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Photovoltaic technology is becoming one of the main solutions to the energy issues for the substitution of fossil fuels
in the near future. A global cumulative solar photovoltaic
capacity of nearly 139 GW was installed in 2013, which
became another historic year for solar PV technology. Looking ahead, if distributed PV systems and large scale PV plants
do in fact provide the end users with self-sufficiency, it is
essential for scientists and engineers all over the world to
further exploit solar cells with high efficiency and optimize
the PV systems. Thus, related research is needed within
current technologies and innovative ideas, including design,
modeling, fabrication, and characterization of and modules
as well as implementation of PV systems.
Scientific papers in this special issue have covered recent
advances in photovoltaic. This issue contains seventeen
papers on various aspects of photovoltaic technologies, which
fall into following topics:
(1) development, modeling, and reliability improvements of high efficiency solar cells;
(2) building integrated PV systems;
(3) developments in power electronics converters used in
PV applications;
(4) distributed generation systems consisting of PV systems and integration with smart grid and smart
building;
(5) power converters for photoenergy conversion.
We here would like to express our sincere gratefulness to
all authors and referees who contributed a lot to this issue. A
brief overview of the papers is presented as follows.

In “Experiment Investigation on Electrical and Thermal
Performances of a Semitransparent Photovoltaic/Thermal
System with Water Cooling,” the authors establish a semitransparent photovoltaic/thermal (SPV/T) system with water
cooling for building integrated applications, which yields
electrical power and hot water, as well as a natural illumination for the building. The performance of SPV/T system is
investigated by adopting the PV efficiency, thermal efficiency,
and exergy analysis.
In “Experiment and Simulation Study on the Amorphous
Silicon Photovoltaic Walls,” the authors test the temperature
distribution and the instant power of two amorphous silicon
PV walls with and without ventilation and simulate the
annual power output at different conditions. They provide
some valuable suggestions for the design and construction of
PV walls located at low latitudes in China.
In “Integrating Photovoltaic Systems in Power System:
Power Quality Impacts and Optimal Planning Challenges,”
the authors overview the major challenges in photovoltaic
based distributed generation (PVDG). The paper evolves
the background of PVDG and its impacts on power quality
and the maximum allowable penetration level of PVDG
connected to a distribution system.
In “SiO2 Antireflection Coatings Fabricated by ElectronBeam Evaporation for Black Monocrystalline Silicon Solar
Cells,” a double-layer antireflection coatings with the heterostructure of SiO2 /SiNx :H is developed enhancing the
EQE in short wavelengths. An absolute conversion efficiency
increase of 0.32% is achieved in solar cell applying this double
antireflection coating compared to the conventional single
SiNx :H coated solar cells.
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In “An Improved Method for Sizing Standalone Photovoltaic Systems Using Generalized Regression Neural Network,” an improved approach for sizing standalone PV system
(SAPV) is presented, which is based on a combination of
an analytical method and a machine learning approach for
a generalized artificial neural network (GRNN). The GRNN
assists to predict the optimal size of a PV system using
the geographical coordinates of the targeted site instead of
using mathematical formulas. According to the results, the
proposed method can be efficiently used for SAPV sizing
whereas the proposed GRNN based model predicts the sizing
curves of the PV system accurately with a prediction error
of 0.6%. Moreover, hourly meteorological and load demand
data are used in this research in order to consider the
uncertainty of the solar energy and the load demand.
In “Seismic and Power Generation Performance of UShaped Steel Connected PV-Shear Wall under Lateral Cyclic
Loading,” a new form of reinforced concrete shear wall
integrated with photovoltaic module is proposed in this
paper, aiming to apply PV module to the facades of highrise buildings. The seismic behavior, including failure pattern,
lateral force-top displacement relationship, and deformation
capacity, was investigated. Two main results are demonstrated
through the experiment: (1) the U-shaped steel connectors
provide enough deformation capacity for the compatibility of
the PV module to the shear wall during the whole cyclic test;
(2) the electricity generation capacity is effective and stable
during this seismic simulation test.
In “A Newton-Based Extremum Seeking MPPT Method
for Photovoltaic Systems with Stochastic Perturbations,” a
novel Newton-based stochastic extremum seeking MPPT
method is proposed. Different from conventional gradientbased extremum seeking MPPT algorithm, the convergence
rate of the proposed controller can be totally user-assignable
rather than determined by unknown power map. The stability
and convergence of the proposed controller are rigorously
proved. The author further discusses the effects of partial
shading and PV module ageing on the proposed controller.
Numerical simulations and experiments are conducted to
show the effectiveness of the proposed MPPT algorithm.
In “A Review of Solar Photovoltaic Concentrators,” the
author reviews the different types of PV concentrators, their
performance with advantages and disadvantages, concentration ratio, acceptance angle, brief comparison between their
efficiencies, and appropriate cooling system.
In “A Simple Approach in Estimating the Effectiveness
of Adapting Mirror Concentrator and Tracking Mechanism for PV Arrays in the Tropics,” a practical in-field
method is conducted in Serdang, Selangor, Malaysia, for the
two technologies in comparison to the common fixed flat
PV arrays. The data sampling process is measured under
stochastic weather characteristics with the main target of
calculating the effectiveness of PV power output. The data
are monitored, recorded, and analysed in real time via
GPRS online monitoring system for 10 consecutive months.
Based on the analysis, it is shown that tracking mechanism
generates approximately 88 Watts (9.4%) compared to the
mirror concentrator which generates 144 Watts (23.4%) of
the cumulative dc power for different array configurations at
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standard testing condition (STC) references. The significant
increase in power generation shows feasibilities of implying
both mechanisms for PV generators and thus contributes to
additional reference in PV array design.
In “Optimum Availability of Standalone Photovoltaic
Power Systems for Remote Housing Electrification,” the
author discussed the availability of PV systems to determine
the optimum availability at which standalone PV systems
must be designed. Optimization methods and PV systems
software, such as HOMER and PV.MY, were used for this
purpose. Six PV systems with six availability levels were
analyzed, in terms of wasted energy, cost of energy, battery
usage, and power shortages, using real meteorological data.
Results show that PV systems with 99% availability are
recommended, because of their high reliability and favorably
wasted energy.
In “Superior Antireflection Coating for a Silicon Cell with
a Micronanohybrid Structure,” a high antireflection silicon
solar cell is developed. A novel two-stage metal-assisted
etching (MAE) method is proposed for the fabrication of
an antireflective layer of a micronanohybrid structure array.
The processing time for the etching on an N-type highresistance (NH) silicon wafer can be controlled to around
5 min. The resulting micronanohybrid structure array can
achieve an average reflectivity of 1.21% for a light spectrum
of 200–1000 nm. A P-N junction on the fabricated micronanohybrid structure array is formed using a low-cost liquid
diffusion source. A high antireflection silicon solar cell with
an average efficiency of 13.1% can be achieved. Compared
with a conventional pyramid structure solar cell, the shorted
circuit current of the proposed solar cell is increased by 73%.
The major advantage of the two-stage MAE process is that
a high antireflective silicon substrate can be fabricated costeffectively in a relatively short time. The proposed method is
feasible for the mass production of low-cost solar cells.
In “Design and Optimization of Fresnel Lens for High
Concentration Photovoltaic System,” the author proposed a
practical optimization design in which the solar direct light
spectrum and multijunction cell response range are taken
into account in combination, particularly for the Fresnel
concentrators with a high concentration and a small aspect
ratio. In addition, the change of refractive index due to
temperature variation in outdoor operation conditions is
also considered in the design stage. The calculation results
show that this novel Fresnel lens achieves an enhancement of
energy efficiency of about 10% compared with conventional
Fresnel lens for a given solar spectrum, solar cell response,
and corrected sunshine hours of different ambient temperature intervals.
In “Effective Passivation of Large Area Black Silicon
Solar Cells by SiO2 /SiNx :H Stacks,” the performance of
black silicon solar cells with various passivation films was
characterized. Large area (mm2 ) black silicon was prepared
by silver-nanoparticle-assisted etching on pyramidal silicon
wafer. The conversion efficiency of black silicon solar cell
without passivation is 13.8%. For the SiO2 and SiNx :H passivation, the conversion efficiency of black silicon solar cells
increases to 16.1% and 16.5%, respectively. Compared to
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the single film of surface passivation of black silicon solar
cells, the SiO2 /SiNx :H stacks exhibit the highest efficiency of
17.1%. The investigation of internal quantum efficiency (IQE)
suggests that the SiO2 /SiNx :H stacks films decrease the Auger
recombination through reducing the surface doping concentration and surface state density of the Si/SiO2 interface,
and SiNx :H layer suppresses the Shockley-Read-Hall (SRH)
recombination in the black silicon solar cell, which yields the
best electrical performance of b-Si solar cells.
In “Investigating the Impact of Shading Effect on the
Characteristics of a Large-Scale Grid-Connected PV Power
Plant in Northwest China,” a shading simulation model for
PV modules is established by the author and its reliability
is verified under the standard testing condition (STC) in
laboratory. Based on the investigation result of a 20 MWp
grid-connected PV plant in northwest China, the typical
shading phenomena are classified and analyzed individually,
such as power distribution buildings shading and wire poles
shading, plants and birds droppings shading, and front-row
PV arrays shading. A series of experiments is also conducted
on-site to evaluate and compare the impacts of different
typical shading forms. Finally, some feasible solutions are
proposed to avoid or reduce the shading effect of PV system
during operation in such region.
In “Manipulation of MoSe2 Films on CuIn(Ga)Se2 Solar
Cells during Rapid Thermal Process,” the CuIn(Ga)Se2
(CIGS) crystalline quality and MoSe2 thickness of films
produced by the rapid thermal selenization process under
various selenization pressures were investigated. When the
selenization pressure increased from 48 Pa to 1.45 × 104 Pa,
the CIGS films were smooth and uniform with large crystals
of varying sizes. However, the MoSe2 thicknesses increased
from 50 nm to 2,109 nm, which created increased contact
resistivity for the CIGS/MoSe2 /Mo structures. The efficiency
of CIGS solar cells could be increased from 1.43% to 4.62%
due to improvement in the CIGS crystalline quality with
increasing selenization pressure from 48 Pa to 1.02 × 103 Pa.
In addition, the CIGS crystalline quality and MoSe2 thickness
were modified by the pressure released valve (PRV) selenization process method. The crystalline qualities of the CIGS
films were similarly affected by the selenization pressure at
1.02 × 103 Pa in the PRV selenization method and the MoSe2
thicknesses were reduced from 1,219 nm to 703 nm. A higher
efficiency of 5.2% was achieved with the thinner MoSe2
obtained by using the PRV selenization method.
In “Chaos Synchronization Based Novel Real-Time Intelligent Fault Diagnosis for Photovoltaic Systems,” the author
used Matlab to simulate the faults in the solar photovoltaic
system. The maximum power point tracker (MPPT) is used
to keep a stable power supply to the system when the system
has faults. The characteristic signal of system fault voltage is
captured and recorded, and the dynamic error of the fault
voltage signal is extracted by chaos synchronization. Then,
the extension engineering is used to implement the fault
diagnosis. Finally, the overall fault diagnosis system only
needs to capture the voltage signal of the solar photovoltaic
system, and the fault type can be diagnosed instantly.
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This research focused on the fabrication of dye-sensitized solar cell based on a photoanode of carbon nanotube/titanium dioxide
(CNT/TiO2 ) nanocomposite photoanode synthesized through acid-catalyzed sol-gel method. The results show the improvement
of the chemical and electrical properties of the solar cells annealed at different temperatures. The CNT/TiO2 colloidal solution was
synthesized using titanium tetraisopropoxide and CNT/2-propanol solution. The thin films were doctor-bladed on a fluorine tin
oxide glass before being annealed at 550, 650, and 750∘ C. The field emission scanning electron microscopy morphological images
show that the thin films were homogenously distributed and maintained their spherical structures. The X-ray diffraction patterns
show that the films consisted of anatase and rutile phases with large crystallite sizes due to temperature increment. The atomic
force microscopy analysis presents the thin film roughness in terms of root mean square roughness. The photovoltaic performance
was analyzed using IV curve and electrochemical impedance spectroscopy (EIS). The thin films annealed at 750∘ C had the highest
energy conversion efficiency at 5.23%. The EIS analysis estimated the values of the effective electron lifetime (𝜏eff ), effective electron
diffusion coefficient, effective electron diffusion (𝐿 𝑛 ), and effective recombination rate constant (𝑘eff ). A large 𝜏eff , small 𝑘eff , and
longer 𝐿 𝑛 can improve photovoltaic performance efficiency.

1. Introduction
Dye-sensitized solar cell (DSSC) is considered a relatively
new type of solar cell as it was first discovered by O’Regan and
Grätzel in 1991 [1, 2]. DSSCs show better potential compared
with Si solar cells because they are cheap [3, 4], more environmentally friendly, and simpler to manufacture [5]. DSSCs
have attracted substantial attention worldwide. Grätzel’s cell
has a solar conversion efficiency of ∼13%, which is significantly lower than that of Si solar cells. To improve the performance of DSSC devices, a number of factors need to be considered. Electron transport across a TiO2 electrode is one of
the most important factors affecting the conversion efficiency
of DSSC. As the electron mobility increases, the DSSC efficiency also increases. However, charge recombination generally inhibits the transport of the injected electrons from TiO2

to the conducting glass substrate, thus decreasing the performance of DSSCs. Therefore, a rapid photoinduced electron
transport in the TiO2 working electrode and the suppression
of charge recombination ensure a higher DSSC conversion
efficiency.
A similar literature suggests that carbon nanotubes
(CNTs) are suitable semiconductor supports because of
their combination of electronic, adsorption, mechanical, and
thermal properties [6, 7]. CNTs provide interpenetrating
electrodes with high surface areas for DSSCs. The introduction of CNTs into the electrodes of organic solar cells
[8, 9] and dye-sensitized solar cells [10] has been performed, and researchers have concluded that CNTs efficiently
enhance the electronic conductivity of the electrode, thus
increasing the photoconversion efficiency of the photovoltaic
device. Furthermore, previous studies have shown that the
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introduction of CNTs decreases TiO2 crystalline grain and
particle sizes [11]. Previous studies also suggest that a TiO2
semiconductor with large particle or crystalline sizes has a
large surface area and has numerous contact points among
the particles, carbon nanotubes, and underlying substrates.
These results are beneficial for the improvement of the cell
performance. Therefore, CNTs are regarded as promising
materials for use in DSSCs, and the utilization of CNTs to
improve the photoconversion efficiency of DSSCs is expected
and should be conducted. In the past decade, several studies
have reported that the incorporation of CNTs in a nanocrystalline TiO2 working electrode prepared using blended fabrication with commercial TiO2 (P25) increases the solar
energy conversion efficiency of DSSCs [12]. However, further increasing the CNT loading may inhibit the improvement of DSSC cell performance because of serious CNT
aggregations.
In this study, we prepared CNT/TiO2 nanocomposite
thin films annealed at various temperatures from 550∘ C to
750∘ C. We investigated the morphological and photocatalytic
activity properties of the CNT/TiO2 solar cell. This morphological structure was examined using field emission scanning
electron microscopy (FESEM), X-ray diffraction (XRD), and
atomic force microscopy (AFM). The photovoltaic properties
of the solar cell were determined using IV curve analysis and
electrochemical impedance spectroscopy (EIS). The results
show that the annealing temperatures significantly affect the
combination of TiO2 nanoparticles with CNT and hence
influence the performance of the CNT/TiO2 dye-sensitized
solar cell.

2. Methodology
2.1. Preparation of the CNT/TiO2 Nanocomposite Solution.
The CNT/TiO2 nanocomposite photoanode was synthesized
using modified acid-catalyzed sol-gel method. CNT powder
was acid-treated first before being used. The synthesis was
conducted by boiling raw CNT in a concentrated nitric acid
solution for 5 h. The CNT solution was then filtered and
washed with distilled water several times to remove the excess
acid. Afterward, the mixture was dried in oven for 24 h.
Then, 2-propanol (Solaronix, SA) anhydrate solution (40 mL)
was used as the starting material. Precisely 0.06 g of CNT
nanopowder (Sigma-Aldrich, USA) was sonicated in the 2propanol solution for 1 h to adequately disperse the particles.
Titanium tetraisopropoxide (TTIP) (10 mL) (Sigma-Aldrich,
Belgium), which was the titanium precursor, was poured into
the CNT/2-propanol solution. The mixture was continuously
sonicated for an additional 1 h to improve the interactions
between the two materials. Diluted ethanol (100 mL) was
slowly dropped into the solution, and the solution was heated
at 100∘ C for 12 h in a wet furnace to remove the excess water.
Last, the CNT/TiO2 gel-look solution was produced. Figure 1
shows the flowchart of this preparation.
2.2. Preparation of CNT/TiO2 Nanocomposite Thin Film. Fluorine tin oxide (FTO) glass (Solaronix, SA) was used as
the conductive substrate. The FTO glass was ultrasonically
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cleaned with acetone, methanol, and deionized distilled
water. The CNT/TiO2 thin films were prepared by applying
the nanocomposite on the FTO conducting glass. The gellook product from the above preparation was then added with
carbowax 400 (R&M Chemical, UK) that acted as binder.
The gel solution was vigorously stirred for 1 h to produce
a viscous gel paste. The CNT/TiO2 nanocomposite mixture
was doctor-bladed onto the conductive substrate to form a
0.25 cm2 active area. The thin films were dried on a hot plate
at 60∘ C for 15 min. Subsequently, the CNT/TiO2 thin films
were annealed in air using a dry furnace at different annealing
temperatures of 550, 650, and 750∘ C for 30 min. Figure 2
shows the flowchart of this preparation.
2.3. Preparation of CNT/TiO2 Dye-Sensitized Solar Cell. The
fabricated dye-sensitized solar cell has two parts, namely,
CNT/TiO2 thin film electrode and platinum thin film counter
electrode. The electrodes were immersed in ruthenium
dye (N719-Solaronix, SA) for 24 h. The counter electrodes
were coated with platinum thin film using screen printing
technique and annealed in a furnace at 350∘ C for 30 min.
A parafilm spacer was sandwiched between the annealed
CNT/TiO2 and counter electrodes, and both sides of the
substrate were clipped. Iodolyte MPN-100 (Solaronix SA) was
used as the electrolyte in this solar cell. The dye-sensitized
solar cell frame was sealed using silicon glue to prevent
electrolyte leakage during the experiments. Figure 3 shows
the flowchart of this preparation.
2.4. Characterization. The morphological structures and
energy-dispersive X-ray (EDX) analysis of the CNT/TiO2
thin films were analyzed and conducted using a FESEM
instrument (Zeisz Supra: 15 kV). XRD analysis was conducted using an X-ray diffractometer (Siemens D-5000)
with CuK𝛼 irradiation (𝜆 = 1.5406 Å) to determine the
crystalline orientations of the CNT/TiO2 thin film. AFM
analysis was conducted to determine the average roughness of
the thin film using 3D images. A G300 instrument (GAMRY
Instruments) with simulated AM 1.5 xenon illumination
having a 100 mW/cm2 light output was used to analyze the
photovoltaic efficiency and electrochemical impedance of the
solar cell.

3. Result and Discussion
3.1. Field Emission Scanning Electron Microscopy (FESEM).
Figure 4 shows the FESEM images of the surface morphologies of the CNT/TiO2 nanocomposite thin films sintered at
different temperatures. From these FESEM images, we can
see the arrangement of CNT particles within the nanoporous
CNT/TiO2 films [13]. The diluted ethanol solution acted
as the solvent and as a soft template for the films. This
preparation technique generates good interactions between
the CNT and TiO2 nanoparticles. The diluted ethanol also
improves the pore formation within the nanocomposite thin
films. In addition, acid-catalyzed modification method assists
in the formation and interactions between the CNT and TiO2
nanoparticles because of the strong chemical absorption [14].
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Acid treatment carbon nanotube (0.06 g)/2-propanol anhydrate solution (40 mL)
+
Titanium tetraisopropoxide—TTIP (10 mL)
Sonicated for 60 minutes + added diluted ethanol (dropwise)

Adding diluted nitric acid (65%) + stir vigorously
Heat in wet furnace at 100∘ C for 12 hours
CNT/TiO2 colloidal gel-look solution formed

Figure 1: Flowchart for CNT/TiO2 nanocomposite solution.
FTO glass cleaned using acetone + methanol + deionized distilled water
CNT/TiO2 colloidal gel-look solution + carbowax 400
Stirred for 1 hour

Thin film on FTO glass using doctor-blade technique
Dry in room temperature for 1 hour
Annealed in air at 550∘ C, 650∘ C, and 750∘ C for 30 minutes
CNT/TiO2 thin film with noncrack texture

Figure 2: Flowchart for CNT/TiO2 nanocomposite thin films.

Although this preparation technique limits the crystalline
growth of the nanocomposite, it still improves the dye
absorption for dye-sensitized solar cell application.
Figure 4 also presents the images of the CNT/TiO2
thin films annealed at 550, 650, and 750∘ C. These images
were observed at 100 nm with 20 Kx magnifications. All
the annealed samples consisted of irregularly arranged and
shaped TiO2 and CNT nanoparticles. The thin film nanoparticles were randomly connected to a noncrack surface. We
found that CNT nanoparticles had large sizes in the pore
structures of almost all samples, especially for the thin film
annealed at 750∘ C [15]. We also noticed that the varying temperatures affected the morphological structures of the films.
The addition of diluted ethanol assisted in the dispersion
of the CNT/TiO2 nanoparticles. Highly dispersed films, in
turn, assisted the electron transport inside the films. The
films annealed at high temperatures generated large particles
size of around 10 nm to 20 nm and produce large surface
areas with high porosities inside the films for dye absorption.
Another researcher [16] confirmed that samples annealed
at high temperatures show more sintered nanoparticles that
merged to form the neck between adjacent nanoparticles with
better contacts for efficient electron transfer.

Figure 5 shows the average thickness of all samples.
Table 1 shows that the average thicknesses for samples
annealed at 550, 650, and 750∘ C were approximately 21.68,
21.27, and 16.07 𝜇m, respectively. High annealing temperatures decrease the average thickness because of the resulting
large surface areas and high porosities inside the films. Table 1
presents the data for EDX analysis conducted from the
FESEM analysis. The EDX analysis was used to identify the
elements or materials contained in the thin films. Figure 6
shows the EDX data to simplify it using a graphical diagram.
From this analysis, we discovered the presence of carbon (C),
titanium (Ti), and oxygen (O) in all samples. The carbon and
titanium elements almost linearly increased with increasing
annealing temperature as mentioned in another study [17].
Besides EDX measurement, all these elements (C, Ti, and O)
can be proven and supported by using the X-ray diffraction
(XRD) measurement analysis.
3.2. X-Ray Diffraction (XRD). The phase transition of the
CNT/TiO2 thin films was studied based on the annealing temperatures. Figure 7 shows the XRD patterns of the
CNT/TiO2 thin films annealed at 550, 650, and 750∘ C,
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The annealed CNT/TiO2 thin films + ruthenium dye—N719

Immersed in N719 dye for 24 hours
CNT/TiO2 thin films with absorbed N719 dye
+
Coat platinum counter electrode using screen printing technique
+
Iodolyte MPN-100 used as electrolyte
CNT/TiO2 dye-sensitized solar cell

Figure 3: Flowchart for CNT/TiO2 dye-sensitized solar cell fabrication.
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Figure 4: FESEM images of CNT/TiO2 thin films annealed at different temperatures: (a) 550∘ C, (b) 650∘ C, and (c) 750∘ C.

respectively. As the annealing temperature increases, the
TiO2 nanoparticles go through phase transitions to achieve
anatase and rutile structures. The patterns were analyzed and
compared using the database file of PDF number 01-0782486 (TiO2 -anatase) and PDF number 01-086-0147 (TiO2 rutile). The XRD patterns were calculated at an angle of 2𝜃
between 20∘ and 60∘ . The peaks that appeared from these

patterns were (101), (004), (200), and (211) at 25.2∘ , 37.96∘ ,
47.84∘ , and 55.40∘ , respectively, for the anatase phase, and the
peak was (211) at 54.04∘ for the rutile phase. The major peaks
corresponded to the anatase phase with a crystallographic
plane of (101) at 25.2∘ for all the films. The rutile phase was
hardly observed and only occurred in the thin film annealed
at 750∘ C. Brookite phase was not observed in these patterns.
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Figure 5: CNT/TiO2 thin film’s average thickness of (a) 550∘ C, (b) 650∘ C, and (c) 750∘ C annealing temperature.

Table 1: EDX analysis data for all CNT/TiO2 thin films.
Sample

Temperature, ∘ C

(a)
(b)
(c)

550
650
750

Element weight, %
Carbon

Titanium

Oxygen

1.31
1.42
1.46

52.78
54.91
53.58

45.91
43.67
44.96

Table 2: XRD analysis parameters for all CNT/TiO2 thin films.
Sample
(a)
(b)
(c)

Temperature, Major
∘
C
peak
550
650
750

Anatase
Anatase
Anatase

Crystalline
size, nm

Lattice parameter

15.62
17.10
17.96

3.7845 Null 9.5143
3.7845 Null 9.5143
3.7845 Null 9.5143

𝑎

𝑏

𝑐

Based on other studies [18, 19], the CNT peaks are usually
located at 26.0∘ and 43.4∘ , although CNT elements were
not detected in this present study. This phenomenon could
occur because of the peaks of the crystalline TiO2 anatase
phase at 25.2∘ , which partly covers the CNT main peak at
26.0∘ . Moreover, overlapping peaks may occur because the

crystalline structure of TiO2 is larger than that of CNT. A
quantitative evaluation of the crystallite size using Scherrer’s
equation was conducted and the results are shown in Table 2
with a graphical diagram in Figure 8:
𝐷=

𝑘𝜆
,
𝐵 cos 𝜃

(1)

where 𝜆 is the wavelength of 1.492 nm, 𝐵 is the full width
at half-maximum of the main peak, and 𝜃 is the main peak
position divided by 2 [20, 21]. Scherrer’s equation proves that
the film crystallite size slightly increased with increasing of
annealing temperatures. The data in Table 2 show that the
crystallite sizes for the thin films annealed at 550, 650, and
750∘ C are 15.62, 17.10, and 17.96 nm, respectively.
The crystallite size increased, and the crystal size in
the nanoparticles grew with increasing temperature. The
comparison with the XRD peaks of P25, which contains
both anatase and rutile phases, confirmed that the annealed
TiO2 nanoparticles at 750∘ C formed rutile peaks. In hightemperature annealing, the average crystal size increases,
reducing the grain boundaries and crystal defects because of
the present anatase and rutile phases. The decreased number
of trap sites on the nanoparticles reduced the number of
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Figure 6: EDX graphical data for (a) carbon, (b) titanium, and (c) oxygen versus annealing temperature.
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Figure 7: XRD patterns of CNT/TiO2 films annealed at (a) 550∘ C,
(b) 650∘ C, and (c) 750∘ C.
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obstacles for the fast-moving electron. These effects influenced the charge-trap conditions and consequently increased
the electron diffusion speed [22]. Although the combination
of the anatase and rutile phases has been proven to enhance
the photocurrent density, excessive rutile TiO2 nanoparticles
could form a barrier for the electrons because of highenergy level of the rutile phase [23]. Therefore, the best
and optimum temperature determined in this present study
is 750∘ C because the sample annealed at this temperature
provided a combination of small amounts of the rutile and
anatase phases.
The increase in crystallite size of the TiO2 nanoparticles
provides a better contact point between the nanoparticles.
Hence, this advantage provides a more efficient charge transport and faster photo induction for the electron transfer [24].
The lattice parameter data in Table 2 from the database PDF
number 01-078-2486 (TiO2 -anatase) show the same value for
all the samples with 𝑎 = 3.7845, 𝑏 = null, and 𝑐 = 9.5143.
These results suggest that the incorporation of CNTs into
TiO2 thin films does not affect the TiO2 lattice structure [25].
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Figure 8: XRD graphical data for crystallite size versus temperature.

3.3. Atomic Force Microscopy (AFM). The CNT/TiO2 thin
film topography and upper surface were observed using
AFM. The images in Figure 9 show the samples from all
annealing temperatures. These images show that, with increasing annealing temperature, the texture of the thin films
becomes rougher and the nanoparticle arrangement becomes
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Figure 9: AFM images for CNT/TiO2 films annealed at (a) 550∘ C, (b) 650∘ C, and (c) 750∘ C.

Table 3: Root mean square roughness (𝑅𝑞 ) data for all samples.
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Figure 10: Graph for roughness average versus annealing temperature.

structured. The root mean square roughness (𝑅𝑞 ) values
demonstrate the morphologies of the films with a uniform
and dense granular surface structure. The AFM results
confirm that the lowest annealing temperature (550∘ C) has
𝑅𝑞 value of only around 1.032 nm. The roughness average
gradually increases with increasing annealing temperature.
Average roughness values for thin films annealed at 650∘ C
and 750∘ C are 1.554 nm and 3.063 nm, respectively. The 𝑅𝑞
values for all films are listed in Table 3 and are graphically
shown in Figure 10.

The AFM measurements analyzed the surface morphologies of the thin films. This characterization is significant to
the photoelectrode of the solar cell as the reflection angle of
photoelectrode surface can be investigated from 𝑅𝑞 values.
With the increase in roughness, the increase in the surface
texture angle in the thin films will bounce the light on the
surface films, indirectly reflecting it back to the film surface.
This phenomenon shows that the thin film thickness and
crystallite size decrease as the average roughness increases
with increasing annealing temperature. This phenomenon
can increase the light absorption of the photovoltaic metal
oxide and improve the light-to-electricity conversion energy
because the light or photon reflectance angle decreased [26].
3.4. Dye-Sensitized Solar Cell Efficiency Performance.
Figure 11 shows the IV curves of the CNT/TiO2 dye-sensitized solar cell. The efficiency of the photoelectric conversion
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Figure 11: 𝐼-𝑉 curve efficiency for dye-sensitized solar cell annealed at (a) 550∘ C, (b) 650∘ C, and (c) 750∘ C.

of the photoelectrode solar cell is strongly dependent on the
annealing temperature and concentration of added CNT.
The active areas of solar cell photoelectrode were around
0.25 cm2 [27]. The maximum current or short-circuit current
density (𝐽sc ) (mA/cm2 ) was obtained when the solar cell
was short-circuited. The open-circuit voltage (𝑉oc ) (V)
was determined from the potential difference between the
CNT/TiO2 conduction band edge and electrochemical
potential of the redox couple of the electrolyte. The fill
factor (FF) and solar energy conversion efficiency (𝜂) can be
determined using equations [28, 29]
FF =
𝜂=
=

𝐼max × 𝑉max
,
𝐼sc × 𝑉oc

𝐼 × 𝑉max
𝑃out
× 100 = max
× 100
𝑃in
𝑃in

(2)

𝐼sc × 𝑉oc × FF
× 100.
𝑃in

Table 4 shows the evaluated and summarized data from
the solar cell efficiency analysis. Both 𝑉oc and 𝐽sc increased
from 0.68 V to 0.71 V for (𝑉oc ) and from 9.40 mA/cm−2 to
10.33 mA/cm−2 for (𝐽sc ). The FF and 𝜂 also increased with
increasing the annealing temperature. The FF increased from
69% to 71% for the annealed thin films at 550∘ C to 750∘ C.
𝜂 expectedly increased gradually from 4.53%, 4.67%, and

5.23% for the thin films annealed at 550, 650, and 750∘ C,
respectively.
Figure 12 represents the graphical diagram of the efficiency versus temperature. The increasing annealing temperature and insertion of CNT decrease the internal resistance at
the TiO2 /dye/electrolyte interface, thus reducing the charge
recombination rate of the excited electrons and holes in the
dye-sensitized solar cell [30]. These factors cause the increase
in the 𝑉oc and 𝐽sc values of these solar cells. The improvement
in the short-circuit current densities shows the improvement
in the collection and transport of electrons between the
conductive substrate and thin films in the dye-sensitized solar
cell [31]. The highest efficiency was achieved through the
morphological structures of the thin films. From FESEM
images, we can see that the thin film annealed at 750∘ C is
significantly compact and has high porosity. The thin film
also has a compact structure with unagglomerated dispersed
nanoparticles that enhances the dye absorption on the TiO2
surface. Moreover, the thin films consisting of anatase and
rutile phases reduce the internal obstacle and assist in the
electron transport in the cell. The thin film annealed at 750∘ C
and formed with a high average roughness captures more
electrons and reflection of photons from the sun into the
photoelectrode area.
However, the CNT concentration should be maintained
at ∼0.06 g to avoid agglomeration within the films, which
causes light-harvesting competition between the dye and
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at 550, 650, and 750∘ C. In Figure 13, the high frequency
semicircle 𝑍1 corresponds to the counter electrode 𝑅Pt and
Helmholtz 𝐶Pt . The middle semicircle indicates the 𝑅ct and
𝐶𝜇 between the metal oxide and electrolyte layers of the
CNT/TiO2 . The last semicircle at low frequency is attributed
to the diffusion impedance in the electrolyte boundary [34].
Although the Nyquist plot diagram in Figures 13(a) to 13(c)
does not show three perfect semicircles, the parameters for
the solar cell performance still can be extracted from the
impedance spectra. The parameters are as follows:

Figure 12: The DSSC percentage efficiency versus temperature for
all samples.

(i) 𝑘eff is the reaction rate constant of the electron
recombination in the metal oxide interface and is
estimated from the peak frequency 𝜔max at the center
of the semicircle;

Table 4: Dye-sensitized solar cell parameter data for all samples.

