data at best efficiency (%60).

(b) Specifications of Goulds water pumps 70J series considered

Model Price (USD) Flow rate (GPM) Power (hp) TDH (feet) Flow rate (m3/hr) Power (kW) TDH (m) Flow capacity rate (m4/hr)

70J03 556 70 3 100 15.9005 2.2368 30.48 484.6472

70J05 680 70 5 180 15.9005 3.728 54.864 872.365

70J07 919 70 7.5 290 15.9005 5.592 88.392 1405.477

70J10 1208 70 10 420 15.9005 7.456 128.016 2035.518

70J15 1443 70 15 600 15.9005 11.184 182.88 2907.883

70J20 1670 70 20 800 15.9005 14.912 243.84 3877.178

70J25 2152 70 25 1000 15.9005 18.64 304.8 4846.472

Data at best efficiency (%62).

Table 8: Cost of solar PV water pumping from a well with 50 m
TDH.

Location Cost of water pumping with TDH = 50 m (US¢/m3)

Dhahran 2.69

Riyadh 2.63

Jeddah 2.61

Guriat 2.63

Nejran 2.24

Average 2.56

Considering both of the relationships, a representative
linear relation applicable for all the pump can be obtained
by

Price ($) = 98× Power(kW) + 405. (10)

Considering the pump model 45J03, a cost of USD630 is
added to the capital cost of solar PV system. Therefore the
cost of water produced from a well of 50 m TDH becomes
2.69, 2.63, 2.61, 2.63, and 2.24 US¢/m3 for Dhahran, Riyadh,
Jeddah, Guriat, and Nejran, respectively, as shown in Table 8.
The average pumping cost of water per cubic meter is found
to be 2.56 US¢.

7. Conclusions

An economical feasibility study was carried out in relation
to producing electrical energy using PV solar panels for
pumping underground water at Dhahran, Riyadh, Jeddah,
Guriat, and Nejran sites in Saudi Arabia. A solar PV energy
generation system producing 9.99 kW of electrical energy

was considered. The electrical energy generated was used to
calculate the underground water-pumping capacity at each
of the five sites. The following conclusions can be derived
from the present work.

(i) The annual total energy output was found to be the
maximum (19.59 MWh) at Nejran site while it was a
minimum (16.325 MWh) at Dhahran site.

(ii) The Nejran site was found to be most economical in
terms of minimal payback period and cost of energy
and maximum internal rate of return.

(iii) Goulds model 45J series of pumps were found to be
suitable to be integrated with the solar PV energy
generation system.

(iv) Based on the solar PV electrical energy generation,
monthly total water-pumping capacities were found
to be nearly uniform throughout the year except for
the Nejran site. Considerably higher water produc-
tion capacity was observed during the winter months
in Nejran.

(v) Annual total water-pumping capacities were almost
equal in all the sites considered except for the Nejran
site where the water-pumping capacity was %18
higher.

(vi) The cost analysis of water pumping system indicated
that, for a well of 50 m total dynamic head (TDH), the
cost of water pumping vary between 2 and 3 US¢/m3

in all the five sites in Saudi Arabia.
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