(ii) 𝜏eff is the effective electron lifetime within the solar
cell and is calculated from

Sample Temperature/∘ C 𝑉oc /V 𝐽sc /mA/cm−2
(a)
(b)
(c)

550
650
750

0.68
0.70
0.71

9.40
9.39
10.33

Fill
factor/%

𝜂/%

69
71
71

4.35
4.67
5.23

CNT that consequently increases the charge transport resistance and reduces the solar cell efficiency [32]. In addition,
excess CNT may cause aggregation of the TiO2 grains (as
observed in the FESEM result), resulting in a decrease in
amount of adsorbed dye on the working electrode. Moreover,
excessive amounts of CNT may cause the working electrode
to be less transparent, leading to a reduced DSSC efficiency.
3.5. Electrochemical Impedance Spectroscopy. EIS analysis was
used to investigate the electron transport and charge recombination that occurs in these CNT/TiO2 dye-sensitized solar
cells. The solar cell impedance spectrum from EIS analysis
is generally composed of three semicircles, which are usually
recognized as 𝑍1 : Pt/Electrolyte, 𝑍2 : TiO2 /Dye/Electrolyte,
and 𝑍3 : diffusion of I3 − in the electrolyte. The transmission
line for DSSC generally consists of several resistances and
capacitances, which are situated in different boundaries. The
𝑅Pt and 𝐶Pt are the charge-transfer resistance and capacitance in the counter electrode/electrolyte boundary, respectively. The sheet resistance of the conducting substrates,
𝑅𝑠 , and charge-transfer resistance, 𝑅ct , are attributable to
the electron recombination in the electrolyte/CNT/TiO2 /dye
boundary. 𝑅𝑡 is the electron transport resistance at the
metal oxide photoanode, and 𝐶𝜇 is the chemical capacitance within the metal oxide conductive electrode. 𝑍𝐷 is
the limited Warburg impedance and redox diffusion in the
electrolyte. 𝑅FTO and 𝐶FTO are the charge-transfer resistance and internal capacitance for the electron recombination in the FTO/electrolyte boundary, respectively. By
using the fitted line from the transmission equivalent circuit
model, we can plot and analyze the impedance spectra
[33].
Figures 13(a) to 13(c) illustrate the DSSC impedance spectrum in the Nyquist plot diagram for the thin films annealed

𝜏eff =

1
;
2𝜋𝑓max

(3)

(iii) 𝜏eff is the inverse of 𝑘eff , which determines the peak
frequency of the CNT/TiO2 semicircles and is defined
as
𝜔max = 𝑓max = 𝑘eff =

1
;
𝜏eff

(4)

(iv) 𝐷eff is the effective electron diffusion coefficient and
calculated as
𝐷eff = (

𝑅ct
𝐿2
)( ),
𝑅𝑡
𝜏eff

(5)

where 𝐿 is the photoanode thin film thickness and 𝑅ct
and 𝑅𝑡 are estimated from the EIS measurement;
(v) 𝐿 𝑛 is the effective electron diffusion length of the
CNT/TiO2 photoelectrode and is determined as
𝐿 𝑛 = 𝐷eff × 𝜏eff .

(6)

Figure 13 and Table 5 demonstrate all the three CNT/TiO2
photoelectrode solar cell diagrams and the data from the different film thicknesses and annealing temperatures. Several
differences are observed and these can assist us to determine
the solar cell internal performance (e.g., 𝐷eff and 𝜏eff data).
Even though the thin film annealed at 550∘ C has significantly
higher 𝐷eff (8.37 × 107 cm2 s−1 ) compared with the other
samples, it has the lowest 𝜏eff (14.33 ms). The thin films
annealed at 650∘ C and 750∘ C have significantly higher 𝜏eff
values (27.01 ms and 100.35 ms, resp.). The 𝑘eff for the thin
film annealed at 750∘ C is the lowest. These circumstances
decrease the electron transport rate within the cell and
consequently affect the overall solar cell performance. From
the photovoltaic measurements, we determined the solar cell
efficiency to be around 5.23% for the thin film annealed at
750∘ C, and this result is supported and proven by the EIS
analysis. EIS analysis results show that the thin film has
𝜏eff = 100.35 ms, 𝑘eff = 9.96 × 10−3 , 𝐷eff = 1.76 × 107 ,
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Figure 13: Electrochemical impedance spectroscopy (EIS) measurements for (a) 550∘ C, (b) 650∘ C, and (c) 750∘ C.
Table 5: Parameters determined by electrochemical impedance spectroscopy analysis.
Sample
(a)
(b)
(c)

𝐿 (𝜇m) 𝜔max (Hz) 𝑅𝑠 (Ω) 𝑅ct (Ω)
𝑅𝑡 (Ω)
𝑅Pt (Ω) 𝐶𝜇 (𝜇F)
𝑍𝐷 𝜏eff (ms) 𝐾eff (s−1 ) 𝐷eff (cm2 ⋅s−1 ) 𝐿 𝑛 (𝜇m)
−6
−5
21.68
40.7
31.12
7.35
2.88 × 10
9.68 2.79 × 10
0.052
14.33 6.98 × 10−2
8.37 × 107
1.20 × 109
21.27
76.7
34.56
8.43 2.82 × 10−6 10.64 2.81 × 10−5 0.054
27.01
3.70 × 10−2
5.01 × 107
1.35 × 109
−6
−5
−3
7
16.07
285
37.83
20.66 3.02 × 10
12.86 3.34 × 10
0.060 100.35 9.96 × 10
1.76 × 10
1.77 × 109

and 𝐿 𝑛 = 1.77 × 109 . These improvements are caused by
the increasing annealing temperature that improves and
enhances the surface morphology and thin film thickness
of the solar cell. Moreover, the 𝐿 𝑛 of the thin film is
larger compared with its film thickness (16.07 𝜇m), which is
important for a high efficiency [35, 36]. A high annealing
temperature also has a positive effect as the thin film annealed
at 750∘ C has a large surface area for dye adsorption and high
porosity that assist in the electron transport inside the films.
Based on a previous study [37], the recombination effects
in a photoelectrode from the back reaction, low catalytic
activity in counter electrode (redox couple decrease), and
slow electron/ion transport between the photoelectrode and
counter electrode are the main limitations of a dye-sensitized
solar cell.

4. Conclusion
In conclusion, dye-sensitized solar cells based on CNT/TiO2
photoelectrode were successfully fabricated. The solar cell
preparation with different annealing temperatures (550, 650,
and 750∘ C) has a high power conversion efficiency. Precisely
0.06 g of CNT was used in this research. We confirmed that
the CNT/TiO2 solar cell annealed at 750∘ C provides the
highest photoconversion efficiency (5.23%) compared with
those annealed at 550∘ C and 650∘ C (4.35% and 4.67%, resp.).
The FESEM and XRD analysis results show that the thin
films are compact and noncrack and have high porosities. The
best annealing temperature is 750∘ C as the anatase and rutile
phases occur within the film formed at this temperature. The
combination improves the electron mobility within the cell.
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AFM analysis shows that the roughness average of the film
is 31.063 nm. In EIS analysis, thin film annealed at 750∘ C has
better 𝜏eff (100.35 ms), which improves the electron transport
within the cell and reduces the recombination reaction rate
by almost 75% compared with other solar cells. The excellent
electron transport was also determined from 𝐷eff = 1.76×107 ,
effective 𝑘eff = 9.96 × 10−3 , and 𝐿 𝑛 = 1.77 × 109 . All these
measurements and analyses proved that the dye-sensitized
solar cell annealed at 750∘ C has the best morphological and
internal structure to achieve high photovoltaic efficiency.
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Different from the semitransparent building integrated photovoltaic/thermal (BIPV/T) system with air cooling, the semitransparent
BIPV/T system with water cooling is rare, especially based on the silicon solar cells. In this paper, a semitransparent
photovoltaic/thermal system (SPV/T) with water cooling was set up, which not only would provide the electrical power and hot
water, but also could attain the natural illumination for the building. The PV efficiency, thermal efficiency, and exergy analysis were
all adopted to illustrate the performance of SPV/T system. The results showed that the PV efficiency and the thermal efficiency were
about 11.5% and 39.5%, respectively, on the typical sunny day. Furthermore, the PV and thermal efficiencies fit curves were made
to demonstrate the SPV/T performance more comprehensively. The performance analysis indicated that the SPV/T system has a
good application prospect for building.

1. Introduction
Building integrated photovoltaic/thermal (BIPV/T) is one
of the most applicable solutions for solar PV. For BIPV/T,
it can take away the heat from PV cells to keep a high
electrical efficiency and then supply the electrical power
and heat source for the building. Chow et al. indicated that
the limited building space for accommodating solar devices
has driven a demand on the use of PV/T technology [1].
Ooshaksaraei et al. illustrated the characterization of airbased photovoltaic/thermal panels with bifacial solar cells
[2]. J. H. Kim and J. T. Kim took the experiment on the
performance of an unglazed PV/T collector with two different
absorber types [3]. Matuska investigated the influence of
building integration of polycrystalline PV modules on their
performance and potential for use of active liquid cooling
by use of BIPV-T collectors through simulation analysis [4].
Nonetheless considering the comfort and the architectural
lighting, as the facade or roof in building, the BIPV/T still
needed to maintain the natural lighting of the building spaces.

It is known for BIPV that the transparency of the PV
system is realised by either thin PV cells becoming transparent or leaving spaces between the PV cells to allow the
natural illumination partially into the building [5]. Kang et al.
used the dye-sensitized solar cells (DSCs) to replace building
windows which allowed light transmission and application of
various colors but had a lower efficiency in terms of electricity
generation than silicon solar cells [6].
However, due to the cooling structure, it is more difficult
for BIPV/T to maintain the natural lighting of the building
spaces than BIPV. Many researchers improved BIPV/T to
achieve this purpose. For BIPV/T with air cooling, Vats et
al. designed a building integrated semitransparent photovoltaic/thermal (BISPVT) system for roof and facade which
could provide electricity, space heating, and day lighting
[7–9]. Kamthania et al. presented the performance evaluation
of a hybrid photovoltaic/thermal (Semitransparent PV/T)
double pass facade for space heating [10]. But for BIPV/T
with water cooling, less work has been focused on the
semitransparent photovoltaic/thermal system, which is due
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Table 1: Area size of the SPV/T.

Component
PV
Total area (excluding gap)

Area size (m2 )
0.112
0.27

to the common whole flat plate PV/T process technology
with water cooling. Suppose that a semitransparent photovoltaic/thermal system (SPV/T) with water cooling was
built, it not only would provide the electrical power, space
heating, and hot water for the building, but also could attain
the natural illumination, which would further expand the
application scope of the BIPV/T.
Therefore, this paper presented a semitransparent photovoltaic/thermal system with water cooling for building application through improving the PV/T structure. The system
adopted a technology that the PV was directly laminated on
the surface of the square tube, and the space was left between
square tubes. The schematic diagram of the semitransparent
photovoltaic/thermal system with water cooling on a roof was
shown in Figure 1 and the sunlight can be allowed through the
gap into the building space. Considering that the crystalline
silicon PV has a higher electrical efficiency than other solar
PVs, thus the semitransparent photovoltaic/thermal system
adopted the crystalline silicon PV to obtain a higher PV
power. The experiment focused on the electrical and thermal
performances of the SPV/T system, which indicated that the
SPV/T system has a good PV/T performance.

2. Experimental Rig Setup
2.1. SPV/T Solar Collector Structure. The SPV/T consisted of
PV, the cooling square tube, the storage tank, the connecting
pipe, and other major components. The constituent layers of
PV/T were shown in Figure 2(a). The PV was inserted within
the encapsulated materials, which included the transparent
TPT (tedlar polyester-tedlar) and the EVA (ethylene-vinyl
acetate) layers on the top, and the EVA and opaque TPT layers
underneath. TPT is known for its good electrical insulation
and EVA is the adhesive material. Further down the square
pipe is a layer of thermal insulation, which covered the two
side surfaces and bottom surfaces of the square pipe. There is
an insulated air layer between the front glazing and the PV
encapsulation, the same as that between the back glazing and
the thermal insulation layer.
Four PV cells were connected in series and laminated together on one square tube. The size of each PV
cell is 15.6 cm ∗ 1.0 cm and that of the square pipe is
80.0 cm∗1.5 cm. The SPV/T system has 18 square pipes
(Figure 2(b)). The real photo of SPV/T was shown in
Figure 3(c), and the sunlight can pass through the spaces
between the square pipes to reach the ground.
Other size parameters of this SPV/T system were shown
in Table 1.
2.2. Experimental Test Device. The SPV/T system cooperated
with a maximum power point tracker (MPPT); thus the
output value of PV could maintain at its maximum value.

Figure 1: Schematic diagram of the SPV/T with water cooling on a
roof.

During operation, the cooling water was circulated from the
bottom port of the storage tank, then entered into the lower
inlet of the SPV/T collector and took away the heat from
the PV, at last outflowed from the upper outlet of the SPV/T
collector, and returned to the top port of the storage tank. A
1.5 W mini water pump was installed as an auxiliary loop tool,
and the flow rate was approximately 0.031 m3 /h. The volume
of water tank was 20 L. Three thermocouples were vertically
and symmetrically arranged in the tank to test the water
temperature in the storage tank. The ambient temperature
and wind speed were measured by ambient monitor. The
components of the test equipment are listed in Table 2.

3. Testing and Evaluation of the
Semitransparent Photovoltaic/Thermal
System
3.1. Experimental Test Profile. The prototype of the SPV/T
system was designed and installed on a rooftop at University
of Science and Technology of China in Hefei (31∘ 53 N,
117∘ 15 E). The orientation of the system was facing south at
a 32∘ tilt angle.
3.2. Evaluation Performance of SPV/T System. The electrical
efficiency of PV from the experiment was given:
𝜂sys,pv =

𝐼𝑚 ⋅ 𝑉𝑚
,
𝐺 ⋅ 𝐴 pv

(1)

where 𝐼𝑚 and 𝑉𝑚 are the current and the voltage of the
PV operating at the maximum power; 𝐺 is the total solar
radiation, Wm−2 ; 𝐴 pv is PV area, m2 .
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(1)
(2)
(3)
(4)
(3)
(2)
(3)

(5)
(6)
(b)

(7)

(a)

(1) Front glazing
(2) TPT
(3) EVA
(4) PV module
(5) Square pipe
(6) Thermal insulation
(7) Back glazing

(C)

Figure 2: SPV/T structure: (a) constituent layers of PV/T, (b) PV/T, and (c) photo of SPV/T solar collector.
MPPT

Water tank
Ambient temperature
T1
T2
Anemometer

Load

T3
Minipump

SPV/T
Global pyranometer

Flowmeter
Storage battery

Meteorological data
collection system
Valve
Ammeter

Voltmeter

Data acquisition system

Figure 3: Testing schematic diagram of SPV/T system.
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Table 2: Specification of the test components.

Test equipment

Specification

Ultrasonic flowmeter

TUF-2000P

Thermocouple

0.2 mm copper-constantan

Pyranometer
Minipump
Ambient monitor

Suppliers names
Shanghai Juguan Industry
Automation Device Ltd.
Homemade

Quantity

Position

1

Main pipe line

3

Water tank
Near
experimental
rig with
TBQ-2
1
Jinzhou, China (Sun Co.)
the same tilted angle
∼1.5 KW
1
Homemade
Main pipe line
JZH-1
1
Jinzhou, China (Sun Co.)
Near experimental rig
Others: data acquisition instrument: Agilent 34970A (USA), test computer, electrical wires, etc.

For the SPV/T system, the heating capacity obtained by
the water in the tank can be expressed as follows:
𝑑𝑇
𝑄̇sys,th = 𝑚𝑤 tank 𝑐 ,
𝑑𝑡

(2)

𝑇
̇
= 𝑄̇sys,th (1 − 𝑎 ) ,
𝐸𝑋
output
𝑇

where 𝑇 is the average water temperature in the tank, ∘ C.
The system thermal efficiency 𝜂sys,th is calculated by
𝜂sys,th =

1

𝑡

𝐴 𝑐 ∫𝑡 2 𝐺𝑑𝑡

;

(8)

̇ is the exergy from the sun and could be written as
𝐸𝑋
sun

𝑡

∫𝑡 2 𝑄̇sys,th 𝑑𝑡

where the exergy obtained in the storage tank could be written as follows [13], and assuming that the temperature value
in the tank is the arithmetic average of three thermocouple
temperature values:

(3)

̇ = 𝐴 𝑐 𝐺𝜑
𝐸𝑋
srad,max .
sun

(9)

1

4. Experimental Results and Discussion

𝜂sys,th can also be obtained by
𝜂sys,th = 𝛼0 − 𝑈𝑠 𝑇𝑖∗
= 𝛼0 − 𝑈𝑠

𝑇𝑖 − 𝑇𝑎
𝐺

(4)

,

where 𝐺 is the average solar radiation, Wm−2 , and 𝐴 𝑐 is the
total area of the collector.
The exergy efficiency can be defined to describe the
quality difference between electricity and heat. The exergy
analysis method was based on the second law of thermodynamics, which revealed a system with a reasonable degree of
energy and could evaluate the system performance better.
The exergy efficiency of PV unit conversion is defined as
𝜀sys,pv =

𝐼𝑚 ⋅ 𝑉𝑚
,
𝐺 ⋅ 𝐴 pv ⋅ 𝜑srad,max

(5)

where 𝜑srad,max is the maximum efficiency ratio for determining the exergy of thermal emission at temperature 𝑇 [11, 12]
and the expression is
1 𝑇 4 4 𝑇𝑎
,
𝜑srad,max = 1 + ( 𝑎 ) −
3 𝑇
3 𝑇

(6)

where 𝑇 is equal to the 6000 K solar radiation temperature in
the exergetic evaluation.
The exergy efficiency of thermal conversion is defined as
𝑡

𝜀sys =

̇
∫𝑡 2 (𝐸𝑋
− 𝑊pump ) 𝑑𝑡
output
1

𝑡

̇ 𝑑𝑡
∫𝑡 2 𝐸𝑋
sun
1

,

(7)

4.1. Performance Analysis on a Typical Sunny Day. A typical
day as an example, the test time was from 8:00 to 15:30.
The environmental parameters during the test were shown in
Figure 4. The average solar radiation and the average ambient
temperature were 729.0 Wm−2 and 16.9∘ C, respectively. The
average wind speed was approximately 1.5 ms−1 .
According to (1) and (2), the instantaneous PV efficiency
and thermal efficiency can be obtained, as shown in Figure 5.
The value of PV efficiency was between 0.095 and 0.13. The
tendency of the PV efficiency curve was gradually declined
during the test which was because the water temperature
became higher. For thermal efficiency, the instantaneous
values increased at first and then gradually declined. The
maximum value of the thermal efficiency was 53.0%. The
overall PV efficiency and the thermal efficiency on whole day
were about 11.5% and 39.5%, respectively.
It is clear that for the SPV/T system, the exergy efficiency
of the PV was much higher than that of the hot water
(Figure 6). That is because in the SPV/T system applications
the production of electricity is the main priority, and it is
necessary to operate the PV modules at a low temperature.
The water was heated from 19.4∘ C to 44.5∘ C during the test.
Before 8:30, the water temperature increased slowly, and the
exergy efficiency of the thermal output was below 1% and the
highest exergy efficiency of the thermal output was between
12:30 and 13:00, and the maximum value was about 2.85%.
4.2. SPV/T Performance Curve Fitting. Referring to [14], in
order to apprehend the electrical and thermal performance
of the SPV/T system under the forced flow situation, Case 1–
Case 11 on the experiment with different initial temperatures
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Figure 7: PV efficiency and thermal efficiency fit curves of the
experimental results on SPV/T system.

0.60

0.10

Time
PV efficiency
Thermal efficiency

were chosen to illustrate the overall performance, as shown
in Table 3.
The PV efficiencies and thermal efficiencies of the SPV/T
system in Case 1–Case 11 were fitted to a linear function to
correspond to mutual relationships among the variables, as
shown in Figure 7.
For the SPV/T system, the PV efficiency under the
zero reduced temperature condition was 12.8%, which was
reasonable and could be further improved by using the front
glazing material with a higher transmissivity. The thermal
efficiency intercept was 65.9%, which could also be improved
by using selective absorber surface with low emissivity.
4.3. Experiment Error Analysis. The relative error (RE) of the
dependent variable 𝑦 can be calculated as follows:

Figure 5: PV and thermal efficiency during the test.

RE =

50

𝜕𝑓 𝑑𝑥1
𝜕𝑓 𝑑𝑥2
𝜕𝑓 𝑑𝑥𝑛
𝑑𝑦
=
+
+ ⋅⋅⋅ +
,
𝑦
𝜕𝑥1 𝑦
𝜕𝑥2 𝑦
𝜕𝑥𝑛 𝑦

35
30
25

Water temperature (∘ C)

45

where 𝑥𝑖 , (𝑖 = 1, . . . , 𝑛), is the variable of the dependent
variable 𝑦 and 𝜕𝑓/𝜕𝑥 is the error transferring coefficient of
the variables.
The experimental relative mean error (RME) during the
test period can be expressed as
RME =

15

Time

PV
Thermal
Water temperature

Figure 6: Exergy efficiency with water temperature variation during
the test.

(10)

𝑦 = 𝑓 (𝑥1 , 𝑥2 ⋅ ⋅ ⋅ 𝑥𝑛 ) ,
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Figure 4: Environmental parameters during the test.
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According to (10)–(11), the RMEs of all variables were
calculated and the results were given in Table 4.

5. Conclusion
This paper presented a semitransparent photovoltaic/thermal
system (SPV/T) with water cooling, which not only could
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Table 3: List of experimental results.

Initial water
Parameters temperature in the
tank (∘ C)
Case 1
20.9
Case 2
24.7
Case 3
26.2
Case 4
28.7
Case 5
30.7
Case 6
33.3
Case 7
35.8
Case 8
38.4
Case 9
41.6
Case 10
43.1
Case 11
44.5

Average
environmental
temperature (∘ C)

Average water flow
Average solar
(m3 ⋅h−1 )
radiation (W⋅m−2 )

12.7
14.5
15.6
17.4
17.7
17.9
18.5
19.4
19.5
19.7
19.5

520.9
710.6
665.2
778.0
845.0
930.8
979.0
969.2
753.5
806.1
611.0

𝑇
0.066%

𝐺
2.0%

𝜂sys,pv
4.2%

System thermal
efficiency
(%)

0.113
0.124
0.121
0.121
0.11
0.101
0.113
0.112
0.102
0.107
0.095

0.484
0.484
0.474
0.479
0.489
0.444
0.451
0.414
0.266
0.263
0.148

References

Table 4: The experimental RME of the variables.
Variable
RME

0.031
0.031
0.031
0.031
0.031
0.031
0.031
0.031
0.031
0.031
0.031

PV efficiency
(%)

𝜂sys,th
22.79%

provide the electrical power and hot water, but also would
attain the natural illumination for the building, and in comparison with the common nontransparent BIPV/T system, it
has more advantages.
Based on the experiment results, the PV efficiency and
thermal efficiency of the SPV/T system on the sunny day were
approximately 11.5% and 39.5%, respectively. Furthermore,
the exergy analysis of the SPV/T system was made to indicate
that the PV exergy efficiency was the main portion in
the system exergy efficiency, which was because in PV/T
system applications the production of electricity is the main
priority, and it is necessary to operate the PV modules at
low temperature. At the same time, the PV and thermal
efficiencies fit curves were made to illustrate the SPV/T
system performance comprehensively.
The experiment presented the overall electrical and thermal performances of the SPV/T system and verified the
feasibility of it, which indicated a good application prospect.

Conflict of Interests
The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments
The study was sponsored by the National Science Foundation
of China (Grant nos. 51178442, 51408578), and “the Fundamental Research Funds for the Central Universities”, and
China Postdoctoral Science Foundation (2014M550350).

[1] T. T. Chow, G. N. Tiwari, and C. Menezo, “Hybrid solar: a review
on photovoltaic and thermal power integration,” International
Journal of Photoenergy, vol. 2012, Article ID 307287, 17 pages,
2012.
[2] P. Ooshaksaraei, K. Sopian, R. Zulkifli, M. A. Alghoul, and
S. H. Zaidi, “Characterization of a bifacial photovoltaic panel
integrated with external diffuse and semimirror type reflectors,”
International Journal of Photoenergy, vol. 2013, Article ID
465837, 7 pages, 2013.
[3] J. H. Kim and J. T. Kim, “The experimental performance
of an unglazed PVT collector with two different absorber
types,” International Journal of Photoenergy, vol. 2012, Article ID
312168, 6 pages, 2012.
[4] T. Matuska, “Simulation study of building integrated solar liquid
PV-T collectors,” International Journal of Photoenergy, vol. 2012,
Article ID 686393, 8 pages, 2012.
[5] N. Sellami, T. K. Mallick, and D. A. McNeil, “Optical characterisation of 3-D static solar concentrator,” Energy Conversion and
Management, vol. 64, pp. 579–586, 2012.
[6] J.-G. Kang, J.-H. Kim, and J.-T. Kim, “Performance evaluation of
DSC windows for buildings,” International Journal of Photoenergy, vol. 2013, Article ID 472086, 6 pages, 2013.
[7] K. Vats and G. N. Tiwari, “Performance evaluation of a building
integrated semitransparent photovoltaic thermal system for
roof and faade,” Energy and Buildings, vol. 45, pp. 211–218, 2012.
[8] K. Vats and G. N. Tiwari, “Energy and exergy analysis of
a building integrated semitransparent photovoltaic thermal
(BISPVT) system,” Applied Energy, vol. 96, pp. 409–416, 2012.
[9] K. Vats, V. Tomar, and G. N. Tiwari, “Effect of packing factor
on the performance of a building integrated semitransparent
photovoltaic thermal (BISPVT) system with air duct,” Energy
and Buildings, vol. 53, pp. 159–165, 2012.
[10] D. Kamthania, S. Nayak, and G. N. Tiwari, “Performance
evaluation of a hybrid photovoltaic thermal double pass facade
for space heating,” Energy and Buildings, vol. 43, no. 9, pp. 2274–
2281, 2011.
[11] R. Petela, “Exergy of undiluted thermal radiation,” Solar Energy,
vol. 74, no. 6, pp. 469–488, 2003.
[12] R. Petela, “Exergy analysis of the solar cylindrical-parabolic
cooker,” Solar Energy, vol. 79, no. 3, pp. 221–233, 2005.

International Journal of Photoenergy
[13] T. T. Chow, G. Pei, K. F. Fong, Z. Lin, A. L. S. Chan, and J. Ji,
“Energy and exergy analysis of photovoltaic-thermal collector
with and without glass cover,” Applied Energy, vol. 86, no. 3, pp.
310–316, 2009.
[14] T. T. Chow, W. He, and J. Ji, “Hybrid photovoltaicthermosyphon water heating system for residential application,”
Solar Energy, vol. 80, no. 3, pp. 298–306, 2006.

7

Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2014, Article ID 643637, 14 pages
http://dx.doi.org/10.1155/2014/643637

Research Article
Experiment and Simulation Study on the Amorphous Silicon
Photovoltaic Walls
Wenjie Zhang,1 Bin Hao,2 and Nianping Li1
1
2

College of Civil Engineering, Hunan University, Changsha, Hunan 410082, China
Center for Science and Technology of Construction, Ministry of Housing and Urban-Rural Development, Beijing 100835, China

Correspondence should be addressed to Nianping Li; linianping@126.com
Received 2 May 2014; Revised 7 July 2014; Accepted 21 July 2014; Published 27 August 2014
Academic Editor: Hongxing Yang
Copyright © 2014 Wenjie Zhang 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.
Based on comparative study on two amorphous silicon photovoltaic walls (a-Si PV walls), the temperature distribution and the
instant power were tested; and with EnergyPlus software, similar models of the walls were built to simulate annual power generation
and air conditioning load. On typical sunshine day, the corresponding position temperature of nonventilated PV wall was generally
0.5∼1.5∘ C higher than that of ventilated one, while the power generation was 0.2%∼0.4% lower, which was consistent with the
simulation results with a difference of 0.41% in annual energy output. As simulation results, in summer, comparing the PV walls with
normal wall, the heat per unit area of these two photovoltaic walls was 5.25 kWh/m2 (nonventilated) and 0.67 kWh/m2 (ventilated)
higher, respectively. But in winter the heat loss of nonventilated one was smaller, while ventilated PV wall was similar to normal
wall. To annual energy consumption of heating and cooling, the building with ventilated PV wall and normal wall was also similar
but slightly better than nonventilated one. Therefore, it is inferred that, at low latitudes, such as Zhuhai, China, air gap ventilation
is suitable, while the length to thickness ratio of the air gap needs to be taken into account.

1. Introduction
Solar energy is regarded as the world’s richest renewable
resource with the broadest distribution. In the circumstances
where energy security and climate change remain critically
important, the solar power generation technology drew
increasing attention from various countries with the enhancing strategic importance. In addition to the development of
large-scale ground photovoltaic (PV) power stations in the
suburbs, the application of PV in buildings is also considered
to be prospects in crowded urban area [1, 2].
Based on the differences of PV modules serving as buildings components, there are two forms divided roughly, the
building-integrated photovoltaics (BIPV) and the buildingattached photovoltaics (BAPV) [3]. Despite whatever form
is taken, the reconstituted building envelope contributed by
the integration of PV modules, compared to the normal
building envelope, is varied in terms of structures, thermal
performance [4–6], and so on, which will further influence

the indoor cooling and heating load of the buildings [7, 8]
as well as the performances of PV modules [9–11], such as
the decline of photoelectric conversion efficiency due to the
increase of the panel temperature rise.
Photovoltaic wall (PV wall), as a common form of
PV applied in buildings, the optimum design scheme and
operation strategies were extensively studied. Yang et al.
[12] established the heat transfer model of the PV wall.
One-dimensional unsteady heat conduction equation was
emphasized to simulate the heat gain of the PV wall and to
compare it with that of the normal wall without PV modules.
This research took concrete cases into account in order to
investigate the summer heat gain of the PV wall. The result
turned out to be that the PV modules will increase the
temperature of the air gap in PV wall while it is producing
electricity. However, the PV modules shelter from solar
radiation functioned to lower down substantially the outdoor
comprehensive temperature while reducing the heat gain of
walls in summer. The final result would be the reduction of
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Decorative aluminum sheets

a-Si PV
modules
Shutters

the other has the open air gap with shutters to have air
flows) like temperature, electricity generating power, and
generating capacity. In addition, this research also resorted
to the emulated software in order to build the models of the
two PV walls and the conventional walls and compared the
possible influence of the generating capacity of the two PV
walls and the three walls on the indoor air conditioning load.

2. The PV Walls
(a) Nonventilated PV wall (b) Ventilated PV wall

Figure 1: The two amorphous silicon PV walls under experiment.

the indoor cooling load of air conditioning. While, there is
no description about the direction and location(latitude) of
the PV wall.
Ji et al. [13–15] launched the comparison between the
PV walls with air gap and the one with no air gap in
terms of the electricity generation efficiency and indoor heat
gain. The comparison experimental platform was constructed
for the convenience of comparing the above-mentioned PV
walls which were facing the west with different cooling
methods. Respective mathematical models also were constructed. Based on the comparison of the experiments and
calculation regarding the two types of PV walls, the result
suggested that in Hong Kong these two cooling methods
demonstrated nearly no differences in terms of electricity
generation efficiency. However, with respect to the indoor
heat gain, both methods substantially are different compared
with each other. The problem is that the literature has not
revealed the exact PV module types that were used in the
experiments while the mathematical models did not take the
relationship between the temperature rise of the PV panel and
the electricity generation efficiency into account.
Zhu et al. [16] adopted the foamed plastic sheets as the
simulated walls to make a box as the building and several
bulbs displayed evenly as the simulated sunshine. Meanwhile,
they came up with a model that was based on the temperature
integral which can be used to investigate and simulate the
multiheat exchange inside the PV walls. The result was
congruent with the expected value. Concurrently, through
comparison, it was found that the cooling down efficiency of
the ventilated PV walls was 7% to 10% higher than that of the
nonventilated ones. Certainly, this conclusion was drawn in
the indoor experimental conditions, which meant that there
may be certain limits in the real situation.
There is a plenty of comparative research over the thermal performance of the PV walls with different structures,
analyzing the influence on the PV system efficiency and
the indoor cooling and heating load; however, those were
based on the constructed experiment equipment or real-scale
experimental models. This research also conducted the comparison among the temperatures, immediate power under
the positive sunshine condition, and generating capacity of
each part of two PV walls based on the measurements on
parameters of these two PV walls (one of them has the
closed air gap between the PV modules and the walls while

The study is carried out on two PV walls in two buildings,
respectively, which are the same at construction and functions in Zhuhai, China (coordinates: N22.378, E113.547), as
Figure 1 shows. These two PV walls are identical in terms of
the configuration, numbers, connecting ways of the electric
system, wall materials, and size. They only slightly differ from
each other with regard to the structure.
2.1. Structure. Similarities between two PV walls are as
follows:
(1) They are vertical to the ground, 5∘ south by east.
(2) They are identical in terms of the building design
structure size and functions. The inner sides of the PV
walls are office areas which can be divided into three
floors; there is a meeting room in each floor.
(3) The overall size of the wall is 12.25 m (H) × 10.2 m (L),
among which the size of the PV modules is 10.2 m
(H) × 9.8 m (L). Other parts are constituted by the
decorative aluminum sheets. The lower edge of the PV
modules is 1.2 m away from the ground.
(4) There are 10 mm gaps between the PV walls. In order
to make sure that the air gap in the back of the PV wall
will not be influenced, the silicone weatherproofing
sealant is used to fill the gap between modules.
(5) There are no buildings in the front side. There is a 4 m
distance between the PV walls and the surrounding
plants. No shadow is cast on the PV modules.
(6) They are both in PV wall structure with air gap
between the modules and the walls. The air gap is at
thickness of 155 mm. Due to the horizontal steel sheet
used to hang the PV modules, part of the air gap is
only thick at 90 mm. For details refer to Figure 2.
What makes them different is the processing in the
higher and lower edges of the two PV walls. The airless
one (Figure 1(a)) closed the higher and lower edges by the
aluminum sheets. The air gap of the back did not open to the
outside. The ventilated one (Figure 1(b)) adopted the shutters
in the higher and lower edges so that the air gap of the back
of the PV modules can communicate with the outside. There
are six groups of shutters, respectively, in the higher and lower
positions, each of which has a size at 1600 (L) × 405 (H).
2.2. PV System. The electric systems of two PV walls are
independent of each other. Each wall is constituted by 120
a-Si PV modules with 40 Wp (refer to Table 1 for details of
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Figure 2: Diagram of the two PV walls’ structure and the temperature sensor points.

parameters). The installed power of the system is 4.8 kW.
Vertically, each row has 8 PV modules, which composed a
group string. There are 15 group strings in total, which go
through the combiner box and get connected to the grid by
an inverter. The maximum input direct-current power of the
inverter is 3200 Wp while the maximum input direct-current
voltage is 550 V. The MPPT voltage ranges from 125 V to
550 V.

3. Experiment Study
3.1. Testing Parameters and Measure Points. The sensors that
were used to measure the outdoor environmental parameters
were deployed in the roof of the ventilated PV wall. No
obstructions were found. The measured parameters included
the temperature and the humidity of the outdoor weather,
the wind direction and speed, and the solar radiation in the
vertical and horizontal directions. The irradiating apparatus
used to test the vertical direction was deployed on the surface
where the PV modules were installed.
The panel temperature, temperature of the air gap, and
the surface temperature of the wall were measured on the
central axis of the vertical direction of the PV wall at
different positions (the higher, middle, and lower positions).
In addition, the temperatures of the exit and entrance for the
air flow of the shutters in the higher and lower edges of the
ventilated PV wall would also be tested. The measure points’
positions were shown in Figure 2.
The instant current values and the instant voltage values
of two PV systems would be measured and recorded in the
inverter. Meanwhile, the cumulative generating capacity was
also measured.
3.2. Measure System and Sensors. In order to continuously
measure and record the above-mentioned parameters, the
multichannel sensor would be connected to the itinerant
detector. See Figure 3. Each parameter would be inspected
through the itinerant detector which would send the data to

Table 1: The parameters of the a-Si PV modules used in the project.
Parameters
Manufacturer
Model number
Maximum power at STC (𝑃max )
Tolerance
Open circuit voltage (𝑉oc )
Short circuit current (𝐼sc )
Maximum power voltage (𝑉mp )
Maximum power current (𝐼mp )
Maximum system voltage
Maximum fuse rating
Length (mm)
Width (mm)
Thickness (mm)

Information or value
CG solar
CGS-40H/G1245 × 635
40 W
±5%
60.5 V
1.16 A
43.8 V
0.92 A
≤600 V DC
2A
1245
635
7

Table 2: Parameters of the major sensors used in testing.
Sensors

Pyranometer

Parameters
Directional response: less than ±10 W⋅m−2
(for 1000 W⋅m−2 beam radiation)
Temperature response: 1% (within an
interval of 50∘ C)
Nonlinearity: ±0.2% (from 100 to
1000 W⋅m−2 )
Spectral range: 300 to 2800 nm

Thermal resistance
Pt100

Division value: 0.1∘ C
Accuracy: ≤ ±0.5%
Response time: ≤10 S

Direct-current
electricity energy
sensor

Range: 0∼200 V/0∼10 A
Division value: 1 mV/1 mA
Accuracy: ≤ ±0.5%

the computer for loading and storage. The time interval for
the recording is 1 minute. Due to the far distance between two
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to 8:30 which was 2-3∘ C lower than the environmental
temperature. From 8:30 to 14:00, the temperature was
almost identical to the environmental one while, from
14:00 to 6:00, the temperature was 1-2∘ C higher than
the environmental one.

1
6

2

3
5
A

T

4 V

8

(4) There would be the quick temperature rise in the
panel after the sun rose while the temperature of the
panel quickly went consistent with the environment
after the sunset. Afterwards, till the sun rose again, the
temperature kept identical with the environment.
(5) The peak of the temperature of the panel and air gaps
was at 15:30. The one of the wall surface was at 17:00.

7

Figure 3: The thermal performance measure system with the
ventilated PV wall. 1: PV wall; 2: pyranometer; 3; sensors for
wind direction, speed, temperature, and humidity; 4: volumeter;
5: ampere meter; 6: temperature probe; 7: itinerant detector; 8:
computer.

PV walls, two measure systems like this have been deployed
in two PV walls in order to reduce the length of the Pt100
thermal resistance wire. Figure 3 showed the measure system
in ventilated PV wall with the sensors to measure the outdoor
environmental parameters.
Table 2 showed the sensor parameters which could influence the measure accuracy in the test.

4. Experiment Result Analysis
4.1. The Comparison of the Temperatures between the Panel,
Wall Surfaces, and Air Gap of the PV Walls. Launch the
analysis over the temperature fields of each measure point
in the PV panel, outer wall surfaces, and air gap with typical
sunshine condition day (Jan. 20, 2014). See Figures 4, 5, and 6.
Due to the differences between the order of heat transmission
and the heat storage capacity, the following features would be
displayed.
(1) The change of the temperature curves procrastinated
to respond to the change of the sunshine in 0.5–2
hours, among which the wall surface temperature was
most obvious. The possible reason came down to the
order of heat transmission and the specific heat.
(2) In the daytime with normal sunshine condition, put
the temperature from high to low: panel, air gap, and
wall surface. The temperature of the panel is 5–7∘ C
higher than that of the wall surface and 3–5∘ C higher
than that of the air gaps. In the sunset or night, the
order was as follows: wall surface, air gap, and panel.
They all had the 1-2∘ C disparity among each other due
to the differences of their heat storage capacity and
heat dissipation.
(3) The temperatures for closed air gap, due to the
thermal inertia, displayed the temperature from 6:30

(6) The temperature curves in ventilated PV wall had a
similar relationship and features with those of the
nonventilated PV wall. However, the temperature
disparities of the measure points were smaller than
those of nonventilated PV wall.
4.2. The Comparison of the Temperature Field in Vertical
Direction. Figure 6 shows the temperature of the panel of the
nonventilated PV wall in the vertical direction. Take three
points with the same distance in the bottom, middle, and
top of the wall. Conspicuously, in the sunshine condition, the
temperature disparity between the bottom and the middle
parts was about 2-3∘ C while the one between the middle and
top parts was only 0.5–1.5∘ C, which demonstrated that the
temperature rise in the vertical direction gradually declined.
The analysis revealed that the observed decline shared certain
correlation with the closed flow field. The heat was accumulated in the top, leading to the reduction of the temperature
rise.
Figure 7 showed that the wall surface of nonventilated PV
wall also had the same tendency of the decline of the temperature rise. The temperature disparity between the bottom
and middle parts was at 2.5∘ C while the temperatures of the
middle and the top parts were nearly the same with disparity
only at 0.5–1∘ C, which indicated that the temperature would
be lower than the environment in sunshine condition while
being higher than the environment without sunshine due to
the thermal inertia and its position in the end of the heat
transmission.
Figure 8 indicated that the wall in nonventilated PV
wall also had the same tendency of the decline of the
temperature rise in the vertical direction of the air gaps. The
temperature disparity between the middle and bottom parts
was at 2–4∘ C while that between the top and the middle
parts was only 1-2∘ C. The temperature in the bottom with no
sunshine was almost identical with the environment. When
the environment temperature got rise due to the sunshine and
the bottom temperature was lower than it. The situation of the
temperature of the middle part was as stated above: the closed
air gaps, due to the thermal inertia, had the lower temperature
than the environment, probably at 2-3∘ C, from 6:30 to 8:30.
The temperature kept identical with the environment from
8:30 to 14:00 while being higher than the environment at 12∘ C from 14:00 to 6:00. The temperature at top was always
higher than the environment.
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Figure 4: The temperature of different points (the top of panel, outer wall, and air gap) of the nonventilated PV wall under the typical sunshine
condition.
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Figure 5: The temperature of different points (the top of panel, outer wall, and air gap) of the ventilated PV wall under the typical sunshine
condition.

4.3. The Comparison of the Temperature between Nonventilated PV Wall and Ventilated PV Wall. The different
approaches were taken to process the top and bottom edge
of the nonventilated PV wall and ventilated PV wall. The
difference of air gap led to the different influence of their
temperature fields.
As shown by Figure 9, with sunshine condition, the
temperature disparity of the panel at top in nonventilated PV
wall and ventilated PV wall was only 0.5–1.5∘ C. Nonventilated
PV wall was the higher one. The largest disparity appeared
before 14:00, after which the disparity got closed. After the
sunset, nearly no disparity was observed.
Figure 10 showed that there would be certain temperature
disparity between the wall surface of the top of nonventilated
PV wall and ventilated PV wall. In the daytime with sunshine,
the temperature of nonventilated PV wall was generally
higher at 2∘ C but dropped to 1∘ C after the sunset.

Figure 11 showed that the temperature of the air gap at
top of the nonventilated PV wall was always higher than
that of ventilated PV wall at 2∘ C, which declined early in the
morning.

4.4. The Comparison of the Electricity Generation between
Nonventilated PV Wall and Ventilated PV Wall Systems. In
Figure 12 the comparison of the relations between output
power and panel temperature of the two kinds of PV walls
in the typical sunshine is shown. From it, we can see that,
from 9:20 to 14:30, the panel temperature of ventilated PV
wall is 0.5 to 1.5∘ C lower than that of nonventilated PV
wall, while the output power is 0.2% to 0.4% higher than
that of nonventilated PV wall; more obviously, from around
15:00 to 16:00, the panel temperature of ventilated PV wall
fluctuates and turns out to be about 2∘ C higher than that
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Figure 6: The temperature of different points (panel in vertical direction) of the nonventilated PV wall under the typical sunshine condition.
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Figure 7: The temperature of different points (outer wall in vertical direction) of the nonventilated PV wall under the typical sunshine
condition.

of nonventilated PV wall, along with which its generating
efficiency significantly drops and is about 0.5% lower than
that of nonventilated PV wall. For both of the systems, the
peak output power occurs at 12:30 when the solar irradiance
reaches a higher value of the day and is 3.351 kW and
3.337 kW, respectively. The generated energy throughout the
day of the nonventilated is 18.71 kWh and of the ventilated is
18.78 kWh; there is a difference of 0.07 kWh (0.37%) between
the two. The panel temperatures of both PV walls do not seem
to be much different from each other and thus the difference
of their power is smaller.

5. Simulation Study
5.1. Model Establishment. EnergyPlus Model cannot simulate
only the energy cost of buildings, but also the electricity

generation of the PV system. In order to overall investigate
the electricity generation of the PV walls and their influence
on the indoor air conditioning energy cost, this research
adopted the EnergyPlus software to simulate the data of the
electricity generation and heat transmission performance in
the domestic meteorological year.
First, model the system is based on the PV walls and
the exact size of buildings. Figure 13 showed the pictures
of the airless PV walls, the ventilated PV walls, and the
ordinary walls. The air vents at top and bottom of the
ventilated PV walls were in form of four windows that
could be opened. Within these windows, there were venetian
blinds which shared the same size with the exact shutters
in order to simulate the ventilation effect of the shutters.
The EnergyPlus software had three models that simulated the
solar energy electricity generation system, which are Simple
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Figure 8: The temperature of different points (air gap in vertical direction) of the nonventilated PV wall under the typical sunshine condition.
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Figure 9: The panel temperature comparison at the top of nonventilated PV wall and ventilated PV wall.
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Figure 10: The outer wall temperature comparison at the top of nonventilated PV wall and ventilated PV wall.
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Figure 12: The comparison of the relations between output power and panel temperature of nonventilated PV wall and ventilated PV wall.

Model, Equivalent Diode Circuit Model, and Sandia Model.
The Comparison among these three revealed that Sandia PV
Model had the best effect of simulating the a-Si PV walls.
Therefore, this research adopted the Sandia PV Model to
simulate the dynamic electricity generation capacity of the
PV walls. A plenty of the parameters used in the model were
from the special indoor and outdoor tests over the same aSi PV modules in order to guarantee the accuracy of the
simulation. In an attempt to investigate the influence of the
air gaps on the PV module temperature and the indoor heat
transmission volumes, the Airflow Network Model in the
EnergyPlus was adopted to simulate the air flow and the heat
transfer features between the PV walls and normal walls.

5.2. Model Verification. In order to verify the accuracy of
the model, some key parameters like the solar radiation,
operating temperature of the components, wall surface temperature, and system direct-current output power would be
verified through experiment. The experiment was conducted
from 18th to 25th of January of 2014 (8 days in total).
To simulate the solar radiation at each time point was the
first step as well as the most important step for the entire
simulation, as it may determine the electricity generation
capacity simulation of the PV walls and their influence on the
indoor air conditioning load.
Figure 14 showed the comparison between simulated
solar radiation from the south and the measured value.
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(a) Nonventilated PV wall

(b) Ventilated PV wall

(c) Normal wall

Figure 13: Schematic of simulation models with three different wall structures.

It is easy to discover that the simulated values were higher
than the exact measure value in the noon of the fine day.
However, the errors fell into the acceptable range. In overcast
days, the simulated values were perfectly identical with the
exact number.
Figure 15 showed the comparison between the simulated
direct-current electricity generation capacity and the measured value, which revealed that the simulated values were
comparatively identical with the measurements with errors
less than 4.4%. It indicated that the Sandia PV Model used
in this research could be the accurate simulation system for
dynamic electricity generation power.
The temperature of the internal walls of the PV walls
directly determined the indoor heat transmission volumes.

Therefore, this research also conducted the experiment to
verify the simulated results.
Figure 16 showed the verification result of the outer wall
simulated surface temperature of the ventilated PV wall,
which suggested that, in most of time, the simulated surface
temperature was consistent with the exact number. However,
in some specific fine days, the temperature disparities were a
little bit large. But even the largest temperature disparity was
less than 3∘ C, which was acceptable.
The operating temperature of the PV modules could
directly determine the energy output of the PV walls.
Figure 17 shows the comparison between the simulated
panel temperatures of the PV modules and the exact numbers. Through this experiment, it is easy to discover that
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Figure 14: Comparison between the simulated solar radiation from the south and the measured value within the experiment days.
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Figure 15: Comparison between the simulated electricity generation power and the measured value within the experiment days.

the simulated temperatures were generally lower than the
exact ones. The largest temperature disparity was 5∘ C. However, due to the small power temperature coefficient of the aSi PV modules which was generally −0.25%/∘ C, the influence
over the electricity generation capacity of the PV system was
controlled to be about −1% despite of the large temperature
disparity at some times. This simulated temperature was also
acceptable.

6. Simulation Result Analysis
6.1. The Comparison of Annual Electricity Generation Capacities. Figure 18 showed the annual electricity generation
capacities of the simulated nonventilated PV wall model and
the ventilated PV wall. According to Figure 18, the verified
nonventilated PV wall model and the ventilated PV wall

model simulated the electricity generation capacities of the
two PV systems. From Figure 18, it is easy to find that the
electricity generation capacity of the ventilated PV wall model
was slightly higher than that of the nonventilated PV wall
model. The disparity between the capacities of these two
models was expanded from January to October in every
year, probably by 0.5% to 0.7%. The disparity was increased
by 0.1%-0.2% in other months. The simulated results were
as follows: the annual electricity generation capacity of the
nonventilated PV wall model was about 2512.23 kWh while
that of the ventilated PV wall model was 2522.64 kWh. The
observed disparity was 10.41 kWh, which was about 0.41%.
6.2. The Comparison of Heat Gain and Building Energy
Consumption with Different Structure Walls. In Zhuhai, May
1 to October 31 is the cooling season. Figure 19 displayed
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Figure 17: The comparison between the simulated panel temperature of the ventilated PV walls and measured value within the experiment
days.

the conduction heat gain rate simulated of the nonventilated
PV wall, ventilated PV wall, and normal wall during this
period. Obviously, the heat gain of the nonventilated PV wall
was larger than the ventilated one, especially from the end of
September to the end of October. As Table 3 shows, Energy

consumption for cooling of ventilated PV wall model is lower
than that of nonventilated PV wall model by 6.03 kWh/m2 in
summer.
Compared with the other two PV walls, the heat gain of
the normal wall (7.56 kWh/m2 ) was actually 3.71 kWh/m2 less
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Table 3: Comparison of the annual building heating and cooling energy consumption between different models.
Nonventilated PV wall model
Heating
Cooling
0
333.57
35.65
0
1236.52

Energy
Electricity (kWh/m2 )
Natural gas (MJ/m2 )
Total (MJ/m2 )

400

2.5

300
250

2

200

1.5

150

1

100
0.5

50
0

Difference value (kW h)

3

350
Generation (kW h)

Ventilated PV wall model
Heating
Cooling
0
327.54
43.04
0
1222.17

December

October

November

September

July

August

May

June

April

March

January

February

0

Nonventilated PV-wall
Ventilated PV wall
Difference

Normal wall model
Heating
Cooling
0
326.09
51.30
0
1225.21

As shown in Figure 20, in winter (from November 1 to
April 30 next year), the conduction heat loss rate of the
normal wall (17.69 kWh/m2 ) is obviously larger than that of
the ventilated PV wall by 1.75 kWh/m2 and nonventilated PV
wall by 7.09 kWh/m2 , respectively, which means that ranking
of the building heat load in winter conditions for the three
models was nonventilated PV wall, ventilated PV wall, and
normal wall in descending order. The energy consumption in
winter of the three models is shown in Table 3, which follows
the same order as above.
According to Table 3 and comparison of these three
models, ventilated PV wall model with normal wall model
are similar at the annual total energy consumption of heating
and cooling but slightly better than that of nonventilated PV
wall model.

Figure 18: The comparison of annual electricity generation capacities month by month between nonventilated PV wall and ventilated
PV wall with simulation.

6.3. The Optimum Design Scheme and Operation Strategies
with Different Structure Walls. Based on the above simulation
results, some optimum design scheme and operation strategies for PV walls are proposed as follows.

than the nonventilated PV wall and 0.68 kWh/m2 less than
the ventilated one within 6 months; that means the two PV
walls increased building cooling load instead.
Similarly, as shown in Table 3, according to the simulation
result, the energy consumption of normal wall model for
cooling is lower than the two PV wall models by 7.49 kWh/m2
and 1.45 kWh/m2 , respectively.
There are two possible reasons for this result: on the one
hand direct sun cannot shine on the south-facing wall for
a long time in summer because of the local low latitude in
Zhuhai; meanwhile due to the convective heat transfer effects
between the normal wall and ambient air, the surface temperature is lower than PV wall for most of the daytime; another
reason is probably that the absorption rate of normal wall is
relatively lower, while that of the PV module is higher and
regardless of whether the air gap is open to outer atmosphere,
the heat in the air gap generated by PV panel cannot be
effectively taken away but transmitted into the room through
the wall. Specifically for the two PV curtain walls studied in
this paper, the ratio of the height of PV wall (i.e., the length
of the flow channel) to the thickness of air space (i.e., the
distance between PV modules and walls) is much larger than
such length to thickness ratio in the experimental apparatus
used in laboratory experiments; meanwhile, in the practical
engineering, there lay the structural support and electric
power circuit in the air space, which will obstruct the air flow
of the air layer and thus cannot achieve good ventilation and
heat dissipation.

(1) During the scheme design phase, deciding whether
to adopt south-facing PV wall, it is necessary to
estimate the impact on indoor cooling and heating
load considering the latitude with different solar
elevation angle.
(2) If we decide to adopt the south-facing PV wall, during
the summer, the air gap between PV modules and
walls may be ventilated, and the length to thickness
ratio should be optimum designed to facilitate the
air gap heat dissipation, to enable reduction indoor
cooling load.
(3) And during the winter, the air gap may be nonventilated to reduce building heat loss.
(4) If there is only one status of the openings, the air
gap ventilated or nonventilated can be decided by the
annual cooling load and heating load.

7. Conclusions
Based on the above analysis of experimental and simulation
results, the following conclusions can be drawn.
(1) In the typical sunshine condition, compared to the
air gap of nonventilated PV wall, the air gap of
the ventilated PV wall will be easier compared to
cooling the PV panel and make the temperature
lower than that of the nonventilated PV wall. As a
result, the influence of the temperature rise of the
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Figure 19: The comparison of the conduction heat gain rate between the nonventilated PV wall and the ventilated PV wall by simulation in
summer.
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Figure 20: Comparison of the conduction heat loss rate between nonventilated PV wall and ventilated PV wall by simulation in winter.

PV panel on the electricity generation efficiency of
the PV module would be dropped off while the PV
conversion efficiency can be improved. However, in
this study because the panel temperature difference
of the two PV walls is small, the phenomenon is not
obvious.
(2) At low latitudes similar to Zhuhai, China, in the
building with south-facing PV wall compared to the
one with normal wall, there is no obvious energy
efficiency from the annual energy consumption of

air conditioning, and if the air gap ventilation is
ineffective, the cooling load of the building with PV
wall will be higher than that of building with normal
wall.
(3) At low latitudes similar to Zhuhai, China, in the
design and construction of PV walls, we need to
consider the length to thickness ratio of the air gap,
which may influence the cooling effect of the PV
panel.
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Nomenclature
Abbreviations
a-Si:
BAPV:
BIPV:
DC:
PV module:
PV wall:

Amorphous silicon
Building-attached photovoltaics
Building-integrated photovoltaics
Direct current
Photovoltaic module
Photovoltaic wall.

Symbols
T: Temperature (∘ C).
Subscripts
a:
amb.:
p:
bot.:
mid.:
nv:
top:
v:

Air gap
Ambient
Photovoltaic panel
At the bottom of the photovoltaic wall
At the middle of the photovoltaic wall
Nonventilated PV wall
At the top of the photovoltaic wall
Ventilated PV wall.
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This paper is an overview of some of the main issues in photovoltaic based distributed generation (PVDG). A discussion of the
harmonic distortion produced by PVDG units is presented. The maximum permissible penetration level of PVDG in distribution
system is also considered. The general procedures of optimal planning for PVDG placement and sizing are also explained in this
paper. The result of this review shows that there are different challenges for integrating PVDG in the power systems. One of these
challenges is integrated system reliability whereas the amount of power produced by renewable energy source is consistent. Thus,
the high penetration of PVDG into grid can decrease the reliability of the power system network. On the other hand, power quality
is considered one of the challenges of PVDG whereas the high penetration of PVDGs can lead to more harmonic propagation into
the power system network. In addition to that, voltage fluctuation of the integrated PVDG and reverse power flow are two important
challenges to this technology. Finally, protection of power system with integrated PVDG is one of the most critical challenges to
this technology as the current protection schemes are designed for unidirectional not bidirectional power flow pattern.

1. Introduction
The growing power demand has increased electrical energy
production almost to its capacity limit. However, power
utilities must maintain reserve margins of existing power generation at a sufficient level. Currently, transmission systems
are reaching their maximum capacity because of the huge
amount of power to be transferred. Therefore, power utilities
have to invest a lot of money to expand their facilities to meet
the growing power demand and to provide uninterrupted
power supply to industrial and commercial customers [1].
The introduction of photovoltaic based distributed generation units in the distribution system may lead to several
benefits such as voltage support, improved power quality,
loss reduction, deferment of new or upgraded transmission
and distribution infrastructure, and improved utility system
reliability [2]. PVDG is a grid-connected generation located
near consumers regardless of its power capacity [3], is an
alternative way to support power demand and overcome
congested transmission lines.

The integration of PVDG into a distribution system
will have either positive or negative impact depending on
the distribution system operating features and the PVDG
characteristics. PVDG can be valuable if it meets at least
the basic requirements of the system operating perspective
and feeder design [4]. According to [5], the effect of PVDG
on power quality depends on its interface with the utility
system, the size of DG unit, the total capacity of the PVDG
relative to the system, the size of generation relative to load at
the interconnection point, and the feeder voltage regulation
practice [6].
Figure 1 shows a schematic diagram of a grid-connected
PV system which typically consists of a PV array, a DC link
capacitor, an inverter with filter, a step-up transformer, and a
power grid [5]. The DC power generated from the PV array
charges the DC link capacitor. The inverter converts the DC
power into AC power, which has a sinusoidal voltage and
frequency similar to the utility grid. The diode blocks the
reverse current flow through the PV array. The transformer
steps up the inverter voltage to the nominal value of the grid
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Figure 1: Schematic diagram of a grid-connected PV system.

voltage and provides electrical isolation between the PV
system and the grid. The harmonic filter eliminates the
harmonic components other than the fundamental electrical
frequency.
One of the growing power quality concerns that degrade
the performance of power systems is harmonic distortion.
The main causes of harmonic distortion are due to the
proliferation of power electronic devices like computer,
television, energy saving lamps, adjustable-speed drives, arc
furnaces, and power converters. Harmonic distortion is also
caused by nonlinearity of equipment such as transformer
and rotating machines [7]. These harmonic currents may
create greater losses in the loads which consecutively require
derating of the load, overheating of neutral conductor, overheating of transformer, and malfunction of protective devices
[8]. Another power quality problem arises at the interface
between PVDG inverters and the grid is harmonic resonance
phenomenon. Harmonic resonance phenomena will occur at
a resonant frequency where the inductive component is equal
to the capacitive component. Harmonic resonance which has
been found to be an increasingly common problem at the
interface between PVDG inverters and the grid depends on
the number of PVDG units. The effect of harmonic resonance
not only presents a severe power quality problem but also
can trip protection devices and cause damage to sensitive
equipment [9].
On the other hand, it is well known that PVDG needs
to be installed at the distribution system level of the electric
grid and located close to the load centre. Studies are usually
conducted to evaluate the impact of PVDG on harmonic
distortion, power loss, voltage profile, short circuit current,
and power system reliability before placing it in a distribution
system. To reduce power losses, improve system voltage,
and minimize voltage total harmonic distortion (THDV ),
appropriate planning of power system with the presence of
DG is required. Several considerations need to be taken into
account such as the number and the capacity of the PVDG
units, the optimal PVDG location, and the type of network
connection. The installation of PVDG units at nonoptimal
locations and with nonoptimal sizes may cause higher power
loss, voltage fluctuation problem, system instability, and
amplification of operational cost [10].

2. Power Quality Impact of PVDG
The integration of PVDG in power systems can alleviate
overloading in transmission lines, provide peak shaving, and
support the general grid requirement. However, improper
coordination, location, and installation of PVDG may affect

the power quality of power systems [11]. Most conventional power systems are designed and operated such that
generating stations are far from the load centers and use
the transmission and distribution system as pathways. The
normal operation of a typical power system does not include
generation in the distribution network or in the customer
side of the system. However, the integration of PVDG
in distribution systems changes the normal operation of
power systems and poses several problems which include
possible bi-directional power flow, voltage variation, breaker
noncoordination, alteration in the short circuit levels, and
islanding operation [2, 6]. Therefore, studies are required to
address the technical challenges caused by DG integration
in distribution systems. The interconnection device between
the DG and the grid must be planned and coordinated before
connecting any DG [12].
2.1. Harmonic Impact of PVDG. Harmonic is a sinusoidal
component of a periodic wave or a quantity which has a
frequency that is an integral multiple of the fundamental
frequency [13]. Harmonic distortion is caused by the nonlinearity of equipment such as power converters, transformer,
rotating machines, arc furnaces, and fluorescent lighting [7].
PVDG connected to a distribution system may introduce
harmonic distortion in the system depending on the power
converter technology. A power quality study was performed
on a PV system to estimate the effect of inverter-interfaced
PVDG on the quality of electric power [14]. The experimental
results indicate that the values of total harmonic distortion
THDi depend on the output power of the inverter. This
dependence decreases proportionally with reduced power
converter rating.
Another factor that influences harmonic distortion in a
power system is the number of PVDG units connected to the
power system. The interaction between grid components and
a group of PVDG units can amplify harmonic distortion [15].
In addition, PVDG placement also contributes to harmonic
distortion levels in a power system. DG placement at higher
voltage circuit produces less harmonic distortion compared
with PVDG placement at low voltage level [16]. On the
customer side, the increasing use of harmonic-producing
equipment such as adjustable speed drives may create problems, such as greater propagation of harmonics in the system,
shortened lifetime of electronic equipment, and motor and
wiring overheating. In addition, harmonics can flow back
to the supply line and affect other customers at the PCC.
Therefore, harmonic mitigation strategies for power systems
must be measured, analyzed, and identified [1].
2.2. Harmonic Resonance in a Power System with PVDG.
Resonance occurs in a power system when the capacitive
elements of the system become exactly equal to the inductive
elements at a particular frequency. Depending on the parallel
or series operation, it may form parallel or series resonance.
At a given location, when a system forms a parallel resonance,
it exhibits high network impedance, whereas for a series
resonance, it presents a low network impedance path [17].
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With increasing PVDG penetration in the power grid, harmonic resonance is becoming a crucial issue in power systems
[18]. Harmonic resonance can occur at the interconnection
point of individual or multiple PVDG units to the grid
because of impedance mismatch between the grid and the
inverters. Dynamic interaction between grid and inverter
output impedance can lead to harmonic resonance in grid
current and/or voltage which occurs at certain frequencies.
The effect of harmonic resonance presents severe power
quality problems such as tripping of protection devices and
damage to sensitive equipment because of overvoltage or
overcurrent [18].
A study investigated the harmonic interaction between
multiple PVDG units and a distributed network and found
that high penetration levels of PVDG units increase harmonic emission significantly even though the PV inverters
each meet IEC 61000-3-2 specifications. Parallel and series
resonance phenomena between the network and PV inverters
were found to be responsible for unexpected high current and
voltage distortion levels in the network [19].
2.3. Effect of PVDG on Voltage Variation. The operating voltages in a distribution system are not always within required
voltage ranges because of load variations along the feeders,
the action of tap changers of the substation transformers, and
the switching of capacitor banks or reactors. This results in
voltage variations, which may be defined as the deviations of
a voltage from its nominal value [19]. Disturbances classified
as short-duration voltage variations are voltage sag, voltage
swell, and short interruption, whereas disturbances classified
as long-duration voltage variations include sustained interruption, undervoltage, and overvoltage [20].
With the growing electricity demand in distribution
systems, the voltage tends to drop below its tolerable operating limits along distribution feeders with the increase of
loads. Thus, the distribution system infrastructure should be
upgraded to solve voltage drop problems [21]. The integration
of PVDG units in a distribution system can improve the
voltage profile as voltage drop across feeder segments is
reduced because of reduced power flow through the feeder.
However, if the power generated by PVDG is greater than
the local demand at the PCC, the surplus power flows back
to the grid. The excess power from DG may produce reverse
power flow in the feeder and may create voltage rise at the
feeder [22]. Some studies investigated methods of controlling
voltage rise caused by PVDG connection into distribution
systems. Borges and Falcão (2006) analyzed multiple sources
of PVDG together with the operation of voltage regulators
and concluded that the power injected by the PVDG unit
should be identified to obtain system voltages within the
allowed limits at the PVDG connection bus [23]. Chen
et al. (2012) presented two voltage control techniques in a
distribution feeder through system planning and equipment
control [24]. System planning techniques were employed in
the system design and planning stages whereas equipment
control techniques were used to regulate the bus voltages
along a feeder during real-time operation.
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With high DG penetration at low voltage level, a violation
may occur in the upper voltage limit. Therefore, a solution
is needed to reduce the overvoltage caused by DG. Demirok
et al. (2010) addressed the overvoltage problem by applying
distributed reactive power regulation and active power curtailment strategies at the DG inverters [25]. An approach
for charging and discharging control of the storage system
(lead-acid batteries) is applied to regulate the storage capacity
effectively. An adaptive voltage control scheme which uses
an on-load tap changer and automatic voltage control relay
was proposed to increase the output capacity of DG without
violating voltage limits [24].

3. Maximum Allowable Penetration
Level of PVDG
Several studies have been conducted to investigate the
impacts of high PVDG penetration in distribution systems by
considering various constraints. Kirawanich and O’Connell
(2003) performed a simulation to investigate the harmonic
impact of a PVDG on a typical commercial distribution
system [26]. The results showed that even at the most
vulnerable lateral tap points in the system under worstcase conditions, the voltage THD did not exceed the IEEE
Standard 519 limit for up to 40% saturation of commercial
distribution system with DG units. A similar study performed
by Pandi et al. (2013) concluded that the maximum PVDG
penetration levels based on an optimal DG size and locations
on the 18-bus and 33-bus radial distribution systems are
66.67% and 33.53%, respectively [27].
Other studies focused on the maximum allowable penetration level of DG units by considering the transient stability
limit [28]. Azmy and Erlich (2005) investigated the impact
of utilizing selected DG units with different penetration
levels on various forms of power system stability [28]. The
simulation result showed that the voltage deviation decreases
significantly with 28.3% DG penetration. Moreover, it is
reported that the maximum penetration level of DG, without
violating the transient stability limit, is 40% of the total
connected load [28].
Another factor that may limit the penetration level of
DG in a typical distribution system is the steady-state voltage
rise. Celli et al. (2009) developed a method for evaluating
the critical value of DG penetration level by considering
DG siting and sizing [29]. The result showed that the limit
of the DG penetration level in a distribution system was
40% to 50%. A similar study was conducted by Chen et al.
(2012) to clarify what would happen to a distribution system
if customers were allowed to install DG units freely on
their premises and DG units became widespread [30]. The
major factor that led to overvoltage and undervoltage was
the surplus DG power in localized areas of the secondary
network, which caused the tripping of the network protectors.
Germany and Italy have a very strong PV system penetration. By 2012, the installed PV capacity reached 32 GW
and 16 GW, respectively. More than 20% of the capacity
installed is connected to the distribution voltage network.
In Germany—specifically—63% of the PVDG is connected
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to the household voltage level. The integration of this big
amount of PVDG makes challenges to the power system. For
example, in case of have a large share of PVDG units that
switch off simultaneously may increase the grid frequency
up to 50.2 Hz. However, this problem has been addressed
in Germany by requiring the back-fitting of installations
with a nominal power above 10 kW. In addition to that,
voltage regulation within tolerable limits is another challenge
faced. Storage has been identified as a possible solution
for providing flexibility to the power system and could
possibly generate value streams from flexibility. However the
feasibility of such a solution is remains challenging. A number
of authors assess how storage could overcome the technical
challenges of PV integration. For example, the battery can be
optimally sized in order to avoid overvoltage caused inverter
disconnection [31–36].

4. Optimal Placement and Sizing of PVDG
Voltage variation and harmonic distortion are two major
disturbances in distribution systems. The voltage drop occurs
because of increasing electricity demand, thereby indicating
the need to upgrade the distribution system infrastructure.
Studies have indicated that approximately 13% of the generated power is consumed as losses at the distribution level
[37]. To mitigate voltage variation and harmonic distortion
in distribution systems, several strategies were applied, such
as the use of passive and active power filters to mitigate
harmonic distortion and the application of custom power
controllers to mitigate voltage variation problems. However,
these mitigation strategies require investment. Therefore, to
improve voltage profile and eliminate harmonic distortion
in a distribution system with PVDG, a noninvasive method
is proposed, which involves appropriate planning of PVDG
units and determining optimal placement and sizing of
PVDG units.
Before installing PVDG units in a distribution system,
a feasibility analysis has to be performed. PVDG owners
are requested to present the type, size, and location of
their PVDG [27]. The power system is usually affected by
the installation of PVDG. Therefore, the allowable PVDG
penetration level must comply with the harmonic limits.
Thus, optimal placement and sizing of DG is important
because installation of DG units at optimal places and with
optimal sizes can provide economic, environmental, and
technical advantages such as power losses reduction, power
quality enhancement, system stability, and lower operational
cost [11].
Several methods have been applied to determine the
optimal location and size of PVDG in a distribution system.
The analytical method used for optimal PVDG placement
and sizing is only accurate for the model developed, and it
can be very complicated for solving complex systems. The
power flow algorithm [10] has been used to find the optimum
PVDG size at each load bus by assuming that each load bus
can have a PVDG unit. However, this method is ineffective
because it requires a large number of load flow computations.
Analytical methods can also be used to place the PVDG
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in radial or meshed systems [38]. In this method, separate
expressions for radial and meshed systems are required,
and complex procedures based on the phasor current are
applied to solve the PVDG placement problem. However, this
method only determines the optimum PVDG placement and
not the optimum PVDG size as it considers a fixed PVDG
size.
The metaheuristic method is also used in optimal placement and sizing of DG in distribution systems. This method
applies an iterative generation process which can act as a
lead for its subordinate heuristics to find the optimal or
near-optimal solutions of the optimization problem [39].
It combines different concepts derived from artificial intelligence to improve performance. Some of the techniques
that adopt metaheuristics concepts include genetic algorithm
(GA), Tabu search, particle swarm optimization (PSO), ant
colony optimization (ACO), and gravitational search algorithm (GSA).
The implementation of the general optimization technique for solving the optimal placement and sizing of PVDG
problem is depicted in Figure 2. A multiobjective function
is formulated to minimize the total losses, average total
voltage harmonic distortion, (THDV ) and voltage deviation
in a distribution system. The procedures for implementing
the general optimization algorithm for determining optimal
placement and sizing of PVDG are described as follows.
(i) Obtain the input network information such as bus,
line, and generator data.
(ii) Randomly generate initial positions within feasible
solution combination, such as the PVDG location,
PVDG size in the range of 40% to 50% of the total
connected loads, and PVDG controllable bus voltage
in the range of 0.98 p.u to 1.02 p.u.
(iii) Improvise the optimization algorithm using the optimal parameters such as population size, number of
dimension, and maximum iteration.
(iv) Run loadflow and harmonic loadflow to obtain the
total power loss, average THDV and voltage deviation.
(v) Calculate the fitness function.
(vi) Check the bus voltage magnitude and THDV constraints. If both exceed their limits, repeat step (iv).
(vii) Update the optimization parameters.
(viii) Repeat the process until the stopping criteria are
achieved and the best solution is obtained.

5. Conclusion
This paper describes an overview of the relevant aspects
related to PVDG and the impacts it might have on the
distribution system. This paper evolves the background of
PVDG and its impacts on power quality and the maximum allowable penetration level of PVDG connected to
a distribution system. The implementation of the general
optimization technique for solving the optimal placement
and sizing of PVDG problem with multiobjective functions
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Figure 2: Flowchart of the general optimization technique for determining optimal placement and sizing of PVDG in a distribution system.

such as minimization of losses, THDv, and voltage deviation
is explained. The multiobjective functions are considered as
the technical benefits factors for optimal planning PVDG in
the distribution system. It is concluded that there are great
opportunities and benefits such as technical, economical, and
environmental benefits are offered when installing PVDG
in a distribution system. However, there are some technical
issues and challenges come up when incorporating PVDG in
a distribution system. These issues and challenges concluded

by several researchers need to be assessed for proper PVDG
planning and operation in the distribution network. These
issues are as follows.
(i) Reliability: the amount of power produced by renewable energy source based PVDG is not consistent like
wind and solar source. Thus, the high penetration of
PVDG into grid can decrease the reliability of the
power system network.
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(ii) Power quality: the high penetration of PVDGs can
lead to more harmonic propagation into the power
system network, increase the losses, and possibly
decrease the equipment life time.
(iii) Voltage fluctuation: it is a significant issue for high
penetration level of PVDG. This issue desires to be
critically considered in integrate inconsistent sources.
For example, the fluctuation of solar source in supplying power to the load will caused overvoltage
or undervoltage. The voltage fluctuation is very bad
impact on the sensitive equipment.
(iv) Reverse powerflow: incorporating PVDG in the system causes malfunctions of protection systems as they
are configured by the unidirectional form.
(v) System frequency: the unbalances between supply
and demand will result to the deviations from the
system nominal frequency. The high penetration of
PVDG affects system frequency and makes the process of control more complicated.
(vi) Protection schemes: the common distribution networks are configured in the radial form. Thus, the
protections system is designed accordingly to the
unidirectional flow patterns. However, the integrating
of PVDG changes the flow into bidirectional and
needs additional safety equipment and resizing of the
network such as grounding, short-circuit, breaking
capacity, and supervisory control and data acquisition
(SCADA) systems.
(vii) Islanding protection: anti-islanding protection
schemes presently implement the PVDGs to remove
immediately for grid faults through loss of grid
(LOG) protection system. This significantly decreases
the advantages of PVDG deployment. For avoiding
disconnection of PVDGs during LOG, several islanding protection schemes are being developed. The
biggest challenge for the islanding protection schemes
is the protection coordination of distribution systems
with bidirectional fault current flows.
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In this work we prepared double-layer antireflection coatings (DARC) by using the SiO2 /SiNx :H heterostructure design. SiO2 thin
films were deposited by electron-beam evaporation on the conventional solar cell with SiNx :H single-layer antireflection coatings
(SARC), while to avoid the coverage of SiO2 on the front side busbars, a steel mask was utilized as the shelter. The thickness of
the SiNx :H as bottom layer was fixed at 80 nm, and the varied thicknesses of the SiO2 as top layer were 105 nm and 122 nm. The
results show that the SiO2 /SiNx :H DARC have a much lower reflectance and higher external quantum efficiency (EQE) in short
wavelengths compared with the SiNx :H SARC. A higher energy conversion efficiency of 17.80% was obtained for solar cells with
SiO2 (105 nm)/SiNx :H (80 nm) DARC, an absolute conversion efficiency increase of 0.32% compared with the conventional single
SiNx :H-coated cells.

1. Introduction
For high-efficiency solar cells, antireflection coating (ARC)
is very important for improving the performance of solar
cells since it ensures a high photocurrent output by minimizing incident light reflectance on the top surface [1–
4]. At present, hydrogen containing silicon nitride (SiNx :H)
thin film deposited by plasma enhanced chemical vapour
deposition (PECVD) is widely used as ARC and passivation
layer for crystalline silicon solar cells [5, 6]. However, the
single-layer antireflection coatings (SARC) used in silicon
solar cells still cause considerable optical reflectance loss
in a broad range of the solar spectrum. Therefore, doublelayer antireflection coatings (DARC) which consist of heterostructure materials such as MgF2 /ZnS [3, 7], MgF2 /BN
[8], Al2 O3 /TiO2 [9–11], and MgF2 /CeO2 [12] are considered
to be a more effective design in decreasing the reflection in
a broad wavelength range for the high efficiency solar cells
fabrication. These DARC are not common because of process

complexity, which could affect their mass production process.
Though SiNx :H/SiNx :H [13] shows unique combination of
good electronic and optical properties, it has disadvantages
of high absorption in the UV region reducing of the shortcircuit current of the cell. The SiO2 /SiNx :H DARC are a
promising design to improve solar cells efficiency due to
its advantages in both surface passivation and antireflection
properties. The simulation on the SiO2 /SiNx :H DARC was
carried out by optimizing their refractive index and film
thickness [14]. Kim et al. [15] have investigated the conversion efficiency improvement of monocrystalline silicon solar
cell with double layer antireflection coating consisting of
SiO2 /SiNx :H deposited by PECVD. And the solar cells with
DARC showed the better efficiency as 17.57% and 17.76%,
compared with 17.45% for single SiNx :H ARC.
In this paper, we present a novel process method that
DARC consisting of SiNx :H and SiO2 films were deposited
via PECVD and an electron-beam evaporation technique,
respectively. The thickness of SiNx :H films as the bottom
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Figure 1: Schematic of the solar cell with SiO2 /SiNx :H DARC.
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evaporation. High purity SiO2 (99.99%) granules were used
as the source material for evaporation and the source-tosubstrate distance was 50 cm. The substrates temperature
was controlled at 200∘ C. High purity oxygen (99.99%) was
introduced into the chamber to maintain a pressure of 3.0
× 10−2 Pa and used as reactive gas during the deposition.
The deposition rate was controlled using a quartz crystal
sensor placed near the substrate, and set as ∼2 Å/s. The
thicknesses of the SiO2 as top layer were 105 nm and 122 nm,
respectively. Finally, the solar cells with different SiO2 /SiNx :H
coatings were obtained. The structure of the solar cell with
SiO2 /SiNx :H DARC is schematically shown in Figure 1.
The Fourier transform infrared spectroscopy (FTIR)
measurement for the SiO2 thin film has been made at
25∘ C using a Thermo Nicolet 6700 FTIR spectrometer. The
refractive index of the SiNx :H and SiO2 films were measured
by a n&k analyzer 1200. Spectral reflectance and external
quantum efficiency (EQE) measurements were performed
by a solar cell spectral response measurement system (PV
measurement, QEX7). In addition, the I-V characteristics
of the solar cells were measured using a Berger I-V tester
on a solar cell production line. All measurements were
conducted under the standard test conditions (AM1.5G
spectrum, 100 mW/cm2 , 25∘ C). Prior to the measurements,
the simulator was calibrated with a reference monocrystalline
silicon solar cell, which was calibrated by the Fraunhofer ISE.
All electrical parameters are presented as the average value of
ten cells in the study.

1000

Figure 2: FTIR transmission spectra of SiO2 thin film.

layer is kept at 80 nm, which is optimum for SARC. By
simply varying the thickness of the SiO2 layer as the top layer
covering the conventional solar cell, monocrystalline silicon
solar cells with different SiO2 /SiNx :H DARC are fabricated.

2. Experiment
Boron doped monocrystalline wafers, with a thickness of
160 𝜇m, a size of 125 mm × 125 mm, and a resistivity in
the range of 1∼3 Ωcm, have been used for all experiments.
After standard cleaning and alkaline texturization, a standard
POCl3 emitter diffusion in a quartz tube led to a sheet
resistivity of 60 Ω/◻. The wafers were coated with a SiNx :H
layer in a PECVD (Centrotherm) system. The refractive index
of SiNx :H was adjusted by controlling the NH3 /SiH4 gas flow
ratio. The thickness of the SiNx :H layer was 80 nm. After
a standard front and back side screen printing process, the
contact formation was performed by a firing through process.
Then, the solar cells with SiNx :H SARC were performed.
To prepare the SiO2 /SiNx :H DARC, SiO2 thin films were
deposited on the prepared solar cell with SiNx :H SARC by
electron-beam evaporation. Considering of the SiO2 layer
on busbars may lead to contact issue in I-V test, we used
steel mask on the top of busbars as shelter during e-beam

3. Results and Discussion
3.1. SiO2 Thin Film Characterization. XPS was applied to
determine the chemical state of the Si and O elements, which
can confirm the presence of SiO2 layer in DARC. XPS analysis
for SiO2 film has been reported in our group [16].
In order to get a qualitative spectra of SiO2 thin film
compositions, we have performed Fourier transform infrared
spectroscopy (FTIR) analysis. The samples were prepared on
the aluminium thin film with 300 nm thickness on the glass
substrate, which deposited by e-beam evaporation. We adopt
reflection method to measure the sample. The spectra are
presented in Figure 2. The band in the 1040–1150 cm−1 range
is assigned to the stretching vibration mode Si–O [17, 18]. For
the supplement of oxygen during the SiO2 deposition, a clear
increase of Si–O intensity peak (1020 cm−1 ) is observed for
the SiO2 layer, which is related to the high oxygen content in
this layer.
3.2. Optical Property. The color of the solar cell depends
heavily on thickness of its ARC-layer. Figures 3(a) and
3(b) show the photographs of silicon solar cells with single
SiNx :H SARC and SiO2 (105 nm)/SiNx :H (80 nm) DARC,
respectively. Two kinds of coatings have good uniformity. It is
notable that the front surface color of the solar cells changed
from dark blue to black, indicating that there was a lower
reflectance loss in the DARC, as shown in Figure 3(b).
The reflectance spectrum was measured to characterize
the reflectance loss. Figure 4 depicts the reflectance spectra
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Figure 3: Photographs of monocrystalline silicon solar cells with (a) SiNx :H (80 nm) SARC and (b) SiO2 (105 nm)/SiNx :H (80 nm) DARC.

Table 1: Summary of the average electrical parameters of the
different ARC stacks compared with SiN𝑥 :H SARC solar cells
(AM1.5G, 100 mW/cm2 , 25∘ C).
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Figure 4: Reflectance curve for the single-layer ARC and doublelayer ARC samples.

of solar cells with SiO2 /SiNx :H DARC and SiNx :H SARC,
respectively. Compared with the SiNx :H SARC, SiO2 /SiNx :H
layer stacks show lower reflectance in the range 300–450 nm.
The amorphous SiO2 coating is transparent in the measured
wavelength range. It is obvious that the reflectance of the
SiNx :H layer stack is dependent on the thickness of the SiO2
coatings. With the thickness of SiO2 in the SiO2 /SiNx :H
stack increasing, the reflectance changes correspondingly. A
similar simulation trend was also reported by Aguilar et al.
[19]. In our work, the lowest reflectance was obtained while
the thickness of SiO2 was 105 nm in the SiO2 /SiNx :H stack,
which is nearly consistent with previous simulation results.
The value of calculated weighted reflectance is 1.72%.
It is acknowledged that a reduction in light of around
30% resulted from the reflectance at the Si and air interface
[20]. ARC means an optically thin dielectric layer designed

to suppress reflection by interference effects. By using DARC
with 𝜆/4 design, with growing indices from air to silicon,
the minimum in reflection is broader in wavelength range.
The measured refractive indices of SiNx :H and SiO2 were 2.1
and 1.46 at 633 nm wavelength, respectively. Thus, the optimal
thickness for each layer in term of their refractive indices can
be obtained.
EQE data was collected for wavelengths in the range of
300–1100 nm to determine the spectral response of the solar
cells, as shown in Figure 5(a); no significant differences in the
infrared wavelength range were observed among these cells.
On the other hand, the EQE of cells with DARC is higher than
that with SiNx :H SARC in the range 300–450 nm wavelength.
It was also shown that SiO2 (105 nm)/SiNx :H (80 nm) stack
coatings has the highest improvement in short wavelength.
IQE data was collected for wavelengths in the range of 300–
1100 nm, as shown in Figure 5(b); EQE and IQE curves have
the similar trends.
3.3. Solar Cell Results. The solar cells fabricated with novel
SiO2 /SiNx :H stacks were tested and compared to conventional solar cells with SiNx :H SARC, as shown in Table 1. All
data in Table 1 are the average values of ten samples. With the
thickness of SiO2 thin films varied, the conversion efficiency
of the cells changed. Table 1 shows the conversion efficiency of
the cells with SiO2 (105 nm)/SiNx :H (80 nm) DARC reached
17.80%, which was 0.32% (absolute) higher than solar cells
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Figure 5: EQE and IQE of the single layer ARC and double layer ARC solar cells.
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4. Conclusions
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In this work, SiO2 /SiNx :H DARC were deposited on
monocrystalline silicon solar cells. The results show that the
SiO2 /SiNx :H DARC have a lower reflectance compared with
the SiNx :H SARC. Accordingly, solar cells with SiO2 /SiNx :H
DARC exhibit a higher EQE and IQE in the short wavelengths
of 300–450 nm. Due to current density improvement, the
conversion efficiency of 17.80% was obtained for solar cells
with DARC, 0.32% (absolute) higher than that of cells with
single SiNx :H coatings.
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Figure 6: J-V characteristics of the solar cell with SiO2
(105 nm)/SiNx :H (80 nm) DARC (AM1.5 G, 100 mW/cm2 , 25∘ C).

with SiNx :H SARC. The fill factor of each group is nearly the
same, while the 𝑉oc shows small degradation for solar cells,
which probably caused by the surface damages during the ebeam evaporation.
Correspondingly, the highest short-circuit current density (𝐽sc ) was also obtained. It is demonstrated that the
conversion efficiency of cells with DARC is dependent on the
thickness of SiO2 coatings, the same as the dependence of
reflectance and EQE. Figure 6 shows the J-V characteristic
of the solar cell with SiO2 (105 nm)/SiNx :H (80 nm) DARC.
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In this research an improved approach for sizing standalone PV system (SAPV) is presented. This work is an improved work
developed previously by the authors. The previous work is based on the analytical method which faced some concerns regarding
the difficulty of finding the model’s coefficients. Therefore, the proposed approach in this research is based on a combination of
an analytical method and a machine learning approach for a generalized artificial neural network (GRNN). The GRNN assists
to predict the optimal size of a PV system using the geographical coordinates of the targeted site instead of using mathematical
formulas. Employing the GRNN facilitates the use of a previously developed method by the authors and avoids some of its
drawbacks. The approach has been tested using data from five Malaysian sites. According to the results, the proposed method
can be efficiently used for SAPV sizing whereas the proposed GRNN based model predicts the sizing curves of the PV system
accurately with a prediction error of 0.6%. Moreover, hourly meteorological and load demand data are used in this research in
order to consider the uncertainty of the solar energy and the load demand.

1. Introduction
Photovoltaic systems are environment-friendly energy systems. Thus, PV system installation has been given a big
concern in the last three decades. However, PV systems’
high capital cost is considered one of the most important
challenges to this technology, especially when it is compared
with conventional power systems. Therefore, many research
works are being conducted in order to propose methods for
optimization of PV systems so as to provide reliable systems
with minimal capital cost. In this context, Sharma et al. in
[1] define PV system optimization as “the process for determining the cheapest combination of PV array and battery that
will meet the load requirement with an acceptable availability
level over the expected lifetime.” As a fact, PV system
performance depends on available solar energy and ambient
temperature and, therefore, metrological variables must be
extensively studied in order to optimally size a PV system [2].
In the literature, works related to PV system sizing
can be categorized into intuitive, numerical, and analytical
methods. The intuitive method is defined according to [3] as
conducting simplified calculation of the system size without

taking into account the random nature of solar radiation or
establishing a relationship between the different subsystems.
The method considers the use of solar energy data such as
the lowest monthly average, average annual, or monthly solar
energy. A major disadvantage of the intuitive method is that
it may result in an over- or undersizing of the designed
system which results in low reliability of the system or high
cost of produced energy [3]. In the meanwhile, numerical
method is defined as implementing system simulation for
each time period considered. In this method, daily or hourly
data are used and based on that the energy balance and flow
of the system are calculated. The simulation method offers
the advantage of being more accurate, and the evaluation
of system availability can be approached in a quantitative
manner. System availability in this case is defined as the load
percentage satisfied by the PV system for long period of time
[3]. The simulation method allows optimizing the energy and
economic cost of the system. Simulation methods can be
divided into two, namely, stochastic and deterministic methods. In the stochastic method, the uncertainty in solar energy
and load demand is considered by simulating a random
process modelling hourly solar radiation and load demand
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records. Due to the difficulties in finding the hourly solar
energy models [3–5], the deterministic simulation method
considers the use of predefined load and meteorological data.
As for the analytical method, the equations describing the PV
system size as a function of reliability have to be developed.
This method has the advantage of providing simple calculation of the PV system size, while the disadvantage is the
difficulty in finding the coefficients of the equations which
are location dependent [6, 7].
Due to the difficulty in calculating the optimum PV size
by the simulation and analytical methods, artificial neural
networks (ANN) are employed to overcome these limitations.
For optimizing PV systems in many regions in Algeria, a
combined numerical and ANN method has been used [8, 9].
In this method, the optimal PV sizing factors of the targeted
sites are first calculated using the numerical method first.
After that the ANN based model is utilized for predicting
these factors using the geographical location coordinates.
The developed ANN model has two input variables, namely,
latitude and longitude, and two outputs, namely, the sizing
factors for the PV array (𝐶𝐴 ) and the storage battery (𝐶𝑠 ),
respectively. The ANN model helps in simplifying the calculation of the sizing factors but its limitation is that it can only
determine the optimum size of PV system at one reliability
level or loss of load probability (LLP). In [10], the analytical
method is used to obtain a large date set for optimum sizes
of a PV system at different LLPs and this data set is used
to train an ANN to predict the optimum size of the PV
array in terms of the optimum storage battery, LLP, and
“yearly cleanses index.” The main drawback of this method
is that the ANN model predicts the optimum PV array size
depending on the optimum storage battery capacity which
is not explained as to how it is calculated. In [9], the same
combined numerical and ANN method presented in [11] has
been used but this time it is used for generating the sizing
curves at different LLPs for certain sites in Algeria. Two ANN
models have been developed in which the first ANN model
has four inputs which are latitude, longitude, altitude, and
LLP and thirty outputs representing the thirty possible 𝐶𝐴
values. After predicting the 𝐶𝐴 , the 𝐶𝑠 is calculated and then
the sizing curve is predicted by the second ANN model. In
this method, the sizing curve is predicted by ANN only after
determining the optimum pair of 𝐶𝐴 and 𝐶𝑠 , thus making the
procedure laborious and impractical.
To overcome the limitations of the abovementioned
methods in determining optimal sizing of PV systems, we
propose an improved approach using a general regression
neural network (GRNN) to predict the PV array and battery
capacities in terms of LLP, latitude, and longitude. By using
the GRNN model, the calculation for the optimum PV
size of a standalone PV (SAPV) system can be automated
and improved without the need for extensive mathematical
calculations or graphical analysis techniques.

2. Analytical Method for Sizing SAPV System
The background theory and formulation used in the analytical method for sizing SAPV system as proposed in [7]
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are described in this section. The analytical method is
based on a PV system energy model and a long term
of meteorological data such as solar energy and ambient
temperature. In general, a typical SAPV system consists of
a PV module/array, power conditioner comprising charge
controller and maximum power point tracking controller,
storage battery, inverter, and load. A PV module collects
energy from the sun and converts it to DC power which then
is handled by a power conditioner to supply loads. The energy
produced by a PV array is given by
𝐸PV = 𝐴 PV ⋅ 𝐸sun ⋅ 𝜂PV ⋅ 𝜂inv ⋅ 𝜂wire ,

(1)

where 𝐴 PV is the area of the PV module/array and 𝐸sun is
daily solar irradiation. 𝜂PV , 𝜂inv , and 𝜂wire are efficiencies of
PV module, inverter, and conductors, respectively.
PV module efficiency depends on cell temperature and it
can be given as function of reference efficiency (𝜂ref ) which
is provided in the data sheet, cell temperature, (𝑇𝐶) and
standard testing temperature (𝑇ref ) as illustrated below
𝜂PV = 𝜂ref [1 − 𝛽ref (𝑇𝐶 − 𝑇Tref )] .

(2)

𝛽ref is a factor and it can be given by
𝛽ref =

1
.
𝑇𝑜 − 𝑇ref

(3)

As for cell temperature, it can be calculated using ambient
temperature as follows:
𝑇𝐶 = 𝑇𝑎 +

NOCT − 20
𝐺ref ,
800

(4)

where 𝑇𝑎 is the ambient temperature, 𝐺ref is the standard
testing solar radiation, and NOCT is the nominal operation
cell temperature.
The difference between the energy at the front end of a PV
system 𝐸PV and at the load side is given by
8760

𝐸𝐷 = ∑ (𝐸PV − 𝐸𝐿 ) ,

(5)

𝑖=1

where 𝐸𝐿 is the load energy demand.
𝐸𝐷 may have a positive value (𝐸PV > 𝐸𝐿 ) or a negative
value (𝐸PV < 𝐸𝐿 ). In case of having 𝐸𝐷 positive, there is an
excess in energy in the system. In the meanwhile, if 𝐸𝐷 is
negative then there will be an energy deficit. Excess energy
is usually stored in batteries in order to be used in the deficit
time. The energy deficit is defined as the disability of the PV
system to fulfil the load demand at a specific time.
System availability (reliability) is an important issue to be
considered in designing of PV system. 100% availability of a
PV system means that the system is able to cover the load
demand all the year time without shortages. Consequently,
99% availability means that the system is not able to cover
the load demand in 88 hours during one year time. This
means that high PV system availability leads to high reliability
and vice versa. However, high reliable PV system results high
initial cost and, thus, it is not feasible to consider very high
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availability rates in designing PV system. The availability of
a PV system can be as a loss of load probability (LLP) index.
LLP is defined as the ratio of annual energy deficit to annual
load demand and it is given by
LLP =

∑8760
𝑖=1 Energy deficits𝑖

∑8760
𝑗=1

Energy demand𝑗

.

(6)

In [7], an analytical method is presented for optimal sizing
of a standalone PV system. This method is represented by
two empirical equations between PV array sizing ratio (𝐶𝐴 )
and battery sizing ratio (𝐶𝑠 ) and system reliability LLP. In [7],
the authors assumed that the relation between 𝐶𝐴 and LLP
can be expressed by two exponential terms while the relation
between 𝐶𝐴 and 𝐶𝑠 is linear as follows:
optimum 𝐶𝐴 = 𝑐1 𝑒𝐶2 LLP + 𝑐3 𝑒𝐶4 LLP ,
optimum 𝐶𝑠 = 𝑐5 𝐶𝐴 + 𝑐6 .

(7)

The sizing ratios 𝐶𝐴 and 𝐶𝑠 are calculated as follows:
𝐶𝐴 =

𝐶PV
,
𝐶𝐿

𝐶
𝐶𝑠 = 𝐵 ,
𝐶𝐿

(8)

where 𝐶𝐵 and 𝐶PV are battery capacity and PV array capacity
at specific load, respectively, and 𝐶𝐿 is the load demand.
The optimization process presented in [7] starts by
defining some initial values for load demand, PV efficiency,
charging efficiency, inverter efficiency, and conductor efficiency. After that, daily solar irradiation for the targeted site
is utilized in order to calculate the expected output power of
the system. After that, a design space that contains a set of
PV array area values is initiated. Based on each PV array area
value and the defined load demand, 𝐶𝐴 is then calculated.
Then, 𝐸𝐷 is calculated using (5). Subsequently, arrays of
deficit and excess energies are constructed. At this point, at
each specific PV array area, LLP, 𝐶𝑠 , and 𝐶𝐴 are calculated
and stored in arrays. Consequently this loop is repeated until
the maximum value of PV array area is reached. Finally, plots
of LLP versus 𝐶𝐴 and 𝐶𝑠 versus 𝐶𝐴 are constructed and
from these plots, curve fitting equations are derived using the
MATLAB fitting toolbox to find the coefficients of (7).

3. GRNN for Sizing SAPV System
Artificial neural networks (ANNs) are nonalgorithmic information processing systems which are able to learn and generalize the relationship between input and output variables
from the recorded data. In this work we apply a GRNN
model to improve the method presented in [7]. The aim of
the proposed GRNN model is to predict the sizing curves
directly without the need to run any iterative simulation and
to abandon the need for calculating models coefficient. A
schematic diagram of the basic architecture of a GRNN is
shown in Figure 1. The network has several layers: the input,

Input layer

Hidden layer

Output layer

Latitude
CA

Longitude
Cs
LLP

Figure 1: Topology of the GRNN used to predict the optimum size
of a SAPV.

hidden, and output layers. Each layer is interconnected by
connection strengths, called weights.
A generalized regression neural network (GRNN) is a
probabilistic neural network consisting of an input layer,
a hidden layer, a pattern/summation layer, and a decision
node. Each predictor variable has a corresponding input
neuron. The input values standardize the input values by
subtracting the median and scaling the value to the interquartile range. The input layer feeds the hidden neuron layers
where each training pattern is represented by a hidden
neuron. In the pattern layer, there are only two neurons, a
denominator summation unit and a numerator summation
unit. The denominator summation unit adds up the weights
of the values coming from each of the hidden neurons. The
numerator summation unit adds up the weights of the values
multiplied by the actual target value for each hidden neuron.
The decision node divides the values accumulated by the
numerator summation unit by the value in the denominator
summation unit and produces the predicted target value
of the GRNN. The advantage of GRNNs is simplicity, fast
training, good approximation also with smaller training sets,
and, thus, high efficiency in comparison to other networks
[12].
In general, there is no rule to determine the optimum
number of hidden nodes in the hidden layer without training
several networks and estimating the generalization error of
each one. Large number of hidden nodes resulted in high
generalization error due to the overfitting and high variance.
In the meanwhile, low number of hidden units causes large
training and generalization error due to underfitting and
high statistical bias [13]. Anyways, there are some “rules of
thumb” for selecting the number of the hidden nodes in the
literature. Blum in [14] suggests that the number of neurons
in the hidden layer is supposed to be somewhere between
the input layer size and the output layer size. Swingler in [15]
and Berry and Linoffin [16] claim that one does not require
more than twice the number of the inputs. In addition, Boger
and Guterman in [17] suggest that the number of the hidden
nodes can be 70–90% of the number of the input nodes.
Caudill and Butler in [18] recommended that the number of
hidden nodes should be equal to the number of the inputs
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Figure 3: Battery capacity at different LLP.

Figure 2: PV array sizing curve.
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4. Results and Discussion
As mentioned before, in [7], five sites are considered in
the conducted optimization. In this research, the developed
GRNN is trained by using four of these sites, namely, Johor
Baharu, Kuching, Ipoh, and Alor Setar, while the fifth site
which is Kuala Lumpur is used for testing the developed
model. Figure 2 shows a comparison of sizing curves for
the PV array obtained by numerical simulation, equations
presented in [7], and the developed GRNN.
Figure 2 indicates that the GRNN model is more accurate
in predicting the size of the PV array than the results based
on the equations presented in [7]. The average mean absolute
percentage error values were 1.2% and 5.1%, respectively.
Using the GRNN, the difficulty of calculating the coefficients
in the equations proposed by Khatib et al. [7] is avoided.
Figure 3 shows the predicted storage battery by GRNN
compared to the one calculated by the numerical simulation.
The prediction accuracy was very high which indicates the
utility of the use of GRNN in sizing PV systems.
From these figures, it is concluded that the proposed
model is able to predict system sizing curve using only the

500
400
Power

plus the number of the outputs multiplied by (2/3). Based
on these recommendations the recommended number of the
hidden layer for our model is in the range of 2 to 4 hidden
neurons. In this paper we used 4 hidden nodes.
In this research, three variables are used as input parameters for the input nodes of the input layer, latitude, longitude,
and LLP. Two nodes are at the output layer, namely, 𝐶𝐴 , 𝐶𝑠 ,
which are the optimum sizing ratios of the PV array and
battery. We used the data set from [7] to train the ANN
with the Levenberg-Marquardt backpropagation algorithm.
The analytical method proposed in [7] is used to design PV
system at 11 reliability levels (LLP (0–10%)) for each year of
each station. The training of the proposed model is done
utilizing MATLAB “nftool” and using 75% of the provided
data set. These data were divided into three parts 70% for
training, 15% for internal validation, and 15% for internal
training.
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Figure 4: Simulated load demand.

location coordinates as well as the loss of load probability
which can be considered as an advantage when it is compared
to other ANN based models such as the models presented
in [8–11]. Anyway, to validate the proposed method in terms
of system reliability a design example is conducted in this
paper considering the proposed method and some previously
published methods. In [5, 7] optimization of PV system is
done for Malaysia. However to validate the optimization
results both authors designed a PV system supplying a
2.215 kWh/day load being located at Kuala Lumpur at 0.01
LLP. However, Shen in [5] did not generalize his results
for other load demands while Khatib et al. in [7] did not
consider the uncertainty of solar energy and the variation
of the load demand. Therefore, to prove the validity of the
proposed procedure and to avoid the limitations of [5, 7] an
hourly load demand occurring at 24 hours and hourly solar
energy data are used. In order to model the respective load
demand of a typical remote area, we consider a larger load
of 6.130 kWh/day in this paper. Figure 4 shows the temporal
distribution of the simulated load demand. In this paper the
hourly model of PV system in [19] is used to validate the
proposed method.
Based on the developed ANN, the optimum sizing ratios
for the considered site (Kuala Lumpur) are 𝐶𝐴 = 2.02
and 𝐶𝑠 = 0.793. We calculate the size of the PV based
on the assumption that the used PV module has 200 Wp
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Figure 5: Generated power by the designed system.

rated power, 1.4 m2 area, and 16% conversion efficiency (as
reference value) and the rated battery voltage operates on
12 volts with a charging efficiency of 80% and an inverter
conversion efficiency of 90%. The required PV array and
battery capacities are 2.5 kWp and 324 Ah/12 V, respectively.
The power generated by the proposed photovoltaic system is
calculated with respect to the load (see Figure 5). The average
power generated by the designed PV array is 1.075 kW. This
power is supposed to cover the load demand while the excess
power is used to charge the battery. In the case of fully charged
batteries, the excess power will be dumped using a dumping
load. Figure 6 shows the power balance of the system in which
negative power indicates that the battery is used to supply the
load, while the positive net power indicates that this power
has to be used in charging the battery or to be dumped.
Figure 7 shows the net power which needs to be dumped. The
sum of the dumped energy per year is 1757 kWh.
Figure 8 shows the state of charge (SOC) of the battery
storage for a year (1–8760 hours). A SOC value of 1.0 indicates
that the battery is not used while SOC value of less than 1.0
means that the battery is used. As indicated in the figure,
the battery periodically supplies power to cover the load
demand during the night time. Through one year, the battery
reaches its allowable minimum SOC (0.2) 87 times. Figure 9
shows the loss of load days. The figure shows the percentage
of covered load demand during loss of load days. During

a year, the load is lost for 87 hours which corresponds to
99% availability during one year. Note that most of load loss
incidences happen in January, February, and December. From
the figure, the loss of load probability is 0.5%.
In [7], the authors used the same sizing ratios and
location to design a PV system to supply a 2.215 kWh/day
load considering a 1% LLP. The authors used to simulate
this designed system daily solar radiation values and daily
averages of load demand. According to [7], the LLP of the
designed system is 0.95%, while in this research the use
of hourly solar radiation and load demand resulted in a
0.5% LLP despite that we aimed to design at it 1%. This
slight difference can be due to the differences in the used
metrological data. From these points two conclusions can
be stated. First, the proposed sizing ratio for Malaysia in
[5, 7] and in this paper is proven even by considering the
uncertainty in solar energy and variation in the load demand.
In addition, the using of hourly meteorological data and load
demand definitely yields more accurate optimization but it
could cause a slight oversizing in certain cases.

5. Conclusion
An ANN model is used to facilitate the use of a developed
method for sizing PV system for Malaysia. The proposed
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Figure 6: Energy balance for designed PV system.
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Figure 7: Dumped power for the designed PV system.
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Figure 8: Battery storage SOC for the designed PV system.
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Figure 9: Loss of load days for the designed PV system.
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ANN model predicts the size of the PV system in terms
of LLP, latitude, and longitude. The developed ANN model
showed high accuracy in predicting the PV system size
whereas the MAPE is 0.6%. However, to ensure the validity
of the proposed method, a designed example for a specific
load is conducted considering the uncertainty in the solar
radiation and the variation of the load demand. To validate
the designed system we used a simulation based on hourly
solar radiation and load demand. As a result, the LLP of
the designed system is found to be 0.5% which indicates a
sufficiently high reliability of the designed system.
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BIPV is now widely used in office and residential buildings, but its seismic performance still remained vague especially when the
photovoltaic (PV) modules are installed on high-rise building facades. A new form of reinforced concrete shear wall integrated with
photovoltaic module is proposed in this paper, aiming to apply PV module to the facades of high-rise buildings. In this new form,
the PV module is integrated with the reinforced concrete wall by U-shaped steel connectors through embedded steel plates. The
lateral cyclic loading test is executed to investigate the seismic behavior and the electric and thermal performance with different
drift angles. The seismic behavior, including failure pattern, lateral force-top displacement relationship, and deformation capacity,
was investigated. The power generation and temperature variation on the back of the PV module and both sides of the shear wall
were also tested. Two main results are demonstrated through the experiment: (1) the U-shaped steel connectors provide enough
deformation capacity for the compatibility of the PV module to the shear wall during the whole cyclic test; (2) the electricity
generation capacity is effective and stable during this seismic simulation test.

1. Introduction
Solar energy is clean and renewable energy. At present,
using solar energy to generate electricity has been concerned
by a growing number of researchers. According to the
report of International Energy Agency, there will be onefifth of the whole global energy produced by solar system
by 2050 and a rise of 60% is anticipated by the end of
this century [1]. Since buildings consume more than 30%
energy in the world, the building-integrated photovoltaic
(BIPV) technology which integrates photovoltaic (PV) modules with building envelopes, such as roofs, vertical facades,
or windows, becomes a popular application form [2, 3].
One of the most attractive characteristics of BIPV is the
conversion of the buildings from an energy consumer with a
proportion of 30%∼60% to an energy producer by themselves
without occupying land [4–6]. Moreover, PV integrated
buildings offer considerable scope for energy-demand offsets
and reduction of greenhouse (GHG) emissions and achieve

local use of electricity to avoid transmission and distribution
investments and the associated losses [7]. In the latest 5 years,
BIPV becomes one of the fastest growing segments of the
solar industry all over the world with a predicted capacity
growth of over 50% from 2011 to 2017 [8].
For the envelope of high-rise buildings, the area of facades
is much larger than that of roofs, although the angle of inclination is not the best one in terms of power generation when
integrating PV modules on these buildings. According to
related studies, the unit power generation capacity of the PV
modules on building facades is also considerable comparing
with that of roofs [9, 10]. And the total power generation value
of the PV on building facades is far more than that of roofs.
According to current studies, the facade photovoltaic systems
can be classified into three basic types including facadesintegrated cladding, curtain walls, and structural glazing [7],
and the integration manners, materials, characteristics, and
typical cases for each type of system were investigated. Han
et al. [11] evaluated the outdoor performance of a naturally
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ventilate double-sided PV facade through field monitoring
from a small scale test rig. Research results indicated that
the heat gain from facade in summer could be substantially
reduced and additional electrical power can also be generated
from such facade as a byproduct. Yang et al. conducted
an experiment to evaluate the cooling load component
contributed by building-integrated PV walls and showed
that the PV wall can reduce the corresponding cooling
load components by 33%–50% [12]. Peng et al. conducted
an investigation on the annual thermal performance of a
photovoltaic wall mounted on a multilayer facade [13]. The
results indicated that the south-facing PV wall could reduce
heat gain through the envelope by 51% in summer in Hong
Kong. And an optimal thickness for the air gap of southfacing PV wall (0.06 m) is recommended in Hong Kong in
terms of the overall thermal performance. Bloem [14] and
Sun et al. [15] studied the electrical and thermal performance evaluation of photovoltaic (PV) systems integrated
as cladding components of the buildings. The optimum
designs suggestions were put out through the researches.
Azadian and Radzi [6] categorized four main barriers and
gave suggestions to enhance the efficiency of generating and
maintaining power. Related researches also indicate the PV
module integrated building facade has great benefit in energy
and resources saving [16–21].
Although various research on PV wall have been conducted, seldom research are focused on the safety and
power generation performance of BIPV systems when and
after earthquakes hit. As known to us, China is a country
with frequent earthquakes. The cost of high-rise buildings
becomes very huge. Therefore, the new constructed buildings
must meet the need of both energy saving and seismic
safety especially in high-rise buildings. Currently, the PV
modules of building facades are designed as nonstructural
components attached to the building envelope. As a special
nonstructural component, the PV facades of high-rise buildings may cause secondary disaster during earthquake, if the
PV system is not properly designed. The seismic design of
nonstructural components has been attract more and more
attentions. Special requests are given in building seismic
design by ASCE 7-10 [22] and the Chinese Code GB 500112010 [23]. But, current nonstructural requests are not so clear
and not proper to PV component. Actually, PV system has
the property of producing electricity that is excellent disaster
prevention and mitigation solution to the earthquake hit area.
However, the reliability of power supply for disaster relief
after earthquake also depends on the proper seismic design
[24].
Shear wall is one of the most widely used structural
members in the high-rise buildings due to its high lateral
bearing capacity and energy dissipation capacity [25–29].
According to the related engineering installation atlas of
BIPV, the PV module is installed on building walls by bolts
and steel beams, but even this installation atlas form has
not been evaluated in terms of seismic safety. Moreover,
expansion anchor bolt has been proved not so reliable under
seismic action.
As we have seen, BIPV has been applied worldwide, while
the structural property especially the seismic behavior has
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not been evaluated. Current BIPV forms are seldom applied
on structural facades especially on high-rise structures for
its safety consideration. With the consideration of seismic
safety and material saving, a new kind of PV facade form,
an integrated PV module with shear walls, called U-shaped
steel connected PV integrated shear wall (U-PV-SW), is
proposed according to the current PV installation forms.
As a possible PV facade application form, this U-PV-SW is
designed in detail here. To clarify the construction procedure
and evaluate the structural property and the electricitygeneration capacity, a U-PV-SW model was made and tested.
The design and installation measure are simulated by model
construction. The seismic behavior and power generation
capacity are evaluated under the reversed low cyclic loading
test. And the temperature variation of the PV module and
walls is tested simultaneously.

2. Design and Construction of the U-PV-SW
A U-shaped steel connected PV module integrated shear wall
is designed in this study. The PV module was mounted on the
predesigned embedded steel plates of the shear wall by bolts
and U-shaped steel connectors. In this design, a multicrystalline silicon (mc-Si) PV module with maximum efficiency
of 15% was chosen here. The dimensions and details of the PV
module are shown in Figure 1. The total weight of PV module
is 18.6 kg. The electrical and mechanical characteristics are
listed in Table 1. The shear wall was designed as common
structure member with embedded columns according to
Chinese Code for Seismic Design of Buildings (GB 500112010) and Code for Design of Concrete Structures (GB 500102010) [23, 30]. Four steel plates with dimensions 143 mm ×
110 mm × 8 mm are fixed on the shear wall which is designed
according to request of embedded element in Chinese Code
for Design of Steel Structures (GB 50017-2003) [31]. The
embedded plates were welted with reinforcements cage of
the shear wall by four D8 (diameter = 8 mm) reinforcements
before the concrete were casted. Then, the U-shaped steel
connectors were welted on the embedded steel plate so as
to be fixed on the reinforced concrete shear wall. Since the
PV module is applied on high-rise structures, we chose steel
instead of aluminum alloy as the connector material. The
dimensions of shear wall and embedded plates and U-shaped
connectors are shown in Figure 2.
Commonly, concrete shear walls are designed as a ductile
member and often failed at the corner as concrete crush
and steel bar buckling after earthquake hit. Under this
consideration, the embedded steel plates are located away
from the critical area so as to avoid the connection failure
caused by corner concrete crush.
The U-shaped connectors were welded to the embedded
steel plates after the shear wall concrete was casted, see
Figure 2(a). There is a 15 mm × 12 mm preformed hole on
the U-shaped connector to connect PV module by bolts; see
Figure 2(b). The PV module was connected to the connectors by four D8 (diameter = 8 mm) bolts. Since the main
structural response under earthquake is lateral deformation,
the holes on the U shape connector can provide relative
movement space between bolts and connector like most bolt
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Figure 1: Dimension and details of the PV module (unit: mm). (a) Front view. (b) Back view.

Table 1: The PV module specifications.
Solar panel model
Electrical characteristics (STC)
Peak power Watts-𝑃MAX (𝑊𝑝 )
Power output tolerance-𝑃MAX (%)
Maximum power voltage-𝑉MPP (V)
Maximum power current-𝐼MPP (A)
Open circuit voltage-𝑉OC (V)
Short circuit current-𝐼SC (A)
Mechanical characteristics
Solar cells
Cell orientation
Module dimensions
Weight
Glass
Frame
J-box
Cables
Connector

connected steel elements. Moreover, the installation error can
also be adjusted by the enlarged hole.
Figure 3 shows the installation details of the U-PVSW (U-shaped steel connected PV integrated shear wall).
Firstly, the U-shaped steel connectors were welded in the
predesigned position of embedded plates. Then, the PV
module was connected to the steel connectors by four bolts.
Some pieces of rubber gaskets (HS=45) with a thickness
of 3 mm were placed between the bolts and PV module as
dampers to reduce the collision. The thickness of the air gap
between the PV modules and the facade has a significant
influence on the thermal performance of PV wall [11, 13]. In

TSM-PC05A.08
260
0∼+3
30.6
8.50
38.2
9.0
Multicrystalline 156 × 156 mm
60 cells (6 × 10)
1650 × 992 × 40 mm
18.6 kg
High transparency solar glass 3.2 mm
Black anodized aluminum alloy
IP65 rated
Photovoltaic technology cable 4.0 mm2 , 1000 mm
Original MC4

this paper, the air gap was determined to be about 0.075 m for
Shanghai weather conditions.
The construction procedure was simulated through the
model fabrication. The embedded element is fixed on the
shear wall smoothly, and the U shape connector was also
welted on the embedded plates conveniently, but it takes a
little bit time. If it can be installed by bolt or locked directly,
the installation period can be reduced obviously. When
installing the PV module with the U-shaped connector, the
bolt needs to be screwed carefully. If the space of the U shape
connector is lager, the bolt connecting will be easier or use
lock form.

4
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Figure 2: Details of shear wall, embedded plate, and U-shaped connector. (a) Shear wall and embedded steel plate. (b) U-shaped steel
connector (unit: mm).

Top beam U-shaped connector Embedded
plate
Shear wall

PV module

Foundation
beam

Bolt

Rubber gaskets

Figure 3: Installation details of U-SW-PV.

Through this installation simulation, several suggestions
can be made. (1) The connector can be bolted or locked with
the shear wall; (2) the bolt screw space needs to be considered
when installing the PV module with the connector; and a lock
form connection is preferable.

3. Experimental Investigation
3.1. Test Specimen. The specimen labeled as U-PV-SW was
modeled and tested in this study. The shear wall of this
specimen was designed as 1/2 scaled shear wall of the typical
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Figure 4: Dimension and details of specimen, U-SW-PV-1 (unit: mm). (a) Elevation view. (b) Section 1-1. (c) Plan view of foundation beam.
(d) Section A-A. (e) Section B-B. (f) Section C-C.

story of a high-rise structure. Figure 4 shows the details of
the specimen. The shear wall is 2000 mm in height, 1000 mm
in length, and 125 mm in thickness. The aspect ratio (i.e.,
height-to-width ratio) of the shear wall is 2.0. A reinforced
concrete foundation beam with a cross-section of 550 mm
by 550 mm was casted together with the wall, through which
the specimen was securely clamped to the reaction floor by
4 large size bolts. The reinforced concrete top beam with
a cross-section of 400 mm by 400 mm was casted as well,
through which the horizontal loads were applied to the wall.
As shown in Figures 4(a) and 4(b), the reinforcement
details of the shear wall and the boundary elements were
designed according to the provision of Chinese codes GB
50011-2010 [23] and GB50010-2010 [31]. The reinforcement of
the foundation and top beams was designed strong enough
to ensure the beams will not be damaged during the test, and
there was no damage in the process of the actual test. Figures
4(d), 4(e), and 4(f) present the reinforcing details of these
beams, respectively.
3.2. Material Property. The concrete of C40 is adopted in
the specimen making (nominal cubic compressive strength
𝑓cu,𝑑 = 40 MPa, and design value of axial compressive
strength 𝑓𝑐,𝑑 = 19.1 MPa). Actual cubic compressive strength
𝑓cu,𝑡 of the concrete was tested by cubes of 150 mm ×

Table 2: (a) Material properties of concrete. (b) Material properties
of steels.
(a)

Strength grade
Test cubic compressive strength, 𝑓cu,𝑡 (N/mm2 )
Test axial compressive strength, 𝑓𝑐,𝑡 (N/mm2 )
Young’s modulus, 𝐸𝑠 (N/mm2 )

C40
37.7
28.3
33800

(b)

Yield strength,
𝑓𝑦,𝑡 (N/mm2 )
Ultimate strength,
𝑓𝑢,𝑡 (N/mm2 )
Young’s modulus,
𝐸𝑠 (N/mm2 )

HPB 235
(𝜙6)

HRB335
(Φ10)

Q235
(steel plate)

297.7

451.7

425.5

430

545

440.6

2.0 × 105

1.6 × 105

1.8 × 105

150 mm × 150 mm concrete blocks and the results are listed in
Table 2(a). And the actual value of axial compressive strength
of concrete 𝑓𝑐,𝑡 was tested on a prism with dimension of
300 mm × 100 mm × 100 mm. It is worth noting that the actual
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Figure 6: Loading sequence.

Foundation
beam

3.3. Test Setup, Loading Program, and Instruments. Figure 5
shows the test setup, where the specimen was located in the
steel frame. The foundation beam was clamped to the floor
by bolts. The top beam was connected to a hydraulic actuator
in the horizontal direction by four loading screws (diameter
= 42 mm). Several rollers with out-of-plane support beams
were set on both sides of the top beam of the shear wall to
prevent out-of-plane deformation during the whole test. The
low cyclic lateral load was acted by the actuator mounted
horizontally to the reaction wall. The horizontal loading point
(i.e., the mid-height of the top beam) was 2200 mm above the
base of the wall, so the shear span ratio of the wall was 2.2.
Figure 6 shows the loading history of the test, which was
controlled by displacement. Before the specimen was yield,
the displacement was increased by 1 mm with each cycle.
After the specimen was yield, the displacement was increased
as by 2 mm with every three cycles. The ultimate displacement
was designed as 40 mm, while, in order to ensure the safety
of the specimen, and the last two loading sequence (37 mm
and 40 mm) was maintained only one cycle. In each loading
sequence, the specimen was pushed first and then pulled
by the actuator. The test was terminated when the loading

50
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7
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346 175

1

507
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12
175 317

1000

value of axial compressive strength of concrete 𝑓𝑐,𝑡 was about
0.75 times of 𝑓cu,𝑡 in consistent with the value of 0.76, which
is recommended by the Chinese Code for Design of Concrete
Structures (GB50010-2010) [31].
Four steel embedded plates were made with the steel of
grade Q235 (nominal yield strength 𝑓𝑦 = 235 MPa, design
value of yield strength 𝑓𝑦,𝑑 = 215 MPa). There were two types
of reinforcements in the shear wall, and their strength grades
were HPB235 (𝑓𝑦 = 235 MPa) and HRB335 (𝑓𝑦 = 335 MPa),
respectively. The actual test values of both steel plates and
reinforcements are listed in Table 2(b). The bolts of D8 are
used to connect U shape steel connector and PV module
(nominal ultimate strength of D8 bolts, 𝑓𝑢 = 400 MPa, and
the ratio 𝑓𝑦 /𝑓𝑢 = 0.8).

1000

Figure 5: Test setup.

13
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Figure 7: Location details of LVDTs.

displacement reached 40 mm, (40 mm is 1/50 of the height
of the specimen). It is regarded that a structure may collapse
when the story drift angle exceeds the criterion of 1/50 [23].
During the experiment of the specimen, several sensors
and data acquisition system were employed to collect the
structural behavior information. The sensors in the actuators
were used to measure the lateral load and top displacement of the specimen. The LVDTs (linear variable different
transformers) were used to measure the global and local
deformations of the shear wall. Figure 7 gives out the location
of the LVDTs distributed on the specimen. Three LVDTs
(LVDTs 1# to 3# ) were used to measure the displacement
variation along the height of the wall. One pair of intercrossed
LVDTs (LVDTs 4# and 5# ) measured the shear deformation
of the wall. Two pairs of horizontal LVDTs (LVDTs 6# to 9# )
measured the lateral displacement along the height of the
PV module in both left and right sides. Another two pairs
of horizontal LVDTs (LVDTs 10# to 13# ) were employed to
measure the lateral displacement of the four connectors. In
addition, several strain gauges were stuck on the steel bars
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Subsequently, the outmost longitudinal reinforcement of the
boundary element became yield according to the tested
steel bar property. Next, the diagonal cracks were generally
observed immediately after the initial yielding of the outmost
longitudinal bars. And Figure 10(b) shows the cracks on the
shear wall when the drift angle is 1/120 (that is a safety limit
under severe earthquake according to Chinese seismic code).
And the PV module still remained perfect at this moment (see
Figure 10(c)). With the increasing of the horizontal loading,
new horizontal and diagonal cracks developed fast, and the
maximum width of the cracks were near 2 mm. Then, it is
observed that the concrete cover at the bottom of the shear
wall became crushed. Following the concrete cover spalling,
the stirrups and longitudinal reinforcements were exposed,
and the bars buckled or broke finally.
4.1.2. Damage and Failure Pattern

Figure 8: Instruments for measuring temperature and electricity.
(a) GRAPHTEC midi logger GL800. (b) EKO MP-170.

of the shear wall to measure the vertical, horizontal strain
variation during the test.
Figure 8 shows the instruments for measuring temperatures and electricity performance of the PV module. As the
test was conducted in winter, the sunshine is not so rich,
and artificial sunshine environment was established in the
laboratory by using several high-power halogen lamps, which
were equally spaced to ensure the uniform of irradiance
(see Figure 9). The artificial lighting system was consisted by
four 500 W halogen lamps in the middle height of the PV
module and four 1000 W halogen lamps at the upper and
bottom height of the PV module. The position was fixed
during the whole testing process to confirm the same lighting
condition. Three thermocouples were used to measure and
record the temperature variation of U-SW-PV. Two of them
were stocked on the internal and external surfaces of the shear
wall. Another one was stuck on the back surface of the PV
module. The temperature data of the three thermocouples
was collected by a data logger (GRAPHTEC midi logger
GL800, see Figure 8).
The power generation behavior of PV module was tested
by I-V tracer (EKO MP-170, made in Japan). The voltage
and current variation curve, the maximum power—𝑃MAX , the
voltage at the maximum power point—𝑉MPP , and current at
the maximum power point—𝐼MPP were also recorded by the
I-V curve tracer. Actual test setup and instruments are shown
in the Figure 9.

4. Experimental Results
4.1. Seismic Performance of U-SW-PV
4.1.1. Overview. The typical development of the observed
damage was shown in Figure 10. Initial horizontal cracks
appeared at the bottom of both sides of the wall when the
top displacement reached 8 mm, as shown in Figure 10(a).

(1) Shear Wall. The shear wall of the U-SW-PV specimen
experienced reinforcements local buckling and concrete
compressive crushing. The damage process can be divided
into elastic stage, plastic stage, and severe failure stage. (1)
The elastic stage started from the initial loading to the yield
state of the specimen. In the elastic stage, the top drift angle of
the specimen is within 1/200, which meets the requirement of
the Chinese seismic code (i.e. 1/1000). Drift angle is defined
as the ratio of the lateral top displacement to the height
of the shear wall. When the drift angle is 1/200, the strain
of the reinforcements indicated the steel bars at the outer
edges of the bottom of the wall also yielded. (2) After the
specimen yielded, cracks and concrete spalling developed fast
with the increasing of the loading. And the longitudinal bars
came to be exposed. When the drift angle reached 1/116, the
lateral force reached the peak value. (3) Then, it is the severe
failure stage, which started from the specimen reaching the
peak load to the specimen’s almost collapse. In the end, the
longitudinal bars fractured and the concrete in the plastic
hinge area was crushed extremely.
(2) Connection. The embedded plates and the U-shaped
connector have not subjected any damage during this test
(see Figure 11). Only tiny cracks appeared on the concrete
around the embedded steel plates, and no concrete spalling
or crushing was observed. Figure 11 demonstrates the details
of the specimen after the test finished. From this figure, we
can see the U-shaped connectors remained perfect when the
specimen reaches the ultimate state.
(3) PV Module. The PV module is installed on the shear
wall by 4 U shape steel connectors. There is no any physical
damage found during and after the cyclic lateral loading test.
The tempered glass, the solar cells, and the aluminum alloy
frame were still in perfect physical condition.
4.1.3. Lateral Force-Top Displacement Relationship and the
Deformation Capacity. The relationship curves of the lateral
force and the top displacement of the shear wall, including
the hysteresis loop curves and the envelope curve, are shown
in Figures 12(a) and 12(b), respectively. The hysteresis loop
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Figure 9: The real test setup and instruments for U-SW-PV-1. (a) Test setup. (b) Connection of U-shaped connector and embedded steel
plate. (c) Connection of U-shaped connector and PV module. (d) Instruments (GL800 and EKO MP-170).

(a) Initial state

(b) Cracks on shear wall

(c) PV module

Figure 10: Typical damage development. (a) No damage (drift angle: 1/1000). (b) Cracks on shear wall (drift angle: 1/120). (c) No damage on
PV module (drift angle: 1/120).

curves of the wall appeared as reversed “S” and were similar to
the same type shear walls [25–29]. The yielding and ultimate
state are illustrated in Figure 13. The hysteresis curves of the
shear wall are almost linear and the residual drift angle is less
than 1/1000. When the shear wall is yield, the loading stiffness
is apparently decreased, and the lateral bearing force is still
increased. When the drift angle increases to 1/120 (i.e., the
drift angle limit for the RC shear wall structure subjected to an

earthquake specified by code GB50011-2010 [23]), the residual
drift angle of unloading is about 1/400. With the increase of
the loading level, the hysteretic loops became plumper until
the specimen failed.
The displacement ductility coefficient is defined as
𝜇Δ =

Δ𝑢
.
Δ𝑦

(1)
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Figure 11: Damage details of the U-shaped connectors when the specimen reached its ultimate state.
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Figure 12: Lateral force-top displacement curve of the shear wall. (a) Hysteresis loop curves. (b) Envelope curve.

Here, Δ 𝑢 and Δ 𝑦 are ultimate displacement and yield displacement, respectively. The ultimate drift angle is
𝜃𝑢 =

Δ𝑢
,
𝐻

(2)

where “H” is the height of the LVDT 1# to the wall basement.
The ultimate drift angle 𝜃𝑢 is the average value of the pulling
and pushing directions. The critical deformation values are
listed in Table 3.

4.2. Seismic, Electricity Generation, and
Temperature Performance
4.2.1. Seismic Performance. Glass is the main carrier of PV
module, so the PV module integrated building facades can be
considered as a special type of curtain wall. According to the
Chinese Technical Code for Glass Curtain Wall Engineering
(JGJ 102-2003) [32], the ultimate story drift angle limit value
in the glass curtain wall is three times of the elastic drift angle
limit of the main structure in seismic design. Since the elastic
story drift angle limit value of shear wall structure is 1/1000,
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Figure 13: Definition of yielding and ultimate state of the shear wall.
(Note: yield point is the point on the curve with the same abscissa
with the intercross point of the horizontal line at peak point and the
connecting line between 75% peak point and origin; ultimate point
is the point on the curve when the lateral force decreases to 85% of
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thus the ultimate limit value of PV module is 3/1000, which is
a relatively conservative design value to actual damage value.
To test the deformation of the PV module during the
cyclic lateral loading procedure, the maximum horizontal
displacements of PV module and U-shaped connectors in
every loading cycle were monitored and recorded by LVDTs
(i.e., LVDTs 6# to 9# for PV module and LVDTs 10# to
13# for U-shaped connectors, see Figure 7). The locations
of measurement points were shown in Figure 14(a), and
the maximum displacements were shown in Figure 14(b).
The curves in Figure 14(b) were the connection line of
the maximum displacements during every loading cycle.
Accordingly, three deformation stages were divided here. The
first is the absolute elastic deformation. In this stage, the
shear wall drift angle is about 1/200, and the PV module and
connectors were basically in linear state. When the absolute
displacements are between 10 and 20 mm, the shear wall was
in the damage developing stage (second stage). And, in this
stage, the envelope curves appeared obvious fluctuation. With
the development of the cracks and the yielding of the longitudinal reinforcement, the deformation of the shear wall came
into nonlinear state, which did not keep linear deformation
relationship with the PV module. The last deformation stage
is defined by the absolute displacements between 30 and
40 mm. In this stage, the curves of the lower position (PV 3, 4
and connectors 3, 4, as shown in Figure 14(a)) were obviously
nonlinear due to the severe damage of the shear wall foot.

Maximum displacement of PV/connectors (mm)

40

Table 3: Critical deformation and ductility coefficient.
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Figure 14: The maximum horizontal displacements of PV module
and U-shaped connectors. (a) Location of deformation monitors. (b)
The maximum horizontal displacements.

To illustrate the deformation compatibility of the shear
wall and the PV module, the drift angle development of the
shear wall and the PV module are drawn in Figure 15. In
this figure, the difference of the drift angle during the whole
loading process (presented by 1) can be observed. Since the
loading was added on the beam of the shear wall, the drift
angle development of the shear wall is the most obvious. The
drift angle development of the PV module is in accordance
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Figure 15: The displacement difference between the PV module and
the shear wall.

with that of the shear wall at first; to be exact, the two curve
matched with each other before the shear wall came into the
limit value of plastic drift angle (i.e., 1/120 [23]).
From Figure 15, we can find that, with the increase of
lateral load, the drift angle of the shear wall grows up
gradually (the maximum drift angle is 15.06/1000), while the
growth of the PV module drift angle is not so obvious (the
maximum drift angle is 10.75/1000). The difference of the drift
angle of the shear wall and PV module was also drawn out
in Figure 15. With the increase of the lateral displacement,
the difference of the two drift angle grew up gradually. The
minimum difference of the drift angle is 2.82/1000 when the
shear wall is in severe damage stage (i.e., no collapse stage
according to China code [23]). However, when the shear wall
failed, the value is 6.22/1000. The growth of the difference of
the two drift angle indicates that the incompatibility of the PV
module and the shear wall became obvious with the plastic
development of the specimen.
The investigation of the drift angle development can
provide the following information. (1) According to Chinese
seismic design code [23], the U-PV-SW is exactly perfect
before the drift angle reaches 1/1000 (1/1000 is the critical
limit of elastic state of shear structures in Chinese Seismic
Code) and did not collapse or get severely damaged before
the drift angle reaches 3/1000 and 1/120 (3/1000 and 1/120 is
the critical limit of plastic state of glass curtain wall and shear
wall structures in Chinese Seismic Code); (2) the drift of the
PV module is in accordance with that of the shear wall before
the drift angle reaches 1/120; (3) when the drift angle of the
shear wall is over the plastic limit of Chinese seismic code
(i.e., 1/120), the difference of the two-drift angle became more
and more obvious. The maximum difference of the two-drift
angle is 6.22/1000, which indicates that deformation of the
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shear wall and the PV module is obviously inconsistent at the
large deformation stage.
4.2.2. Electricity Generation Performance. The I-V curves and
P-V curves of the PV module during the whole test process is
shown in Figure 16. The artificial lighting environment was
established before the test. The I-V and P-V data of the PV
module were measured and recorded by the EKO MP-170
I-V curve tracer before and during the whole cyclic test.
It is worth noting that the voltage of the artificial lighting
power supply became higher than before when the socket
was changed to another one after the lateral top displacement
reached 33 mm for circuit problem. So, the artificial lighting
condition can be divided into two stages as seen in Figures 16
and 17. So, the generated power in the first lighting condition
is far less than the second lighting condition. The curves of
both I-V and P-V are also obviously different under the two
lighting conditions as shown in Figure 16.
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Table 4: Electric power output of the PV module under the two artificial lighting conditions.

Power (W)
Average value
Percentage

Elastic stage

Plastic stage

53.029
100%

52.256
98.54%

No collapse stage
Condition 1
52.584
99.16%

Condition 2
60.585
/

Note:
A The percentage was defined as the average power output ratio to that of elastic stage.
B According to Chinese seismic code [23], the drift angle of elastic stage is within 1/1000 and the plastic ultimate stage is 1/120.

4.2.3. Temperature Variation. As mentioned above, the temperature sensors were stuck on internal and external surface
of the shear wall center and the back of the PV module center.
The temperature variation of the back surface of PV module
and the internal and external surfaces of shear wall during the
whole test process were monitored and shown in Figures 18
and 19. In addition, the temperature difference curve between
the back of PV module and external surface of shear wall
was drawn in Figure 18, and the temperature difference curve
between the external and internal surface of shear wall was
drawn in Figure 19.
During the whole test, the ambient temperature was
around 7∘ C (Dec 26, 2013, Shanghai). The test was conducted
from 8:30 am to 14:30 pm, and there was a break in lunch time.
The temperature was measured through the whole process
of the cyclic test. According to the measurement results,
the temperature of PV module rose fast under the artificial
lighting and maintained around 40∘ C soon. The temperature
of the external surface of the wall increased from 8∘ C to
15.9∘ C. The temperature of the external surface of the shear
wall increased obviously at first and then came to increase
slowly. It rose from 7.7∘ C at 8:35 am to 10.7∘ C at 9:38 (rose
3∘ C/1 h) and rose from 14.6∘ C at 13:08 to 15.1∘ C at 14:08 (rose
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The maximum power outputs of the PV module were
shown in Figure 17. Because the temperature of the experimental environment is relatively cold, and the test was
conducted in the indoor laboratory, the artificial lighting is
employed to simulate the sunshine, as shown in Figure 9.
Under the artificial lighting conditions, the current and
the voltage generated by the PV module were collected.
The average maximum power generated by the PV module
was around 52.45 W under the first lighting condition (the
lateral top displacement of shear wall is within 1 mm to
31 mm). And the average maximum power was up to around
60.58 W under the second lighting condition (the lateral top
displacement of shear wall is within 31 mm to 40 mm). The
electric power output performance of the PV module under
the two artificial lighting conditions is listed in Table 4. In
this table, the power generation performance is compared
under different specimen drift angle with the same lighting
condition.
From Figures 16 and 17 and Table 4, we can find that
the power generation performance keeps stable under cyclic
movement, and the power capacity is not obviously influenced by the failure of the shear wall. To be exact, the power
output in plastic stage is 98.54% compared to the elastic stage
and 99.16% in “no collapse” stage (severe damage stage).
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Figure 18: The temperature data of PV module and the external
surface of shear wall.

0.5∘ C/1 h). Therefore, the temperature tends to be basically
constant.
Figure 19 shows the temperature of shear wall in both
external and internal surfaces. The temperature of internal
surface of the shear wall increased with the cyclic experiment
process, and its final temperature reached up to 13.6∘ C at
14:19 pm. The temperature difference between the external
and internal surface was maintained around 2∘ C during most
of the test process.
Each temperature curve in Figures 18 and 19 showed that
the temperature variation was not obviously influenced by
specimen drift state or damage development state, and the
PV module and the shear wall tend to maintain at a certain
temperature value under the irradiation condition.

5. Discussions
This paper investigated the seismic, electricity generation,
and thermal performance of the U-shaped steel connected
PV module integrated shear wall (U-PV-SW), as well as
the construction procedure. From the above tested results,
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the U-PV-SW demonstrates the applicability to be used in
residential or office buildings.
(1) Seismic Performance. The failure pattern of the shear wall
demonstrates that the damage pattern has not been obviously
influenced by the integrated PV module. The critical failure
pattern is also at the bottom corner as concrete crushing
and steel bars buckling. It is almost the same as the tests
the authors had conducted for the similar shear walls [27–
30]. The drift angle of the shear wall is 1/200 and 1/116,
which meets the requirement of Chinese seismic design code
[23]. As Chinese seismic design code gives out the limits
at elastic stage and plastic stage, these two limits of shear
structures are 1/1000 and 1/120. Actually, these two limits are
applied to confirm no damage at frequent earthquake and
no collapse at severe earthquake. According to this idea, the
U-PV-SW specimen absolutely meet the requirement for it
has no damage before the drift angle is 1/200 and does not
collapse till the specimen reached the ultimate state, when the
drift angle is close to 1/50.
The PV module is integrated to the shear wall by Ushaped steel connector. Because the main component of
PV module is a brittle material, the connector is designed
to have enough deformation capacity to prevent the large
deformation of PV module when the shear wall gets under
severe earthquake. The tested result indicates the PV module
and the U shape steel connector suffered no visible damage
during the whole seismic simulation test. The drift angle of
PV module is basically in accordance with that of the shear
wall when the shear wall is within plastic stage. And it is not
increased as obviously as that of the shear wall in “no collapse”
(severe damage) state. The maximum drift angle of the PV
module is 10.75/1000, and that of the shear wall is 15.06/1000.
The drift angle difference is about 1/200 when the specimen
reached the ultimate state. Therefore, the U shape connector
plays an important role in reducing the deformation of the PV

module when the shear wall has severe lateral deformation.
The electricity generation efficiency also provides evidence to
perfect condition of the PV module. According to Chinese
seismic design of glass curtain wall [32], the drift angle limit
is 3/1000, while the PV module is not damaged when the
drift angle is 10.75/1000, which is far more than that of the
required limit value. Therefore, even if the PV integrated
shear wall structures are designed according to the current
code, it meets the deformation limit requirement.
An important issue is noted here. The drift angle of shear
wall is 1/120 under severe earthquake in Chinese seismic
design code, and the drift angle limit of glass curtain wall
is 3/1000 (about 1/333), which is far less than that of shear
wall. If we design the PV integrated shear wall structure with
the limit of 3/1000, it will be too strict for the structures
and will result in much waste. Two ways are suggested to
address this issue. One is to design the connector with enough
deformation capacity and vibration reduction effect. The
other is to amend the deformation limit of PV system. Both
of the two ways need to be investigated for the seismic design.
(2) Electricity Generation Efficiency. The electricity generation
variation is monitored in the same irradiation condition
during the whole seismic simulation test. The collected results
are divided into three stages. And the electricity generation at
each stage is almost at the same condition. That indicates the
electricity generation capacity is not influenced by the lateral
deformation of the PV module, and the condition of the PV
module is still perfect after the test.
These results indicate that, after severe earthquake hit, the
PV module integrated on the buildings can be with perfect
condition to continue to generate electricity, so to improve the
earthquake rescue capacity by necessary power supply. That
is important for life safety and earthquake relief.
(3) Thermal Performance. Under the artificial irradiation,
the highest temperature of PV module reached 41.1∘ C, and
those of the external and internal shear wall surface tend
to be maintained at 15.9∘ C and 13.7∘ C. The temperature
difference of the external and internal shear wall surface was
maintained at 2∘ C. As known to us, shear wall is a kind
of structural member with good insulation performance;
with external and internal insulation construction layer, the
thermal performance can also be improved. So, applying
the PV system to high-rise shear wall structures has both
electricity generation capacity and obvious energy saving
effect. The maximum temperature difference between shear
wall external surface and PV module back is 28.5∘ C. So,
the tested temperature variation provides the evidence that
the temperature increase can be obviously reduced by the
existence of the air gap. The flowing air can reduce the
growth of the building temperature, and, on the other hand,
it can ensure that the electricity generation capacity is not
influenced by the temperature increase.
(4) Construction Convenience. The construction procedure of
the U-shaped steel connected PV module integrated shear
wall is practiced in this experimental study. The embedded
element can be fixed in shear wall conveniently. But, the bolt
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method is preferable to the weld method considering the convenience of the installation of the U-shaped steel connector.
And the U-shaped connector needs to be optimized with the
shape and dimension to install or change the PV modules.
However, to allow the deformation incompatibility between
the PV module and the shear wall, the optimized connector
needs to have enough deformation capacity.

6. Conclusions
This paper proposed a U-shaped steel connected PV integrated shear wall (U-PV-SW). A lateral cyclic loading test was
carried out to evaluate the seismic, electricity generation, and
thermal performance. The findings and conclusions can be
summarized as follows.
(1) The seismic performance of the shear wall of the UPV-SW is not obviously influenced by the integrated
PV module. And the PV module is in accordance with
the shear wall within the plastic drift limitation in
Chinese seismic code. The U-shaped connector has
obvious deformation capacity to reduce the drift angle
of PV module by 1/200, compared with that of the
shear wall at the ultimate stage.
(2) The electricity generation capacity is not influenced
by the lateral deformation of the PV module. The
power output is almost the same at different deformation stages according to the shear wall seismic design
limit. And, with the U-shaped flexible connection,
the condition of the PV module is perfect till the
completion of the test.
(3) The temperature increase can be obviously reduced by
the existence of the air gap. According to the tested
result, the maximum temperature difference between
shear wall external surface and PV module back is
28.5∘ C.
(4) The construction practice indicates the U-shaped
connector needs to be further improved to meet the
requirement of easy construction, optimal air gap, and
the effective deformation capacity.
Applying the BIPV technology to high-rise buildings
needs to meet the requirement of the seismic design code.
The design code of glass curtain wall is not adequate for
the design of PV module system and should be improved in
future PV system design. The connector form still needs to be
optimized considering the seismic safety and efficient service
performance of both the PV and shear wall.
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Microcontroller based maximum power point tracking (MPPT) has been the most popular MPPT approach in photovoltaic systems
due to its high flexibility and efficiency in different photovoltaic systems. It is well known that PV systems typically operate under
a range of uncertain environmental parameters and disturbances, which implies that MPPT controllers generally suffer from some
unknown stochastic perturbations. To address this issue, a novel Newton-based stochastic extremum seeking MPPT method is
proposed. Treating stochastic perturbations as excitation signals, the proposed MPPT controller has a good tolerance of stochastic
perturbations in nature. Different from conventional gradient-based extremum seeking MPPT algorithm, the convergence rate
of the proposed controller can be totally user-assignable rather than determined by unknown power map. The stability and
convergence of the proposed controller are rigorously proved. We further discuss the effects of partial shading and PV module
ageing on the proposed controller. Numerical simulations and experiments are conducted to show the effectiveness of the proposed
MPPT algorithm.

1. Introduction
Recent years have seen a growing interest in the research of
solar energy, which is mainly due to the advantages solar
energy has over traditional fossil energies, including safety,
sustainable source of energy, less environment pollution, and
numerous market potentials. As the main available solar technology, photovoltaic array has been widely used in satellites
and spacecrafts, solar vehicles, and domestic power supply;
see [1, 2] and the references therein.
The process of guiding a photovoltaic array to its maximum power point is called maximum power point tracking.
Due to the inherent nature of photovoltaic cells, the powervoltage curves of PV cells depend nonlinearly on temperature
and irradiation intensity; see [3–5]. This fact, however, means
that the operating current or voltage that maximizes the output power will change with environmental conditions. To
maintain the maximum output power regardless of environmental parameters, one common way is to design MPPT

control system to regulate operating current or voltage to the
maximum output power point.
With the rapid development of embedded technology,
microcontroller based MPPT control system has been the
dominated approach in current photovoltaic systems [5]. This
approach is favoured because researchers and engineers prefer to program elegant and advanced MPPT algorithms rather
than design complicated and expensive MPPT control circuits.
There are a number of MPPT control algorithms that
have been proposed in the literature, among which the two
primary algorithms are incremental conductance (IncCond)
algorithm [5] and perturb and observe (PO) algorithm [6]. In
PO algorithms, a step perturbation is added into the control
signal and used to monitor the direction of changes in power.
PO has been a commercial algorithm because of its ease of
implementation. The main drawback of PO algorithm is that
it will oscillate at the maximum power point. Also, it has
been shown that PO fails to track the rapidly changing
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irradiance [7]. The IncCond algorithm tracks the maximum power point by comparing the instantaneous and
incremental conductances of the PV array. Thus it can track
the rapidly changing irradiance. However, the harmonic
components of array voltage and current need to be measured
and used to adjust the reference voltage, which implies that
errors at the maximum power point occur due to the low
precision sensors used [8].
A promising new MPPT algorithm is the method of extremum seeking (ES) control; see [9–12]. As a model-free, realtime optimization method, ES is well suited for applications
with unknown or partly known dynamics and external
perturbations, such as photovoltaic systems [11]. ES uses perturbation signals (either from external disturbances or from
converter ripples) as probing signals to estimate the gradient of the power map and then update the control signal
according to the estimation [12]. It has been shown that ES
has the advantages of both rigorously provable convergence
and simplicity of hardware implementation [13]. However,
existing extremum seeking MPPT controllers still suffer from
the following two limitations.
(i) In existing extremum seeking MPPT controllers, perturbation signals are generally assumed to be periodic. On the one hand, the assumption is rather ideal
since external disturbances are typically unknown
and stochastic; on the other hand, the requirement of
orthogonality makes periodic ES difficult to extend to
multivariable cases.
(ii) In existing extremum seeking MPPT controllers, the
convergence speed is typically defined by the gradient
of power map of PV systems, which implies that
control systems will be highly influenced by unknown
and changing environmental conditions. To construct
a practical MPPT control system, the convergence
of MPPT controller should be user-assignable rather
than being dependent on environmental conditions.
Thus the aim of this paper is to provide an improved
extremum seeking MPPT control algorithm to solve these
problems. Recent progress in stochastic averaging theory
has made it possible to consider more general stochastic
perturbations when designing extremum seeking controllers;
see [14, 15]. In [14], Liu and Krstic provide a systematic design
of extremum seeking when stochastic perturbations exist
and prove the stability of the stochastic extremum seeking
via a developed stochastic averaging theory. The theoretical
part of this paper is based on the findings of [14, 15] and
we further propose a Newton-based stochastic extremum
seeking MPPT controller considering physical features of
photovoltaic systems. We conduct extensive simulations and
experiments to show the effectiveness of the proposed control
algorithm.
The remainder of the paper is organized as follows. In
Section 2, preliminary knowledge about photovoltaic modelling and maximum power point tracking is introduced. In
Section 3, a new Newton-based stochastic extremum seeking
MPPT controller is designed. The tracking performance
of the proposed controller is evaluated in Section 4. We
conclude the paper in Section 5.

Ipv
Iph

Rs

Id

PV
Rp module

Upv

Load

Figure 1: The equivalent electrical circuit of a photovoltaic module.

2. Photovoltaic Modelling and MPPT
In this section, we will introduce some preliminary knowledge about PV array and MPPT. A photovoltaic array typically consists of several photovoltaic modules connected in
series or parallel to obtain the desired output voltage and current. Thus we first introduce the electrical characteristics of
PV modules. More detailed background information can be
found in [16].
A photovoltaic module can be seen as a black box that
produces a current 𝐼pv at a voltage 𝑈pv . The inside of that black
box can be described by an electric circuit with 4 components,
as shown in Figure 1.
(i) Current source: this is the source of the photo current,
which can be denoted by
𝐼ph = 𝑆 ⋅ 𝐻 ⋅ 𝜉,

(1)

where 𝑆 is the module area, 𝐻 is the intensity of
incoming light, and 𝜉 is the response factor.
(ii) Diode: this nonlinear element reflects the dependence
on the band gap and losses to recombination. It is
characterized by the reverse current 𝐼𝑑 .
(iii) Shunt resistor 𝑅𝑝 : it represents losses incurred by
conductors.
(iv) Serial resistor 𝑅𝑠 : it also represents losses incurred by
nonideal conductors.
The relationship between current 𝐼pv and voltage 𝑈pv of a
photovoltaic module is then expressed by
𝐼pv = 𝐼ph − 𝐼𝑑 [exp (

𝑈pv + 𝐼pv 𝑅𝑠
𝑈𝑇

) − 1] −

𝑈pv + 𝐼pv 𝑅𝑠
𝑅𝑝

, (2)

where 𝑈𝑇 = 𝑞𝑘𝑇/𝑒 with ideality factor 𝑞, temperature 𝑇,
Boltzmann constant 𝑘 = 1.38𝑒−23 , and the elementary charge
𝑒 = 1.602𝑒−19 .
Then the output power 𝑃pv of a photovoltaic module is
denoted by
𝑃pv = 𝑈pv 𝐼pv = 𝑓 (𝑈pv ) ,

(3)

where function 𝑓(⋅) is determined by manufacturing and
environmental parameters, such as module area 𝑆, irradiance
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Figure 2: I-V characteristics of KC65T PV module at various irradiance levels.

𝐻, response factor 𝜉, and temperature 𝑇, and thus is generally
unknown or partially known a priori.
Figure 2 shows the I-V characteristics of the KC65T
photovoltaic module at various irradiance levels; see the
datasheet of KC65T [18]. With light varying its intensity
throughout the day, the maximum power point moves to
different voltages and currents. Thus a MPPT control system
is typically adopted between the photovoltaic module and the
load to adjust the output voltage or current and maintain the
maximum power output.
The schematic of a photovoltaic MPPT control system
with stochastic perturbations is shown in Figure 3. The photovoltaic panel converts solar energy to electrical energy via
the photovoltaic effect. A MPPT control system is designed
between the photovoltaic panel and load to optimize the conversion efficiency. The adopted MPPT control system consists
of three components: MPPT controller, DC-DC driver, and
DC-DC converter. The proposed MPPT system can be either
voltage control or current control depending on which one
is used as the control variable of the MPPT controller. In
this paper, we design the MPPT control system with voltage
control, but the proposed method is also suited to current
control cases.
As the DC-DC driver and converter are relatively mature
in electrical industry, the main work in MPPT control
system is the design of MPPT control algorithm. Such a
research interest has continued for decades, since even small
improvements in performance can lead to great economic
benefits. Though considerable progress has been made in this
field, the following two problems have not been effectively
solved:
(i) how to optimize the output power with unknown
power map when stochastic external disturbances
exist;
(ii) how to assign the convergence speed by designers
rather than unknown power map.

In this section, we propose a new Newton-based stochastic
extremum seeking MPPT controller to handle the above
two difficulties. The proposed controller not only inherits
the advantages of classical extremum seeking in model-free
optimization but also shows its distinctive features in dealing
with stochastic perturbations and assigning convergence
rates. In what follows, we will introduce the control structure, implementation, and stability analysis of the proposed
controller. Some further discussions will be provided in
Section 3.5.
3.1. Controller Structure. In order to illustrate the motivation
of designing Newton-based extremum seeking MPPT controller, we first introduce the application of classical gradientbased extremum seeking in MPPT of photovoltaic systems.
Figure 4 shows the control structure of a gradient-based
extremum seeking MPPT controller.
As shown in Figure 4, 𝜏 is the duty cycle of PWM waves,
̂pv is the estimation of
𝜂 is the stochastic perturbation, and 𝑈
desired voltage that optimizes the power map. The model of
DC-DC driver and converter can be simplified as follows:
̂pv ) ,
𝜏 = 𝑔 (𝑈pv , 𝑈

(4)

𝑈pv = ℓ (𝜏) .

(5)

The maximum power point (MPP) of the photovoltaic
system is defined as
∗
∗
𝑃pv
= 𝑓 (𝑈pv
) = 𝑓 (ℓ (𝜏∗ )) ≜ max 𝑃pv ,

(6)

∗
where 𝑈pv
, 𝜏∗ are the desired voltage and duty cycle at the
MPP.
̃pv by
We then denote the voltage estimation error 𝑈

̃pv = 𝑈
̂pv − 𝑈∗ .
𝑈
pv

(7)

For the purpose of illustration, assume that the power
map 𝑓(⋅) is of the quadratic form; then the averaged system
is obtained by
̃̇
̃
𝑈
pv = 𝑘H𝑈pv ,

(8)

where H is the second derivative (Hessian) of the power map.
Equation (8) shows that the convergence rate is governed by
the unknown Hessian H, which is highly influenced by environmental conditions, such as irradiance and temperature.
A practical MPPT control system often requires that the
convergence of the controller should be designer-assignable.
We next show that this goal can be realized with the Newtonbased extremum seeking.
If the power map is known, the following Newton optimization algorithm can be used to find the maximum power
point:
𝑑𝑃pv
𝑑𝑡

= −(

𝑑2 𝑓(𝑈pv )
2
𝑑𝑈pv

−1

)

𝑑𝑓 (𝑈pv )
𝑑𝑈pv

.

(9)
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Figure 3: The schematic of a photovoltaic MPPT control system with stochastic perturbations.
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DC-DC
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𝜏

where 𝜂 is a general stochastic signal and 𝑆(𝜂) = 𝑎 sin(𝜂),
𝑀(𝜂), and 𝑁(𝜂) are the output of signal generator Ψ with the
original signal 𝜂.

Ppv = f(Upv )

DC-DC ̂
driver Upv+

k
s

×

𝜂(t)

Figure 4: The structure of gradient-based extremum seeking MPPT
controller.

If 𝑓(⋅) is unknown, then an estimator is needed to approximate 𝑑𝑓(𝑥)/𝑑𝑥 and 𝑑2 𝑓(𝑥)/𝑑𝑥2 . Then the purpose of the
controller design is to combine the Newton optimization
algorithm (9) with estimators of the first and second derivatives of power map to achieve the maximum power point
tracking.
̂ be the estimation of the first-order derivative, H
̂
Let 𝐺
the estimation of the second-order derivative, and Γ the
estimation of inverse of second derivative. Then we propose a Newton-based stochastic extremum seeking MPPT
controller in Figure 5. As shown in Figure 5, the first-order
̂ = 𝑃pv 𝑀(𝜂) and the secondderivative of 𝑓 is estimated by 𝐺
̂ = 𝑃pv 𝑁(𝜂). It is
order derivative of 𝑓 is estimated by H
̂ directly when H
̂ is
typically difficult to derive Γ = 1/H
̇
̂
close to zero. Instead, a dynamic estimator Ξ = −ℎΞ + ℎH
is employed to approximate Γ.
We rewrite the proposed control algorithm in state space
as
𝑈pv = 𝑔 (𝜏) ,
̂pv ) ,
𝜏 = ℓ (𝑈pv , 𝑈
̂̇
𝑈
pv = −𝑘Γ𝑀 (𝜂) 𝑃pv ,
Γ̇= ℎΓ − ℎΓ2 𝑁 (𝜂) 𝑃pv ,

(10)

Remark 1. The signal generator outputs 𝑀(⋅), 𝑁(⋅) play an
important role in the Newton-based stochastic extremum
seeking, since they are used to estimate the first-order and
second-order derivative of power map 𝑓(⋅), respectively.
Theoretically, they can be any bounded and odd continuous
functions. However, considering the practical stability of the
photovoltaic system, we choose 𝑀(⋅), 𝑁(⋅) by following the
design principle in [19] as
𝑀 (𝜂) =
𝑁 (𝜂) =

1
sin (𝜂) ,
𝑎𝑊0 (𝑞)

1

2

𝑎2 𝑊02 (√2𝑞)

(11)

(sin (𝜂) − 𝑊0 (𝑞)) ,

where variables 𝑊0 (𝑞) and 𝑊1 (𝑞) are defined as follows:
𝑊02 (√2𝑞) = 2 (𝑊1 (𝑞) − 𝑊02 (𝑞)) ,
𝑊0 (𝑞) =
𝑊1 (𝑞) =

2
1
(1 − 𝑒−𝑞 ) ,
2

(12)

3 1 −𝑞2 1 −4𝑞2
− 𝑒 + 𝑒 .
8 2
8

3.2. Controller Implementation. In this subsection, we provide a detailed flow chart of the implementation of the
proposed Newton-based extremum seeking MPPT method,
as shown in Figure 6. The basic idea of the controller implementation is that the controller measures the output voltage
and current and then computes the output power. Then the
first derivative and second derivative of the power map are
estimated, respectively, based on the product of output power
and stochastic signals. If the termination criterion is satisfied,
go to the next iteration. If not, regulate the duty cycle and
output voltage to update the output power and go to the next
iteration.
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Figure 5: The structure of Newton-based extremum seeking MPPT controller.
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Figure 7: Three different regions of an illustrative P-V curve.
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Compute the estimation voltage
̂ pv (k + 1) = −kΓ(k)M(𝜂(k))Ppv (k)
U
2
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Upv (k) = g(𝜏(k))

k← k+1

Figure 6: Flow chart of the Newton-based extremum seeking MPPT
method.

3.3. A Heuristic Analysis. In this subsection, we provide a
heuristic analysis of the Newton-based extremum seeking
MPPT controller. This illustrative analysis will be helpful

in understanding the proposed MPPT algorithm. A more
rigorous stability analysis is provided in Section 3.4.
In the I-V characteristics of a PV module, there are three
different regions, namely, current source region, MPP region,
and voltage source region [20]. These three regions correspond to the regions A, B, and C in the P-V curve, as shown
in Figure 7. We will introduce the actions of the MPPT controller in these three regions and explain how the MPPT is
achieved.
The update of control signal 𝜏 in (10) can be further
simplified as
𝜏 (𝑘 + 1) = 𝜏 (𝑘) + Δ𝜏 (𝑘) ,

(13)

where Δ𝜏(𝑘) is the update of the control signal 𝜏 in one iteration.
In what follows, we will introduce the update of control
input 𝜏 and output voltage 𝑈pv in the following three different
regions.

6
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Region A. In this region, the first derivative of the power map
2
𝑑𝑃pv /𝑑𝑈pv > 0 and the second derivative 𝑑2 𝑃pv /𝑑𝑈pv
< 0.
Then the Newton optimization algorithm (9) turns to be
𝑑𝑃pv
𝑑𝑡

= −(

𝑑2 𝑓(𝑈pv )
2
𝑑𝑈pv

−1

)

𝑑𝑓 (𝑈pv )
𝑑𝑈pv

> 0,

(14)

which means that the update of the control signal Δ𝜏 > 0.
Then the duty cycle 𝜏 in (10) is increasing. The larger 𝜏 will
drive the DC-DC converter to produce larger voltage 𝑈pv
and then 𝑈pv will move in the direction of converging to the
∗
.
desired voltage 𝑈pv
Region B. At the MPP, the first derivative 𝑑𝑃pv /𝑑𝑈pv = 0 and
2
the second derivative 𝑑2 𝑃pv /𝑑𝑈pv
< 0. Then the Newton optimization algorithm (9) is
𝑑𝑃pv
𝑑𝑡

2

= −(

𝑑 𝑓(𝑈pv )
2
𝑑𝑈pv

−1

)

𝑑𝑈pv

= 0,

(15)

Region C. In this region, the first derivative of the power map
2
𝑑𝑃pv /𝑑𝑈pv < 0 and the second derivative 𝑑2 𝑃pv /𝑑𝑈pv
< 0.
Then the Newton optimization algorithm (9) turns to be

𝑑𝑡

= −(

𝑑2 𝑓(𝑈pv )
2
𝑑𝑈pv

−1

)

𝜏̃̇= −𝑘 (Γ̃ + H−1 ) 𝑀 (𝜂) 𝑓 (𝑔 (𝜏∗ + 𝜏̃ + 𝑎 sin (𝜂))) ,
Γ̃̇= ℎ (Γ̃ + H−1 )

(17)
2

− ℎ(Γ̃ + H−1 ) 𝑁 (𝜂) 𝑓 (𝑔 (𝜏∗ + 𝜏̃ + 𝑎 sin (𝜂))) .
For simplicity, a quadratic power map is considered:
𝑓 (ℓ (𝜏)) = 𝑓∗ +

𝑓 (ℓ (𝜏∗ ))
H
2
2
(𝜏 − 𝜏∗ ) = 𝑓∗ + (𝜏 − 𝜏∗ ) .
2
2
(18)

Then the error system can be simplified as
𝑑𝑓 (𝑈pv )

which means that the change of control signal Δ𝜏 = 0. Then
the control input 𝜏 and output voltage 𝑈pv keep stable at the
∗
, which implies that the MPPT is realized.
desired 𝜏∗ and 𝑈pv

𝑑𝑃pv

Proof. We assume that the stochastic perturbation 𝜂(𝑡) considered in this paper has invariant distribution 𝜇(𝑑𝑥) =
2 2
(1/√𝜋𝑞)𝑒−𝑥 /𝑞 𝑑𝑥. Denote the estimation error 𝜏̃ = 𝜏̂ − 𝜏∗ ,
Γ̃ = Γ − H−1 . Then the error system can be denoted by

𝑑𝑓 (𝑈pv )
𝑑𝑈pv

H
2
𝜏̃̇= −𝑘 (Γ̃ + H−1 ) 𝑀 (𝜂) (𝑓∗ + (̃
𝜏 + 𝑎 sin (𝜂)) ) ,
2
Γ̃̇= ℎ (Γ̃ + H−1 )

(19)

2
H
2
− ℎ(Γ̃ + H−1 ) 𝑁 (𝜂) (𝑓∗ + (̃
𝜏 + 𝑎 sin (𝜂)) ) .
2

To guarantee the stability of closed-loop system, the
generated stochastic signals 𝑀(𝜂) and 𝑁(𝜂) are chosen as
𝑀 (𝜂) =

< 0,

(16)

which means that the change of control signal Δ𝜏 < 0. Then
the duty cycle 𝜏 in (10) is decreasing. The smaller 𝜏 will
drive the DC-DC converter to produce smaller voltage 𝑈pv
and then 𝑈pv will move in the direction of converging to the
∗
.
desired voltage 𝑈pv
3.4. Stability Analysis. Stability is a basic requirement of a
practical control system. In this subsection, we analyze the
stability of the proposed MPPT algorithm using stochastic
averaging theory. Then the main theoretical contribution of
this paper is concluded as follows.
Theorem 2. Consider the photovoltaic MPPT control system
shown in Figure 3 with DC-DC driver (4), DC-DC converter
(5), and unknown power map (3). Assume that the output
∗
at the desired control input
power 𝑃𝑝V reaches its maximum 𝑃𝑝V
∗
∗
𝜏 and desired voltage 𝑈𝑝V . Then under the control law (10) for
the update of 𝜏, the stability of the closed-loop system is guaranteed. Moreover, the output power 𝑃𝑝V exponentially converges
∗
to the maximum power 𝑃𝑝V
, which implies that the maximum
power point tracking is achieved.

𝑁 (𝜂) =

1
sin (𝜂) ,
𝑎𝑊0 (𝑞)

1
𝑎2 𝑊02 (√2𝑞)

(sin2 (𝜂) − 𝑊0 (𝑞)) ,

(20)

where 𝑊02 (√2𝑞) = 2(𝑊1 (𝑞) − 𝑊02 (𝑞)); variables 𝑊0 (𝑞) and
𝑊1 (𝑞) are defined as follows:
𝑊0 (𝑞) =

2
1
(1 − 𝑒−𝑞 ) ,
2

2
3 1 2 1
𝑊1 (𝑞) = − 𝑒−𝑞 + 𝑒−4𝑞 .
8 2
8

(21)

Then we obtain the average system
ave
𝜏ave − Γ̃ave H̃
𝜏ave ) ,
𝜏̃̇ = −𝑘 (̃
ave
2
Γ̃̇ = −ℎ (Γ̃ave − ℎ(Γ̃ave ) H) .

(22)

Thus, according to the stochastic averaging theory [14],
system (22) has a locally exponentially stable equilibrium at
(̃
𝜏ave , Γ̃ave ) = (0, 0). When 𝜏̃ → 0, we have 𝜏 → 𝜏∗ and then
∗
. Thus the maximum power point tracking is
𝑃pv → 𝑃pv
realized. This completes the proof.

7

3.5. Further Discussions. Besides the stability property discussed above, there are some more issues that should be
considered in the implementation of MPPT controllers, such
as tracking efficiency, effects of partial shading, and PV
module ageing effects. In what follows, we will discuss these
topics that may be helpful in the application of the proposed
MPPT method.
(1) Tracking Efficiency. Tracking efficiency has been the most
important consideration of the MPPT method in many
commercial applications. The tracking efficiency of a MPPT
algorithm can be calculated by the following equation [6]:
𝜂𝑇 =

𝑡

∫0 𝑃max (𝑡) 𝑑𝑡

Voltage
Global MPP
Local MPPs

Figure 8: An illustrative P-V curve for PV systems under partial
shading.
5
4
3
2
1
0

𝑡

∫0 𝑃pv (𝑡) 𝑑𝑡

0

Current (A)

Remark 3. From the equilibrium equation (22), we can find
that the convergence of closed-loop system is totally determined by parameters 𝑘 and ℎ, which implies that, in the
design of control algorithm (10), the convergence rate can
be arbitrarily assigned by the designer with an appropriate
choice of 𝑘 and ℎ. Generally speaking, relatively large 𝑘 and ℎ
will lead to a good convergence rate, but too large 𝑘 and ℎ will
also result in oscillations during the convergence. Hence, 𝑘
and ℎ should be chosen by fully considering both the dynamic
and the steady responses.

Power
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(23)

where 𝑃pv (𝑡) is the measured power produced by the PV
array under the control of MPPT algorithm and 𝑃max (𝑡) is the
theoretical maximum power that the array can produce.
The discrete definition of the tracking efficiency can be
denoted by [21]
1 𝑛 𝑃pv (𝑘)
,
𝜂𝑇 = ∑
𝑛 𝑘=0 𝑃max (𝑘)

(24)

where 𝑛 is the number of samples.
Tracking efficiency evaluates the overall performance
of a MPPT algorithm. In the next section, we will verify
the tracking efficiency of the proposed MPPT method with
numerical results.
(2) Effects of Partial Shading. The partial shading effect has
received much attention recently in the implementation of
MPPT controller, which is partly due to the rapid development of building integrated photovoltaics (BIPV) [22]. As the
BIPV is commonly installed on the rooftop, it typically suffers
from partial shading due to the space limitation, clouds, and
so forth.
When a PV system is subjected to partial shading, the PV curve often exhibits a global extremum and several local
extremums, as shown in Figure 8. Hence, in order to track
the global MPP of power map, the adopted MPPT algorithm
should have a global convergence. However, from (22) we
find that the proposed controller is locally stable at the MPP,
which implies that it may get trapped at local extremums
and may not be a good choice for PV systems under partial
shading. Fortunately, several global or semiglobal extremum

20
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Figure 9: Degradation of 20 a-Si modules after 4 years of operation
in [17].

seeking control designs have been available; see [23–25] for
more information.
(3) Effects of PV Module Ageing. Reliability and lifetime of
PV modules are key factors to PV system performance and
are mainly dominated by the PV module ageing effect [26].
In order to separate the ageing effect from the irradiance
and temperature, it is necessary to evaluate the Beginning
of Life (BOL) performance. Then the deviations between the
experimental data and BOL performance explain the ageing
of the PV system [17].
Figure 9 shows the degradation of 20 a-Si modules after 4
years of operation in the literature [17]. We can find that the
MPP declines slowly during the 4-year time. Mathematically,
the maximum power point tracking for an ageing PV system
is essentially an optimization process for a slowly varying
unknown cost function [13]. The proposed Newton-based
extremum seeking MPPT controller optimizes the power
map with real-time measurements and calls for no knowledge
of model information. Thus it can deal with the PV module
ageing effect well.

4. Tracking Performance Evaluation
In this section, we provide several simulation and experiment
results to show the effectiveness of the proposed MPPT

8
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Table 1: Data sheet of KC65T at 800 W/m2 , 25∘ C.
Multimeters
Auxiliary power supply (APS)
Light source

PV panel

Upper computer
DC-DC
converter
S7-200 PLC
Light source
control box

Maximum power (𝑃max )
Maximum power voltage (𝑈mpp )
Maximum power current (𝐼mpp )

47.7 W
15.5 V
3.08 A

Table 2: Data sheet of KC65T at 1000 W/m2 , 25∘ C.
Maximum power (𝑃max )
Maximum power voltage (𝑈mpp )
Maximum power current (𝐼mpp )

65.3 W
17.4 V
3.75 A

Table 3: Parameter setting of the proposed MPPT controller.
Figure 10: The experiment setup of the light source-driven photovoltaic MPPT system.

algorithm. In order to evaluate the tracking performance
of the proposed MPPT algorithm under arbitrary desired
irradiance, we adopt the light source-driven photovoltaic
MPPT system, as shown in Figure 10.
In Figure 10, there are two incandescents working as the
irradiation source. The KC65T-PV panel converts the solar
energy to electrical energy via the photovoltaic effect. The
Siemens S7-200 PLC works as the MPPT controller, driving
the DC-DC converter and regulating the output voltage of
the converter. The upper computer is used to collect and
store experimental data and multimeters are used to display
the measurements. The light source control box is used to
regulate the irradiation intensity of light sources.
In what follows, we will provide simulation examples and
experiment results to illustrate the tracking performance of
the proposed MPPT algorithm under uniform irradiance and
nonuniform irradiance cases, respectively. The data sheets
of KC65T photovoltaic module under different irradiance
conditions are shown in Tables 1 and 2; see [18] for detailed
information.
4.1. Tracking under Uniform Irradiance. In this subsection,
we consider the tracking performance evaluation of the
proposed MPPT algorithm under the uniform irradiance. A
simulation and an experiment are provided, respectively, to
illustrate the implementation of the algorithm. The simulation is conducted in MATLAB/Simulink and the parameter
setting of the proposed control algorithm is shown in Table 3.
For simplicity, we adopt only one KC65T PV module in the
simulation.
Figure 11 shows the simulation results of the proposed
MPPT algorithm under uniform irradiance of 800 W/m2 at
25∘ C. The convergence of the maximum power point is shown
in Figure 11(a). The output power oscillates in the direction
of MPP which is detected by the product of the power and
perturbations. We can see that the output power converges
to the MPP within 5 s. The output power in the steady state
is about 46.1 W, whereas the maximum power of the PV

Parameter
𝑎
𝑘
ℎ
𝑞

Value
0.1
1
0.08
40

module is 47.7 W. Then the simulated tracking efficiency of
the proposed MPPT algorithm is about 96.6%.
Figure 12 shows the comparison between the proposed
Newton-based extremum seeking MPPT method and classical extremum seeking MPPT method. We compare the
tracking performance of the two MPPT methods in terms
of tracking efficiency and convergence time. The numerical
comparison of the two MPPT methods is shown in Table 4.
In addition to the simulations, experiments on the light
source-driven photovoltaic MPPT system are conducted for
the purpose of verification. The irradiance is set to be
800 W/m2 and the temperature is about 23∼27∘ C. The PV
panel comprises four KC65T PV modules, with two modules
connected in parallel and two in series.
The experiment results of the proposed MPPT algorithm
are shown in Figures 13 and 14. From Figure 13(a), we can
see that the output power converges to the MPP within 6 s.
The average power at steady state is about 178 W, whereas the
maximum power is 190.8 W; then the tracking efficiency is
about 93.2%.
4.2. Tracking under Nonuniform Irradiance. In this subsection, we will consider the tracking performance of the proposed MPPT algorithm under nonuniform irradiance with
an abrupt change from 800 W/m2 to 1000 W/m2 at 10 s. For
the purpose of comparison, we also provide the experiment
results of the classical gradient-based extremum seeking
MPPT method under the same experimental conditions.
Figure 15 shows the experiment results of the proposed
Newton-based extremum seeking MPPT method under the
nonuniform irradiance. It is shown in Figure 15(a) that the
new MPP is located within 2 s. The new steady power is
about 243 W, while the maximum power is 261.2 W; then the
tracking efficiency is about 93%.
Figure 16 shows the experiment results of the classical
gradient-based extremum seeking MPPT method under the
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Figure 11: Simulation results of the proposed MPPT method under uniform irradiance of 800 W/m2 at 25∘ C.

Table 4: The simulated comparison of the two methods.
MPPT method
Newton-based ES MPPT
Gradient-based ES MPPT

Efficiency
96.6%
92.1%

Convergence
<4 s
>6 s

50

P (W)

40
30
20

5. Concluding Remark

10
0

nonuniform irradiance. It is shown in Figure 16(a) that the
new MPP is located within 4 s. The new steady power is
about 231 W, while the maximum power is 261.2 W; then the
tracking efficiency is about 88.4%.
In order to illustrate the effectiveness of the proposed
MPPT method more intuitively, we provide the numerical
comparison between the proposed algorithm and classical
extremum seeking MPPT algorithm under different irradiance. Figures 17 and 18 show the comparison of the two methods under irradiance 800 W/m2 and irradiance 1000 W/m2 ,
respectively. We can see that the proposed method shows its
superiority in both tracking efficiency and convergence rate.

0

5

10
t (s)

15

20

Newton-based ES MPPT method
Gradient-based ES MPPT method

Figure 12: The comparison between the proposed MPPT method
and classical extremum seeking MPPT method.

In this paper, we propose a new Newton-based extremum
seeking MPPT algorithm for photovoltaic systems. The proposed algorithm benefits the following advantages: it calls
for no knowledge of the power map; it has a good tolerance
of stochastic perturbations and its convergence rate can be
totally designer-assignable. The stability and convergence of
the proposed MPPT controller are rigorously proved with
stochastic averaging theory. Some topics related to applications are discussed, such as partial shading effects and PV
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Figure 13: Experiment results of output power and current collected in the upper computer.
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Figure 15: Tracking performance of the Newton-based extremum seeking MPPT algorithm under nonuniform irradiance.
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Figure 16: Tracking performance of the gradient-based extremum seeking MPPT algorithm under nonuniform irradiance.
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Figure 17: The numerical comparison between the proposed MPPT algorithm and classical extremum seeking MPPT algorithm under
irradiance 800 W/m2 .

module ageing effects. Simulation and experiment results are
provided to show the effectiveness of the proposed method.
It is also worth mentioning that both the Newton-based
ES and gradient-based ES belong to the so-called static

extremum seeking, which requires that the power map of
photovoltaic systems is rather slower than extremum seeking.
When irradiance changes quickly, the tracking performance
of ES MPPT algorithms will be worse. In order to propose
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Figure 18: The numerical comparison between the proposed MPPT algorithm and classical extremum seeking MPPT algorithm under
irradiance 1000 W/m2 .

a commercial ES MPPT algorithm, we will further investigate the dynamic extremum seeking and its applications in
maximum power point tracking in future work.
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Throughout the recent centuries, the limits of using energy resources due to the cost and environmental issues became one of the
scientists’ concerns. Because of the huge amount of energy received by the Earth from the sun, the application of photovoltaic
solar cells has become popular in the world. The photovoltaic (PV) efficiency can be increased by several factors; concentrating
photovoltaic (CPV) system is one of the important tools for efficiency improvement and enables for a reduction in the cell area
requirement. The limits of the PV area can reduce the amount of absorbing irradiation; CPV systems can concentrate a large
amount of sunlight into a smaller one by applying lenses or curved and flat mirrors. However, the additional costs on concentrating
optics and cooling systems made CPV less common than nonconcentrated photovoltaic. This paper reviews the different types of
PV concentrators, their performance with advantages and disadvantages, concentration ratio, acceptance angle, brief comparison
between their efficiencies, and appropriate cooling system.

1. Introduction
As the fossil fuels are reducing gradually in our planet,
solar photovoltaic systems and technology are becoming a
promising option for electricity generation. The amount of
solar power output is about 166 PW out of which 85 PW
reaches the Earth. This shows not only that solar power
is well over 500 times our current world 15 TW power
consumption, but also that all other sources are less than
1% of solar power output [1–3]. The radiation, that is, not
reflected or scattered and reaches the surface directly is
called direct or beam radiation and the scattered radiation
reaching the ground is called diffuse radiation [4]. Basically,
the role of concentration photovoltaic systems is to collect
both beam and scattered irradiation, which do not reach
the photovoltaic cells. Besides photovoltaic, the concentrator
also has other applications such as thermal power applications [5–7], lighting systems [8–10], pumping of solar lasers
[11–15], hydrogen production [16–18], and other applications.
Although Parida et al. [19] performed a fundamental review
study on the solar photovoltaic technologies and McConnell

et al. [20] reviewed market aspects of solar concentrators,
there is no complete review on concentrated photovoltaic
technologies. The aim of this study is therefore to review different CPV technologies and their other characteristics such
as performance, advantages, disadvantages, and appropriate
cooling system.

2. Solar Concentrators
In a simple description, the idea of CPV is using optical
devices with cheap and suitable technology to concentrate
the light on small and highly efficient photovoltaic solar cells.
Hence, the cost will be reduced by means of replacing the
cell surface with cheaper optical devices [21]. There are some
advantages and disadvantages solar concentrator systems
have over flat plate systems for large installations. Table 1
obtained from the [22] shows some advantages of CPV.
Solar concentrators are classified by their optical characteristics such as the concentration factor, distribution of illumination, focal shape, and optical standard. Concentration
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Table 1: Advantages of concentrating over flat-plate systems for large PV installations [22].
GaAs dish concentrators are projected to produce electricity at 7.4 cents/kWh by
2010, whereas thin-film modules are projected to be at 9.6 cents/kWh. If thin-film
module prices come down from the assumed $75/m2 to $35/m2 at 12% efficiency
(29 cents/W), then thin-film electricity cost would equal GaAs dish cost.
Concentrators are the only option to have system efficiencies over 20%. This
reduces land utilization as well as area related costs.
Tracking provides for improved energy output. Once the expense of tracking is
incurred with flat-plates, the leap to installing concentrator modules is small.
Concentrators use standard construction materials for the bulk of their
requirements. Flat-plate systems have serious concerns over material availability:
silicon feedstock, or indium in the case of CuInSe2.

Lower cost

Superior efficiency
Higher annual capacity factor
Less materials availability issues
Less toxic material use

Ease of recycling

Ease of rapid manufacturing capacity scale-up

High local manufacturing content

Many thin-film concepts use quite toxic materials such as cadmium, and so forth.
The trend in modern mass-product manufacturing is to make a product as
recyclable as possible.
Concentrators are composed mainly of easily recyclable materials, steel, aluminum,
and plastic.
Recycling flat-plate modules will be much more difficult.
Existing semiconductor manufacturing capacity is more than sufficient to supply
projected cell requirements. The remaining manufacturing is comprised of rather
standard mechanical components.
This greatly reduces capital requirements compared to flat-plate.
Aside from the cells, the remaining content of concentrator systems can be
manufactured worldwide, and close to the final point-of-use.

factor 𝑋, which is also known as the number of suns, is the
ratio of the mean radiant flux density on a receiver area 𝐺𝑥
compared to the average normal global irradiance 𝐺 [23]:
𝑋=

𝐺𝑥
.
𝐺

(1)

The classification based on the concentration factor includes
the following conditions [24]:
(i) low concentration (LCPV): (1–40𝑥),
(ii) medium concentration (MCPV): (40–300𝑥),
(iii) high concentration (HCPV): (300–2000𝑥).
Also the efficiencies of different PV cells can be obtained from
the following [25]:
𝜂=

𝑃max
,
Ar Ee

(2)

where 𝜂 is efficiency, 𝑃max is the ratio of the optimal electric
power delivered by the PV cell, Ar is the area of the PV cell
exposed to sunlight, and solar irradiance received by the PV
is Ee.
Higher tracker tolerances, passive heat sinks, lower cost
optics, reduced manufacturing costs, and reduced installation
precision made LCPV more simple compared to HCPV [26].
The experimental findings by Butler et al. [27] show that
LCPV has the potential to harvest more energy when using
standard Si solar cells in a basic concentration configuration
as used in this study. However, Pérez-Higueras et al. [24]
stated that high concentrator photovoltaic technology is still
in a deployment stage, but the cells and modules efficiency
data offered by their manufacturing companies, as well as

the measuring experiments carried out by several research
centers, forecast an attractive short-term increment in their
efficiency, which means that these systems could be profitable
in economical and energy terms in a short period of time.
This fact represents a potential alternative to flat module
photovoltaic systems in the energy generation market.
Based on the Pérez-Higueras et al. study [24], Table 2
shows different HCPV efficiencies in the laboratories and in
commercials.
They are also classified in two other optical categories:
(1) imaging optical concentrators, which means the image
formed on the receiver by the optical concentrators [28]
and (2) nonimaging optical concentrators: the receiver is
not concerned with forming an image on it by optical
concentrators [29].
2.1. Overview on Different Models. During past decades, a
lot of developments have been made on designing different
models of solar concentrators. Experts analyzed these models
through these decades and there have been some changes in
their design. This part presents different models of concentrators.
2.1.1. Fresnel Lenses. Fresnel lenses recently have been one
of the best choices due to their noble properties such as
small volume, light weight, as well as mass production with
low cost [30]. In early Fresnel lenses, glass was replaced by
polymethylmethacrylate (PMMA), discovered by Augustin
Jean Fresnel, with optical characteristics almost the same as
glass including good transmissivity and resistance to sunlight;
it is the suitable material choice for the manufacturing
of Fresnel lenses [31, 32]. A Fresnel lens is a flat optical
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Table 2: Different HCPV efficiencies recorded in Laboratories and commercials [24].
Laboratories efficiencies
1
2
3
4
5
Commercials efficiencies
1
2
3
4
5

Conventional lens

Efficiency (%)

Suns

Type

Description

41.6
41.1
40.8
40.7
37.2

364
454
326
240
500

GaInP/GaInAs/Ge
GaInP/GaInAs/Ge
GaInP/GaInAs/GaInAs
GaInP/GaInAs/Ge
nGaP/InGaAs/Ge

Lattice-matched
Lattice-mismatched
Inverted monolithic
Lattice-mismatched
Lattice-matched

39
38.5
35
35
27

500
500
500
300
100

Multijunction
Multijunction
Multijunction
Multijunction
Silicon

http://www.emcore.com
http://www.spectrolab.com
http://www.spirecorp.com
http://www.azurspace.com
http://www.amonix.com

Fresnel lens

Figure 1: Conventional lens and Fresnel lens [30].

component where the bulk material is eliminated because
the surface is made up of many small concentric grooves.
These grooves individually act as prisms since each groove
is approximated by a flat surface that reflects the curvature at
that position of the conventional lens [33]. Figure 1 shows the
schematic view of conventional lens and Fresnel lens.
The concentration of flux is represented as follows [34]:
𝐶max =

𝑛2
,
sin 𝜃 sin 𝜓

determine the efficiency and intensity variations of a circular
Fresnel lens as a solar concentrator. Using a photovoltaic
scanning technique, the experimental part and simulation are
constructed to model the behavior of the lens. According to
the results, the lens is an inefficient concentrator with losses
that begin at 20% and rise to about 80% as the focal distance
decreases.
A research done by Whitfield et al. [49] compares Pointfocus Fresnel lens, two-axis tracking, and the use of the
housing as heat Sink with other models which include linear
Fresnel lens, solid CPC secondary’s, and two-axis tracking.
Linear Fresnel lens system has the advantage of being simple
and totally enclosed yet is more costly than some of the others.
The point-focus Fresnel lens has the advantage of having
potential for simple mass-produced optics but its serious
problem is the loss of efficiency at higher concentration.
Optical properties of flat linear Fresnel lenses manufactured
from glass are presented by Franc et al. [50] and the behavior
of these lenses in perpendicular and inclined beams of rays is
discussed.

(3)

where 𝐶max represents the maximum concentration of optical
flux (unitless); 𝑛 is the real component of the refractive index
(unitless); and 𝜃 (acceptance angle along the plane of the
azimuth) and 𝜓 (the acceptance angle of the altitude) are the
acceptance angles.
Briefly, concentrated solar energy applications using Fresnel lens systems are in following categories: thermal application, thermal heating, solar cooking [5, 35, 36], photocatalytic
[37], solar building [38], solar-pumped laser [39–41], lighting
[42, 43], and surface modification of metallic materials [33,
44–46].
There are two main types of Fresnel lenses which are
circular and linear. For the circular category, Nakata et al.
[47] described a 300 W polar axis tracking concentrator
with 36 circular Fresnel lenses (40 × 40) and designed cells
to obtain the uniform distribution. As a result, the optical
efficiency of the lens is 83% and the output power becomes
about 50% greater than that of the commercial lens, an
experimental and analytical method used by Harmon [48] to

2.1.2. Quantum Dot Concentrator. Quantum dot concentrator (QDC) is a nontracking concentrator that includes three
main parts; transparent flat sheet of glass or plastic doped
with quantum dots (QDs), reflective mirrors placed on three
different edges and the back surface, and a PV cell which
is attached to the exit aperture. As it is shown in Figure 2
when the sun radiation hits the surface of concentrator,
a part of the radiation will be refracted by a fluorescent
material and absorbed by quantum dots (QDs); photons are
reemitted isotropically at a lower frequency and guided to
the PV cell [25]. The size of quantum dots, which are made
of nanostructures, typically varies from tens to hundreds of
nanometers in size [51].
Research done by Mićić et al. [52] has shown that QDs
are capable of absorbing light over an extremely broad
wavelength range and the absorption spectra also depicts
the spectral shift to higher energy as QD size decreases. The
main advantages of QDC are the following: they are without any tracking system, they can concentrate both diffuse
and direct radiations [53], due to the geometries of these
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Solar radiation

The porous inserts increase the heat transfer rate by
(1) increasing the effective fluid thermal conductivity, (2)
enhancing mixing between the fluid and receiver wall, and (3)
lowering thermal resistance by developing a thinner hydrodynamic boundary layer [59]. Figure 3 shows a schematic view
of a parabola.
The concentration ratio of the Parabolic concentrator can
be obtained from (5) [69, 70]:

Total internal reﬂection

Photovoltaic cell

C=
Quantum dot

Mirrors

𝜙
2𝑦
𝑦
tan ( 𝑅 ) = 𝑠 = 𝑠 ,
2
4𝑓 2𝑓

Figure 2: Principle of the QDC [25].

concentrators, they have less problems of heat dissipation
[25], and sheets are inexpensive and are suitable architectural
components [54]. Developing QDCs was restricted by the
stringent requirements of the luminescent dyes such as high
quantum efficiency, suitable absorption spectra and red shifts,
and illumination stability [55, 56]. The problems of organic
dyes can settle by replacing them with QDs which have the
advantages of less degradation and high luminescence [57].
Schüler et al. [58] proposed that quantum dot containing
nanocomposite coatings might be an alternative for the
production of planar quantum dot solar concentrators. The
concentration ratios of QDCs are completely discussed by
Gallagher et al. [25] who determined concentration ratios
of different types by comparative analysis. A maximum
comparative concentrating factor (MCCF) was determined at
specific solar intensities using (4):
MCCF =

𝑃dev-max
,
𝑃max-ref

sin 𝜙𝑅
𝜋 sin 𝜃𝛼

(4)

where 𝑃dev-max is the power maximum for the test device and
𝑃ref-max is the power maximum for the reference devices.
2.1.3. Parabolic Concentrator. The solar parabolic trough
collector is the most recognized technology due to its high
dispatchability and low unit cost. In parabolic trough concentrators, the parabolic shaped mirror focuses sunlight on the
receiver tube which is placed at the focal point of parabola
[59]. Reflectivity of the mirror, incident angle, tracking error,
intercept factor, as well as absorptivity of the receiver, are
the factors which can affect the performance of the parabolic
trough concentrator [60]. Additionally, Riffelmann et al. [61]
mentioned the image quality of the mirror, slope error, and
collector assembly, as the factors which the optical efficiency
of a parabolic trough collector depends on.
In order to enhance the concentration efficiency of the
parabolic trough, Omer and Infield [62] discussed the twostage concentration of the parabolic trough collector. This
design provides an efficient concentration of the incident
solar radiation without any frequent tracking system. The
performance of the parabolic trough collector depends on
receiver design and heat loss from the receiver [60, 63–68].
The heat loss can increase by different tools; one of them is
inserting porous inserts in the inner surface of the receiver.

(5)

where 𝜃𝛼 is half the acceptance angle, 𝜙𝑅 is the rim angle, and
𝑓 is focus length.
2.1.4. Compound Parabolic Concentrator (CPC). Compound
parabolic concentrators (CPCs) are designed to efficiently
collect and concentrate distant light sources with some
acceptance angle. Figure 4 illustrates the configuration of
CPC.
The geometrical concentration ratio and theoretical maximum possible concentration ratio of the CPC are obtainable
from (6) [71, 72]:
CR =
CRmax,3D

𝐴𝑎
𝐴𝑟

1
=
,
2
sin (1/2) 𝜃max

(6)

where 𝐴 𝑎 , 𝐴 𝑟 , and 𝜃max are the aperture area, receiver area,
and maximum acceptance angle, respectively.
CPCs can be in both 2-dimensional and 3-dimensional
configuration. Suzuki and Kobayashi’s [73] study on 2-D
CPC is about the optimum acceptance angle of the concentrator with the declination angle of ±23.5 on the celestial
hemisphere for direct radiation and uniform irradiance for
diffuse radiation. The results indicate that the optimum halfacceptance angle is 26 degrees irrespective of the change in
the diffuse radiation fraction. It was also found that almost
all over the Earth, a common CPC is an optimum application
for many solar collecting systems.
Senthilkumar et al. [74] performed substantial research
work in order to improve the performance of the twodimensional compound parabolic concentrator (2D CPC).
They found out that the three-dimensional compound
parabolic concentrator (3D CPC) is more efficient than the
2D CPC because of the higher concentration ratio. Yehezkel
et al. [75] analyzed the losses due to reflection properties
and calculated the effect of these losses on concentration
ratio. They estimated reflection losses using an empirical
linear model to facilitate design and system optimization
by analytical methods without resorting to a ray-tracing
procedure.
Khalifa and Al-Mutawalli [76] did an experimental study
on effects of two-axis sun tracking on thermal performance
of CPC in two different modes; in the first, a batch feeding
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Figure 3: Schematic view of the parabola.

point by 62% when compared to a similar nonconcentrating
PV panel.
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Figure 4: Cross section of a nontruncated CPC [132].

was used where no flow through the collector was allowed
whereas in the second, different steady water flow rates were
used. The results led us to the conclusion that the energy gain
of a CPC collector can be increased by using two-axis tracking
systems. The best improvement was achieved when the flow
rate was in the range of 25 to 45 kg/hr.
Mallick et al. [77] designed a novel nonimaging asymmetric compound parabolic photovoltaic concentrator (ACPPVC) with different numbers of PV strings connected in
series experimentally characterized under outdoor conditions both with and without concentrators which indicated
that the use of an ACPPVC increased the maximum power

2.1.5. Dielectric Totally Internally Reflecting Concentrator
(DTIRC). Dielectric totally internally reflecting concentrator
(DTIRC) which was suggested by Ning et al. [78] is one
of the most important nonimaging optical concentrators. In
addition to the solar application, these lenses were proposed
for IR detection [79] and optical wireless communication
systems [80, 81].
As shown in Figure 5, DITRCs consist of three main parts:
a curved front surface, a totally internally reflecting profile,
and an exit aperture [81].
The important factor for rays to reach the exit aperture
is to be within the designed acceptance angle of the concentrator. When a set of rays hits the front curved surface at
the acceptance angle, it is refracted and directed to the exit
aperture. Ning et al. [82] discussed two-stage photovoltaic
concentrators with Fresnel lenses as primaries and dielectric totally internally reflecting nonimaging concentrators
as secondaries. The results indicated that two-stage concentrator suggests higher concentration and more uniform
flux distribution on the photovoltaic cell than the point
focusing Fresnel lens alone. Muhammad-Sukki et al. [83]
described designing a dielectric totally internally reflecting
concentrator (DTIRC). They used maximum concentration
method (MCM) which was outlined with the simulation to
optimize the design of the concentrator. The results from
MATLAB simulations indicate that MCM offers a higher
geometrical concentration gain, with a slight increase in the
concentrator size.
The advantages of DTIRC over compound parabolic
concentrator are higher efficiency, higher concentration ratio,
flux tailoring, and work without any needs of cooling features. However, DTIRC itself cannot efficiently pass all of
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Figure 6: 2-D Hyperboloid concentrator [86].

the solar energy that it accepts into a lower index media
[84]. Muhammad-Sukki et al. [85] present a study about
a mirror symmetrical dielectric totally internally reflecting
concentrator (MSDTIRC) which is a new type of DTIRC.
They presented a method for calculating concentration gain
of the mentioned system.
2.1.6. Hyperboloid Concentrator. Figure 6 shows two dimensional hyperboloid concentrators. Incident rays on the aperture enter the hyperboloid concentrator and either reach the
receiver or reflect back out of the concentrator [86]. This
kind of concentrator is also called the elliptical hyperboloid
concentrator. A 3-D figure of an elliptical hyperboloid concentrator is showed in Figure 7.
The advantage of this concentrator is that it is very
compact, since only a truncated version of the concentrator
needs to be used. Because of this factor, it is mainly used as a
secondary concentrator [87]. Garcia-Botella et al. [29] found
out that the one-sheet hyperbolic concentrator is an ideal 3D

100
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200 400
600
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−200
−300

Figure 7: 3-D elliptical hyperboloid concentrator.

asymmetric concentrator as its shape does not disturb the
flow lines of an elliptical disk. It also does not need a tracking
system where two different acceptance angles, transversal and
longitudinal direction, are needed.
Sellami et al. [88] designed a 3-D concentrator and coined
the Square elliptical hyperboloid (SEH) to be integrated in
either glazing windows or facades for photovoltaic application. This configuration can collect both diffuse and direct
beam. They also found that optical efficiency depends on the
size of the SHE.
It has been shown that the 3-D solar concentrator
acquired from the hyperboloid has the ability of concentrating all the entering rays [89] such as the trumpet concentrator,
which is composed of a revolution of hyperbolic type and was
considered as an ideal concentrator [90].
Chen et al. [91] investigated a solar concentrator containing primary paraboloidal and secondary hyperboloidal
mirrors by using the ray tracing method to obtain higher
concentration ratio. The results indicated that such a method
can increase the concentration of solar flux twice when
concentration tracking errors exist.
Saleh Ali et al. [92] presented a study about designing a
static 3-D solar elliptical hyperboloid concentrator (EHC).
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imaging performance is similar (in MTF terms) to that of
normal incidence of an 𝑓/3.7 planoconvex spherical lens with
optimum defocusing. This image capability is suitable for
receivers. Minano et al. [98] explored a research for RX and
RXI concentrators. Their results had shown that when the
acceptance angle of the concentrator is less than 5 degrees (for
a source at infinity), its performance in 3D is very good. Also,
the RX shown in their analysis had been designed for a finite
source and the RXI for a source at infinity.
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Figure 8: Geometrical parameters of an elliptical hyperboloid
concentrator [92].

They proposed some equation for designing hyperboloid
concentrators [92], based on Figure 8.
The design of hyperboloid concentrators is based on the
following equations:
𝑥2 𝑦2 𝑧2
+
−
= 1,
𝑎2 𝑏2 𝑐2
0.5

𝑦1 = [{(

𝑥2
) − 1} × {𝐻2 × (CR − 1)}] ,
𝑎2

Table 3 shows the advantages and disadvantages of the different types of solar concentrators.
Based on Peterina et al.’s [99] study Table 4 represents
different kinds of CPV modules and their typical size and
power.
Swanson [22] performed a review study on the characteristics of concentrated photovoltaic systems which approached
the economical aspects of the systems. Table 5 summarized
Swanson’s study which represents different CPV with their
characteristics.
For the cost comparison of different CPV systems Table 6
which is obtained from Whitfield et al. [49] presents some
CPV systems with their cost.

0.5

𝐴 = (CR × (𝑎)2 ) ,

4. Appropriate Cooling Systems

0.5

𝑥2
𝑦2 = [{( 2 ) − 1} × {𝐻2 × (CR − 1)}] ,
𝑏
0.5

𝐵 = (CR × (𝑏)2 ) ,
CR =

𝐴𝑝
𝐴𝑟

.
(7)

2.1.7. RR, XX, XR, RX, and RXI. These configurations represent the new concentrators which achieved the theoretical
maximum acceptance angle concentration and it was concluded that they may be useful for high concentration cells
[93].
In these designs “R” denotes refraction, “X” denotes
reflection, and “I” denotes internal reflection [94]. The design
methods of all these concentrators are basically similar to
each other. RXI designs can almost describe other models
as shown in Figure 9; rays that impinge on the concentrator
aperture, within the acceptance angle, are directed to the
receiver by means of one refraction, one reflection, and one
total internal reflection [95].
Minano et al. [96] investigated the performance of RX
and the results indicated that when the angular spread of the
input bundle is small, the performance of the rotational RX
is acceptable. An analysis of the RX concentrator performed
by Benitez and Minano [97] stated that when the field
of view is small (less than 6 degrees full angle), even for
concentrations up to 95% of the theoretical maximum, its

Cooling of photovoltaic cells under concentrated illumination is one of the major problems during designing them.
The photovoltaic cell efficiency decreases with increasing
temperature or due to nonuniform temperature [100–109].
Also, cell degradation will occur if the temperature exceeds
certain limits [102].
The thermal properties of the coolant are another important factor for choosing the right cooling system. Thermal
properties of air make it less efficient compared to water
which results in more parasitic power [110]. Also, the coolant
or working fluid should be compatible, which means that it
should not attack or corrode the envelope or wick and there
is no chemical reaction between the working fluid and the
envelope or wick structure that liberates noncondensable gas
(NCG) [111].
Heat pipes are popular and interesting technology with
the aim of cooling the PV modules especially under concentration. A heat pipe is a vacuum tight device consisting of a
working fluid and a wick structure [111]. The working fluid
transfers the additional and the rejected heat by condensation
processes. Heat pipes are usually made of aluminum or
copper; Table 7 shows the compatible working fluid for
copper and aluminum based on refs. [111–113].
Akbarzadeh and Wadowski [114] made reports on a
parabola-trough that uses heat pipes for cooling. Each cell is
mounted vertically on the end of a thermosyphon which is
made of a flattened copper pipe with a finned condenser area.
The cell temperature does not go beyond 46∘ C on sunny days
with the concentration ratio of 20 suns; the reports show that
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Figure 9: RXI concentrator cross-section [93].
Table 3: Advantages and disadvantages of solar concentrators.
Type of
concentrator

Advantages

Reference Disadvantages

Reference

[30]

(i) Imperfection on the edges of the facets,
causing the rays to be improperly focused at
the receiver
(ii) Possibility of lost light due to incidence on
the draft facet
(iii) Luminance is necessarily reduced in order
to minimize the upper disadvantages

[133, 134]

Developing QDCs was restricted by stringent
requirements of the luminescent dyes

[55, 56]

Fresnel lens

(i) Small volume
(ii) Light weight
(iii) Mass production

Quantum dot
concentrator

(i) Nontracking concentrator
(ii) Have less problems of heat dissipation
(iii) Sheets are inexpensive and are suitable
architectural components

[25, 54]

Parabolic trough

Make efficient use of direct solar radiation

[135]

(i) Use only direct radiation
(ii) high cost
(iii) low optical and quantum efficiencies

[135]

Compound
parabolic
concentrator
Dielectric totally
internally
reflecting
concentrator
Hyperboloid
concentrator

Most of radiation within the acceptance angle
can transmit trough the output aperture into
receivers

[136]

Needs good tracking system in order to get
maximum efficiency

[137]

(i) Higher efficiency and concentration ratio
than CPC
(ii) Work without any needs of cooling features

[84]

Cannot efficiently pass all of the solar energy
that it accepts into a lower index media

[84]

Very compact

[87]

Need to introduce lens at the entrance aperture
to work effectively

[87]

[93, 138]

The size of the cell must be kept to minimum to
reduce shadowing effect

[138]

RR, XX, XR, RX,
and RXI

(i) Achieving the theoretical maximum
acceptance angle concentration
(ii) High concentration
(iii) Lighter weight
(iv) Less expensive tracking system

the temperature will pass 84∘ C without fluid in the cooling
system.
Horne presents a cooling system for a paraboloidal dish
which focuses the light onto cells [115]. Water is sent to the
receiver by a central pipe. It then flows behind the cells. By
applying this method, not only does the water cool the cells,
but it also acts as a filter by absorbing a significant amount
of UV radiation that would otherwise reach the cells. Russell

patented a heat pipe cooling system for linear Fresnel lenses
in which each of them focuses the light onto a string of cells
placed along the length of a heat pipe of circular cross-section;
the panel is formed by several pipes mounted next to each
other [116] (Figure 10).
Thermal energy is extracted from the heat pipe by an
internal coolant circuit where inlet and outlet are on the same
pipe end ensuring a uniform temperature along the pipe.

International Journal of Photoenergy

9
Table 4: Description of CPV modules.

CPV Type

Optics

Point focus

Fresnel

Large area point
focus

Parabolic dish central
tower
Linear lens parabolic
trough

Cell type
Silicon
III V
Silicon
III V
Silicon
III V

Non imaging device
Small lens RXI device
small parabolic

Silicon
Silicon
III V

Linear system
Static systems
Mini point focus

C. Ratio

Cooling

Tracking

Size

Power

50 < 𝑥 < 500

Passive

Two axis

215 m2

25 kW

150 < 𝑥 < 500

Active

Two axis

15 < 𝑥 < 60
60 < 𝑥 < 300

Passive

One axis on
parabolic

84 meter long and
250 m2 aperture

34 kW

1.5 < 𝑥 < 10

Passive

No tracking

—

—

300 < 𝑥 < 1000

Passive

Two axis

2 m2

200 W

14 m diameter, 135 m2 24 kW

Solar cells

Heat pipe

Cross section Internal wick

Vapour

Coolant in
Coolant out

Liquid

Figure 10: Heat pipe based cooling system [116].

Chenlo and Cid [106] described a linear Fresnel lens cooled
by water flow through a galvanized steel pipe. The cells are soft
soldered to a copper-aluminum-copper sandwich, which is
in turn soldered to the rectangular pipe which presents good
electrical and thermal models for uniform and nonuniform
cell illumination.
Du et al. [117] proposed an experimental analysis of
a water cooled concentrated photovoltaic system with the
concentration ratio of 8.5. The water cooler was composed
of an aluminum plate with two pipes which were attached at
the back of the solar module. They showed that increasing
the flow rate of water had a relation with increasing the
efficiency of the module and CPV systems performed better
with cooling systems.
Two different cooling systems were compared by Farahat
[118] for the aim of cooling high concentration photovoltaic
systems. Water cooling systems and heat pipe techniques were
compared and recommended the heat pipe cooling method as
the best method for HCPV.
Geng et al. [119] performed both numerical and experimental studies on cooling the high concentration photovoltaic by applying oscillating heat pipes as the cooling
system. Their numerical study analyzed the temperature

distribution under different heat flux and some other outdoor
conditions. Their results demonstrated that using heat pipes
was a reliable, simple, uniform, and costless cooling method.
Also, oscillating heat pipes need no air fan or pump and have
no power consumption which makes them suitable for HCPV
systems.
Chong and Tan [120] discussed a study on applying an
automotive radiator as the active cooling system of the densearray concentrator photovoltaic system. They employed a
computational fluid dynamic (CFD) to perform a flow and
heat transfer analysis for the cooling system of the mentioned
CPV. For evaluation and feasibility of the study, they set up an
experimental procedure with the concentration ratio of 377
suns. They observed that by applying the cooling system when
the temperature of the cell reduced from 59.4∘ C to 37.1∘ C, the
efficiency successfully improved from 22.39% to 26.86%.
During the past decades, heat sinks became popular
devices for cooling processes. Many researchers conducted
studies about using heat sink for cooling CPV systems.
Karathanassis et al. [121] conducted a study about optimizing the microchannel, plate-fin heat sink suitable for the
cooling of a linear parabolic trough concentrating photovoltaic/thermal (CPVT) system. Their results showed that

Point

Linear

Fresnel lens

Fresnel lenses

Entech

Linear and
point

Linear

Parabolic and trough

Fraunhofer-Institut fur Solare
Energiesysteme

point

Parabolic trough

Flat concentration devices
(RXI)

Polytechnical University of
Madrid

Linear

Linear

Fresnel lens

Photovoltaics International

Point
Point

Type of focus

Parabolic trough

Fresnel lens
Parabolic dish

Sun power corporation
Solar research corporation

BP Solar and the Polytechnical
University of Madrid
Australian National University
AMONIX and Arizona Public
Service

Type of concentrator

Companies/institutions

250

30

38

20

214

1000

10

Concentration
ratio
25–400
239

Yes

Yes

Yes

Yes

yes

No

Yes

Tracking
system
—
Yes

—

Yes

—

yes

—

—

Cooling
system
—
Yes

Table 5: Different CPV projects with specifications [22, 87].

24%

15%

13%

15%

77.5%

—

12.7%

27%
22%

Efficiency

—

7–15 cent Kwh
(30 MW/yr production rate)
13 cent kwh
(15 MW/yr production rate)
—

—

—
—
4–6 cent kwh
(110 MW/yr production rate)
Low cost
(need no tracking system due to
high acceptance angle)

Cost

[146]

[145]

[144]

[143]

[142]

[141]

[140]

[22]
[139]

Reference
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Table 6: Comparative analysis of different CPV systems from economic aspects [49].
Primary concentrator
Point focus Fresnel lens
Cylindrical paraboloid
Linear Fresnel lens
Curved TIR lens
Curved Fresnel lens
V-trough, screen printed

Secondary concentrator

Tracking system

Concentration ratio

Cost
$/Wp

No
Point-focus CPC
Solid CPC
No
No
No

Gimbals
Polar
Gimbals
Polar
Polar
Polar

36
65
37
28
15
2

1.48
1.78
2.02
1.97
2.18
4.31

The costs given in the table are for cells, optical systems, mountings, and trackers only, including construction costs; balance of system costs are omitted as
they are similar for all types of collector. The cost in $/Wp is for collectors at operating temperature and, for concentrators, is based on direct beam irradiance
of 850 W/m2 ; the cost for the flat plate is based on a total irradiance of 1000 W/m2 [49].

Table 7: Fluids compatible with copper and aluminum, based on
heat pipe life tests.
Copper

Compatible

(i) Water
(ii) Methanol
(iii) Ethanol

Incompatible

(i) Ammonia
(ii) Acetone

Aluminum
(i) Ammonia
(ii) Acetone
(iii) Toluene
(iv) n-Butane
(v) n-pentane
(vi) n-heptane
(i) Water
(ii) Methanol, other alcohols
(iii) Benzene (carcinogen)
(iv) Naphthalene

microchannel heat sinks are ideal high heat flux dissipation as
they achieve thermal resistance values as low as 0.0082 K/W.
Also, their 1-D model could predict the flow and conjugate
heat transfer inside a microchannel.
Do et al. [122] proposed a thermal resistance correlation
as a design tool of a natural convective heat sink with
plate-fins for concentrating photovoltaic (CPV). Different
experimental investigations were also done for various heat
sink geometries, input powers, and inclination angles. Their
correlation could predict the effect of inclination angles and
fin spacing. The optimized fin spacing was highly dependent
on the inclination angle and temperature difference for
specific geometry.
Edenburn did an analysis for a point focus Fresnel lens
array under passive cooling system [123]. The cooling device
is made up of linear fins on all available heat sink surfaces. The
passive heat sink keeps the cell temperature below 150∘ C even
on extreme days at a concentration level of about 90 suns.
Natarajan et al. [124] elaborated a numerical investigation
of solar temperature of concentrated PV using Fresnel lenses
with a concentration ratio of 10x with and without a passive
cooling system. The simulation results showed that a number
of four fins of 1 mm thickness and 5 mm height were favorable
for the mentioned CPV.
By applying water as working fluid, Kumar and Reddy
[125] investigated properties of porous disc receivers by
different porosities. Empirical correlations were developed

to determine the Nusselt number and friction factor for the
porous disc receiver. Satyanarayana et al. [126] developed
different porous enhanced receiver configurations to increase
the heat transfer rate. Drabiniok and Neyer [127] proposed an
experimental study about special cooling systems of PB cells
on the basis of a bionic method using a porous compound
polymer foil. The foil was laminated directly on silicon
substrates providing good thermal contact with the water
cooled down by evaporation. A temperature reduction of up
to 11.7∘ C was observed and the presented system was capable
of self-regulating the water flow and the resulting cooling rate
by its direct dependency on environmental conditions like
temperature and air velocity.
Sun et al. [128] performed an experimental study about
heat dissipation of linear concentrating photovoltaic by
applying a direct liquid-immersion cooling method using
dimethyl silicon oil. The results showed that the temperature
of the cell rose from 0 to 35 increasing linearly with oil temperature. The cooling capacity of the direct liquid-immersion
cooling made this method favorable, and the average cell
temperature and heat transfer temperature difference could
be maintained in the range between 20–31∘ C and 5–16∘ C,
respectively, at a direct normal irradiance of about 910 W/m2 ,
15∘ C silicon oil inlet temperature, and Re numbers varying
from 13,602 to 2720. Finally, they reported no significant
efficiency degradation and the electrical performance was
considered to be stable after 270 days of silicon oil immersion.
Teo et al. [129] did an experimental study on analyzing
the effect of active cooling systems on the efficiency of
the PV modules. They applied parallel arrays of ducts with
inlet/outlet modified designs for uniform airflow distribution
which attached to the back of the module. The efficiency
increased from 8-9% to 12% and 14% by using the active
cooling system.
Ji et al. [130] performed a numerical and experimental study on using a jet impingement/channel receiver for
cooling densely packed PV cells under a paraboloidal dish
concentrator. They had shown that the proposed system
has the desirable working performance and was of good
application potential for the cooling of PV cells exposed to
a high heat flux.
Brideau and Collins [131] could increase the heat transfer
coefficient between the PV cells and air by using an impinging
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Table 8: Main characteristics of different cooling system.

Type

Heat pipe

Microchannels
Forced air

Description
(i) Simple
(ii) Reliable
(iii) Uniform
(iv) Costless
(v) Needs no air fan, pump, or energy consumption
(vi) Suitable for HCPV
(i) Low thermal resistance
(ii) Low power requirement
(iii) Ability to remove a large amount of heat in a small area
(i) Less efficient than water
(ii) More parasitic power

Reference

[118, 119]

[102, 147]
[110]

Porous

High temperature reduction with appropriate attachment

[127]

Impinging jet

Applying the coolant for hybrid system

[131]

jet with the aim of proposing a hybrid PV/T system. Table 8
shows the main description of different cooling systems.
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5. Conclusion
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Environmental issues and energy saving concerns have
always been a major global problem. CPV systems are
special technology due to their capability of producing
electricity with high efficiency. A review of solar photovoltaic
concentrators’ technologies and their characteristics and
properties such as their fundamental functions, efficiencies,
concentration ratio, tracking systems, cooling systems, and
brief comparison in some parts is presented. Choosing
the complete CPV containing the concentrator, tracking
system, and cooling system is highly dependent on some
limitation factors such as the climate conditions, geographical
conditions, budget limits, and space limits. Consequently,
for choosing an appropriate CPV system, considerations can
be made by using the summarized information provided in
Tables 3–8 by assuming the limitation factors.
Tables 3–6 present the main and specific characteristics
of different concentrated photovoltaic systems and Tables 7-8
summarize some factors for choosing the appropriate cooling
system.
Through this review paper, we introduced solar concentrated photovoltaic systems in a detailed description
in order to provide some main information for scientists
and manufactures to improve the CPV technology and to
optimize the efficiencies. Finally, it will draw wider interest
to the use of concentrated photovoltaic technology.
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Mirror concentrating element and tracking mechanism has been seriously investigated and widely adapted in solar PV technology.
In this study, a practical in-field method is conducted in Serdang, Selangor, Malaysia, for the two technologies in comparison to the
common fixed flat PV arrays. The data sampling process is measured under stochastic weather characteristics with the main target
of calculating the effectiveness of PV power output. The data are monitored, recorded, and analysed in real time via GPRS online
monitoring system for 10 consecutive months. The analysis is based on a simple comparison of the actual daily power generation
from each PV generator with statistical analysis of multiple linear regression (MLR) and analysis of variance test (ANOVA). From
the analysis, it is shown that tracking mechanism generates approximately 88 Watts (9.4%) compared to the mirror concentrator
which generates 144 Watts (23.4%) of the cumulative dc power for different array configurations at standard testing condition (STC)
references. The significant increase in power generation shows feasibilities of implying both mechanisms for PV generators and thus
contributes to additional reference in PV array design.

1. Introduction
In this work, the main target is to increase the daily energy
generation from PV generators despite the fluctuating sun
irradiance, 𝐺, which is the sole source of photonic effect in
PV electricity conversion process. Research works around the
globe were conducted to improve the energy production of
solar PV modules under real operating conditions. Chen [1]
reported that the installed capacity of the PV in Malaysia at
the end of 2009 and 2010 is 1 MWp and 100 MWp, respectively.
The potential Malaysian uptake of solar PV is set to increase
with the estimated requirement of up to 6500 MW by 2030
[1]. Market research also pointed that solar PV would have
the biggest share of Malaysia renewable energy installations

as the price of solar PV keeps going down. This is mainly due
to technology maturity and economies of scale as more solar
cell manufacturers come online.
The Government of Malaysia had officially started the
fit-in-tariff (FiT) enactment of the renewable energy law on
December 1, 2011, to encourage uptake of renewable energy
projects in the country. In this scheme, solar PV received the
highest FiT rate of up to RM1.77 per kWh energy production
for projects approved in 2012. This rate is applicable for 21year contract period. The rate for new projects will reduce by
8% per year, depending on the approval date of the project
[2].
The local condition and environment at the targeted
location for the application of the PV varies. This affects the

2
generation capability and the efficiency of the PV modules,
which are generally calculated and solely extrapolated by per
PV module characteristics, which are obtained from standard
tests in the laboratory [3]. The energy generation quantity
is not included, as this would depend on the duration of
the sunshine and the quality of the sunlight incident onto
the PV panel [4]. To increase the capability of the solar
cells, solar tracking and solar light concentrations could
be employed individually or in combination. Solar tracking
basically employs mechanism that continually points the PV
modules directly to the sun [5].
Mirror concentrating element and tracking mechanism
has been seriously investigated and widely adapted in solar
PV technology. In this study, a practical in-field method
is conducted in Serdang, Selangor, Malaysia, by means of
installing multiple solar systems: the first employing the
2-axis sun tracking system, the second employing mirror
concentrating system, and the third employing a basic fixed
system, a base system, to be used as comparator [6]. The
mirror concentrator embedded in the 2 × CPV technologies
adopted V-through concept of configuration with enhancement in mirror concentration. Recent study by [7–11] which
implies and enhances the optical efficiency of V-through
technology in solar PV application creates alternative means
of reducing the overall built-up area, quantity of module,
and heat dissipation and thus significantly lowers down the
installation cost. Climatic variables in most of the tropical
based countries have significant effects on PV performance in
generating sufficient and stabilized electricity to the normal
grid [12–14] where radiation level (𝐺) and temperature
element (𝑇) are the dominant factors in most of the PV
efficiency calculations.
The duration of data sampling process is done for 10
consecutive months in the equatorial sun-belt region of
uniform temperature-irradiance, high humidity-rainfall, and
generally light wind weather characteristics. The data are
monitored, recorded, and analysed in real time via general
packet radio service (GPRS) which can be managed online
via smart-pv.net. The analysis is based on standard testing
conditions (STC) data per unit array generation where power
contributions from mirror reflecting elements and tracking
mechanism are practically analyzed. The STC, as defined
in MS/IEC 61836 standards for the photovoltaic technology,
reflects the reference values of the in-plane irradiance (𝐺)
of 1000 W/m2 , PV cell junction temperature of 25∘ , and air
mass (AM) of 1.5 value to be used during the quality testing
of any PV device. A high quality, safe, and durable PV
module delivers the expected rated power (𝑊𝑝 ) withstanding
extremely wide range of environmental conditions and is
reputedly capable of delivering high energy yield over a
period of time.
Statistical analysis applied for this work is multiple linear
regression (MLR) by means of modelling the relationship
between two or more explanatory variables. In this case the
output power (𝑃dc ) with the contributions from mirror and
tracker element by fitting a linear equation to the observed
data with the hypothesis of every value of the independent
variable 𝑥1 , 𝑥2 is associated with the dependant variable 𝑦.
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The common model for MLR with 𝑛 given observations can
be denoted by
𝑦𝑖 = 𝛽0 + 𝛽1 𝑥𝑖1 + 𝛽2 𝑥𝑖2 + 𝜀𝑖

for 𝑖 = 1, 2, . . . 𝑛.

(1)

The MLR technique observes the varying value of 𝑦𝑖 by
expressing the overall correlation as data = fit + residual,
where the 𝛽 represents the fit terminology and the 𝜀 for
the residual or deviations of the observed and mean values
of 𝑦𝑖 . By adapting the analysis of variance (ANOVA) fitting
model to the data sets, the analytical process of comparing
the mean response values at different levels of the factor is
simulated where the program computes a number of means
and variances, dividing two variances and comparing the
ratio to a handbook value to determine statistical significance
[15, 16]. Each level of the factors is investigated to see if the
response is significantly different from the response at other
levels of the factor. The ANOVA provides a statistical test
of whether or not the means of several groups are equal
and therefore generalizes 𝑡-test to more than two groups for
statistical significance. Some practical examples of ANOVA
modelling for solar PV application are described in [17–20].
This paper reports the efforts by the authors to practically
calculate the effectiveness of solar tracking and mirror based
solar concentrating mechanism for electricity generation
via simple comparison of recorded field data, where this
information will be the additional reference in designing a
PV array configuration installed in the tropics.

2. PV Pilot Plant Setup
The entire PV array installed at the site is connected directly
to the nearest grid point (Feeder Pillar) which is linked to the
main distribution board (MDB) for electricity distribution.
The three different PV arrays are configured as shown in
Figure 1 where each module is a series of 95 W CEEG
monocrystalline modules with 17.05% practical conversion
efficiency and the specifications are described in Table 1.
The air mass (AM) is the relative optical path length
which light takes through the atmosphere normalized to
the shortest possible path length with consideration of
environmental blockage such as dust and particles. The site
calculation is based on (2) with three time intervals of 9 am,
12 noon, and 3 pm for the duration of 7 days and projects
the value of AM 1.4 or approximately 45∘ C solar zenith angle
comparable to air mass AM 1.5 global hemispherical defined
by ASTM and IEC. Consider
0.5

𝑠 2
AM = [1 + ( ) ] ,
ℎ

(2)

where 𝑠 is the shadow length and ℎ is the object height.
DC power (in Watt) is calculated directly from
PV array generation via online monitoring system
http://www.smart-pv.net which adapts cloud database
through general packet radio service (GPRS) on 3G
cellular communication with global system for mobile
communications. PV generator efficiency is calculated using
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Table 1: Specifications of 1 kWp PV generator system.

Fixed Flat PV (FF)
(i) Common flat PV array
(ii) Series connecting 12 units of CEEG
95 W monocrystalline module
(iii) Built-up area: 3.6 m × 2.4 m
(iv) Rated power: 1 kW
(v) 𝑉oc : 22.5 V × 12 = 270 Vdc
(vi) 𝐼sc : 5.56 Adc
(vii) 𝑃dc : 1.5 kW (rated at STC)

Tracking flat PV (TF)
(i) Dual-axis sun tracking
(ii) Series connecting 12 units of CEEG
95 W monocrystalline module
(iii) Built-up area: 3.6 m × 2.4 m
(iv) Rated power: 1 kW
(v) 𝑉oc : 22.5 V × 12 = 270 Vdc
(vi) 𝐼sc : 5.56 Adc
(vii) 𝑃dc : 1.5 kW (rated at STC)

Concentrating PV (CPV)
(i) Dual-axis sun tracking with mirror concentrator
(ii) Series connecting 6 units of CEEG 95 W
monocrystalline module
(iii) Built-up area: 3.6 m × 2.4 m
(iv) Rated power: 1 kW
(v) 𝑉oc : 22.5 V × 6 = 135 Vdc
(vi) 𝐼sc : 5.56 Adc
(vii) 𝑃dc : 0.75 kW (rated at STC)

Fixed ﬂat (configured using 12 CEEG modules of 95 W)

Tracking ﬂat (configured using 12 CEEG modules of 95 W)

(a)

(b)

2x CPV (configured using 6 CEEG modules of 95 W)
(c)

Figure 1: Overview of 3 types of PV generators installed at site.

(3) by implying factors of irradiation (𝐺) and area (𝐴) where
the built-up area is 8.64 m2 as follows:
𝜂gen = 100 ∗ [

𝑃
].
(𝐺 ∗ 𝐴)

(3)

The standard calculation for DC power is calculated using
(4) where the values are based on the different types of PV
arrays to produce the individual power outcome. The main
element of calculating the contributions from mirror and
tracking elements is done by means of a simple comparison
of the recorded power output based on the actual data at site.
Power from mirror concentrator (𝑃𝑚 ) is calculated using (5)

and power from tracking mechanism (𝑃𝑡 ) is calculated using
(6). Consider
𝑃dc = 𝐼dc × 𝑉dc

(4)

𝑃𝑚 = 𝑃CPV − 𝑃TF

(5)

𝑃𝑡 = 𝑃TF − 𝑃FF .

(6)

For (4) and (5), the ground condition during data sampling
is the same at exact time sequence and is applying the same
CEEG PV module specifications. For (6), the amount of PV
module should be the same and as the tracking flat occupies
twelve PV modules compared to the CPV which is configured
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Figure 2: Radiation profile for 12,190 samples of field data.
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The radiation profile (in W/m2 ) shown in Figure 2 is plotted
for the whole monitoring period of 268 days operation with
12,190 data samples. The highest radiation level recorded
during the sampling period was at 1438 W/m2 on 15 May
2012. The sun hours throughout the monitoring period
are calculated at 3047.5 hours with 11.34 hours/day of sun
radiation received which is relatively high and thus supports
the 6 hours of direct sun each day all year round as claimed
by Chen [1]. Figure 2 also indicates the time scale in 𝑥-axis
(the time sequence of daily sun received at site) where if we
segment the sun hours into 3 segments of 4 hours segment
2 (10.00 am to 2.00 pm) shows the highest radiation values
compared to segment 1 (6.00 am to 10.00 am) and segment
3 (2.00 pm to 6.00 pm). The minimum recorded radiation
started at the value of 3 W/m2 as early as 4.00 am for most
of the days. The average radiation recorded for 15-minute
interval during generation days is 339.7 W/m2 .
The high value of radiation level at site is further supported based on the 2012 annual reports by the Meteorological Department of Malaysia where the mean daily global
radiation was reported ranging from 16 MJ/m2 to 23 MJ/m2
as plotted in Figure 3.
From the report, it can be interpolated that the PV pilot
plant in Universiti Putra Malaysia (UPM) receives a strong
solar radiation of 17-18 MJ/m2 or 4.72–5 kWh/m2 daily. Haris
[21, 22] supports this statement with yearly average global
irradiance value of 1571 kWh/m2 or 4.3 kWh/m2 daily for
Kuala Lumpur which is the closest reference to the project
site. Figures 4 and 5 illustrate the ambient temperature (𝑇𝑎 )
and wind speed (𝑤) pattern at site throughout the monitoring
period of 15-minute time intervals.
The recorded ambient temperature ranges from 22.2∘ C
up to 38.4∘ C with an average value of 29.41∘ C, while wind
speed flows from 0 m/s up to 8.9 m/s with average value of
1.27 m/s. The wind profile is not very strong at the site due to
the experience of having 0 m/s (no wind) for about 527 hours
or 22 days throughout the monitoring period.
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3. Results and Discussion

Figure 3: Monthly mean ambient temperature and mean daily
global radiation for the year 2012 at KLIA, Sepang, Malaysia.

Ambient temperature (∘ C)

using only six PV modules the approach is to divide 𝑃TF with
2.
The data for three environment factors of radiation (𝐺),
wind speed (𝑤), and ambient temperature (𝑇𝑎 ) are captured
and logged using 3-parameter weather station installed at site.

Time (min)

Figure 4: Ambient temperature pattern for 10 months.

The PV generator efficiency as in (3) is plotted as shown
in Figure 6. From this calculation, the average values for 117
samples of data show that FF generator achieves efficiency
of 10.04% and TF generator produces up to 10.78% which is
the highest and the lowest efficiency value coming from CPV
generator with 3.04%. In general, it can be denoted that the
𝜂gen value contradicts the rated CEEG PV module efficiency
of 17.05%.
As means of analysing mirror and tracker contribution,
the power generation (in kilowatt) from mirror concentrator
and tracking mechanism is plotted in Figure 7 for 62 data
samples of standard testing conditions (STC) with 5% tolerance based on field measurement. Based on the field data
collected, the ANOVA test as described in Table 2 is further
calculated as statistical justification on the reliability of
sample data used and to show correlation values of the mirror
and tracker contribution. In this case, the CPV generator
energy output (𝑃dc ) is used as the dependent variable (𝑦parameter) as the generator has both mirror and tracking
mechanism features. The mirror and tracking mechanism are
classified as the independent variable (𝑥-parameter).
At a sample time interval, the highest recorded power
generated is from TF generator for 1.27 kW followed by
1.05 kW from FF generator and the least from CPV generator
of 0.63 kW where the power generation heavily depended on
the quantity of PV modules applied in each generator.
From the plotted data in Figure 8 and (4)–(6), the results
showed that, for this site (Serdang, Malaysia), it is found that
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Table 2: Summary output of MLR and ANOVA.
(a)

Regression statistics
Multiple 𝑅
𝑅 square
Adjusted 𝑅 square
Standard error
Observations

0.667607
0.4457
0.42691
0.062748
62
(b)

Regression
Residual
Total

df
2
59
61

ANOVA
MS
0.093395
0.003937

SS
0.186789
0.232303
0.419092

𝐹
23.72025

Sig 𝐹
2.7573𝐸 − 08

(c)

Coef
0.441245
0.216826
1.078696

S.E
0.026579
0.076519
0.164241

𝑡 Stat
16.60135
2.833624
6.56777

𝑃-value
6.63𝐸 − 24
0.00629
1.45𝐸 − 08
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Figure 5: Wind profile throughout the monitoring period.
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Wind speed (m/s)

Intercept
Tracker contribution
Mirror contribution

Sample days

the dual-axis tracking mechanism generates approximately
88 Watts/day or 9.4% of the TF cumulative power (with the FF
generator as reference). The total generation throughout the
sampling period coming from tracking mechanism reaches
5.49 kW out of the recorded 58.5 kW power output. The
tracker generation seems unstable and sometimes experiencing rapid fluctuation mainly due to the sun angle of incident
(AOI) and cloud shading factor. The mirror concentrating
element generates approximately 8.93 kW out of 38.2 kW
total power generation from CPV generator (with TF generator as reference). Based on daily average, the value can be
converted as 144 Watts/day or 23.4% of the CPV cumulative
power.
The increase of 14% in power generation shows significant
feasibility of implying mirror concentrator for PV generators
with temperature increase within the allowable temperature
range (−40∘ C to +85∘ C) for the CEEG PV module. The crux
finding of this work is statistically supported by means of
MLR and ANOVA test. The power generation from mirror
reflector is more stable and consistent compared to the tracking mechanism as shown in the line fit plot figures. General

FF
TF
CPV

Figure 6: PV generator efficiency based on sampled field data.

observation suggests that the high generation from mirror
reflector is due to the increase of incident light reflection on
the PV module surface which would also increase the PV
surface temperature.
Based on the statistical output, the correlation and coefficients involved are described in (7) with quite a low value
standard error (SE) of 0.062% and sum of squared error
(SSE) of 0.42%. The significance of correlations (𝑅2 ) between
each factor is rather small with 0.45 values but this can be
considered enough for statistical correlation based on the
good 𝐹-test outcomes. Consider
𝑃dc = 0.44 + 0.22 ∗ 𝑃𝑚 + 1.07 ∗ 𝑃𝑡

𝑅2 = 0.45.

(7)
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techniques carries strong wattage of adapting PV technology
in the tropics.
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Figure 7: Power generation from each individual PV generator at
STC conditions.
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Figure 8: Power generation from mirror concentrator and tracking
mechanism at site.

This study focuses on the comparison of power generation via adapting mirror concentrator and tracking mechanism on PV arrays with statistical approach using MLR and
ANOVA as means of early findings based on the tropical
pattern of Malaysia climate.

4. Conclusion
The drawbacks of presently practised method of adapting
mirror concentrator and tracking mechanism for solar PV
generator are analyzed for their genuine daily power contributions specifically in the tropical-ground conditions of
Malaysia. PV generator systems rated at 1 kW with multiple
configurations are taken as relative comparison for the
sampling period of 10 consecutive months. Analysis shows
that the mirror contribution is relatively high compared to
the tracking mechanism with 14% daily increment and has a
significant impact on the surface temperature of PV modules.
The daily power increase by adapting both enhancement

Standard testing condition
(𝐺 = 1000 W/m2 , 𝑇𝑎 = 25∘ C, AM = 1.5)
IEC:
International Electrotechnical
Commission
ASTM: American Society for Testing and
Materials
NOCT: Nominal operating cell temperature
(𝐺 = 800 W/m2 , 𝑇𝑎 = 20∘ C, AM = 1.0)
𝑇:
Absolute temperature in Kelvin
(𝜃 + 273.15 K)
Ambient temperature
𝑇𝑎 :
𝐺mea : Measured solar irradiance (based on
Pyranometer output)
𝑃rated : Rated power for PV modules/generator
𝑃mpp : Output power at maximum power point
𝐼mpp : Current value at maximum power point
𝑉mpp : Voltage value at maximum power point
V:
Wind speed (m/s)
𝜂:
Efficiency
𝐴 PV : Aperture surface area of PV module (m2 )
𝑠:
Length of shadow
ℎ:
Length of object
FF:
Fixed flat PV generator
TF:
Tracking flat PV generator
CPV: Concentrating PV generator.
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The availability of PV systems is discussed to determine the optimum availability at which standalone PV systems must be designed.
Optimization methods and PV systems software, such as HOMER and PV.MY, were used for this purpose. Six PV systems with
six availability levels were analyzed, in terms of wasted energy, cost of energy, battery usage, and power shortages, using real
meteorological data. Results show that PV systems with 99% availability are recommended, because of their high reliability and
favorably wasted energy.

1. Introduction
Considering 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 their high capital cost, compared to
conventional energy sources. Currently, many studies were
conducted that focus on the optimization of standalone
PV systems, so that the number of PV modules, capacity
of storage battery, and capacity of inverter were optimally
selected. Standalone PV systems are widely used in remote
areas without access to electricity grid. These systems had
proven their feasibility, compared with conversional standalone power systems (e.g., diesel generators), especially for
remote applications, because of the difficulty in accessing the
remote areas and the cost of transportation. However, a PV
system must be designed to meet the desired load demand at
a defined level of availability [1].
Many sizing works for PV system can be found in
the literature. Based on [1], three major PV-system-sizing
procedures are available, namely, intuitive, numerical (simulation based), and analytical methods, in addition to some
individual methods. However, most of these methods depend
on system availability. For example, in [2], a well-completed
optimization of PV systems in Algeria was implemented
by dividing the regions into four zones using sky clearness

index. The optimization of PV systems was based on different
levels of system availability and a simulation program which
calculates the possible sizes of a PV system at a specific system
availability and load demand. Thereafter, the optimum PV
system configuration is selected based on system capital cost.
In [3], an elegant optimization method for PV system was
presented. A PV system mathematical model was developed
to optimize its size based on well-defined solar energy data
and load demand. The developed model contains models
for PV array, storage battery, and charge regulator. However,
the optimization considers the combined minimum cost
with maximum system availability taking into account the
uncertainty in solar energy and the variation in the demanded
energy by the load.
The optimization of a PV system was done for three sites
in the UK using the sizing curves derivation in [4]. To avoid
any load interruption, the PV array size was designed based
on the worst monthly average solar energy. As for finding
the minimum storage requirement, the same method used in
plotting the sizing curves of the PV array was used for the
battery. The minimum storage requirement was calculated
each year of the used historical data. However, PV array size
was calculated based on the worst month method, which may
cause oversizing in the PV generator, especially in months
having average solar energy higher than the worst month.
The considered system availability in this study was 100%.
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In [5], an optimization of a PV system was presented based
on long term solar radiation series for UK. In this study, the
average of the obtained solar radiation series was calculated
and divided in two climatic cycles. One of these climatic
cycles contains days with average solar radiation equal to
or higher than the calculated overall solar radiation average,
whereas other climatic cycles contain days that have average
solar radiation lower than the calculated overall average
solar radiation. Thereafter, the necessary size of the PV
generator and the storage battery was calculated based on all
the climatic cycles to construct the general-sizing curve at
specific system availability. Finally, the resultant sizing curve
was fitted to an exponential function to derive a mathematical
formula that can be used to calculate PV system size directly.
In [6], a comprehensive sizing of standalone PV systems
for Malaysia was presented. A simulation was performed,
depending on the energy flow in a PV system [7]. By this simulation, the possible sizes of a PV/battery system at different
system availabilities for five main locations were obtained and
plotted to establish a mathematical correlation between PV
array capacity and system availability and between PV array
capacity and storage battery capacity. After calculating the
coefficients for each region, the averages of these coefficients
were calculated to establish a model for all Malaysia. From the
examples of PV system optimization that were given, it can
be concluded that the PV systems were designed at different
levels of availability of 90% to 100%.
The main objective of the present paper is to study
the effect of system availability on system size and cost
to recommend an optimum availability level at which PV
systems must be designed.

2. Standalone PV System Availability
Each standalone PV system, like any other power systems,
has a specific level of availability. This reliability level affects
system performance, production, feasibility, and investment
[8–14]. According to the Sandia National Laboratory in [15],
the availability of a standalone PV system can be defined as
the percentage of time at which a power system is capable of
meeting the load requirements. The number of hours that the
system is available, divided by 8 760 h, gives the annual system
availability. A system with 95% availability is expected to meet
the load requirement of 8 322 h during an average year for the
entire useful life of the system. An annual availability of 99%
means that the system can operate the load for 8 672 h of the
8 760 h [15]. In [16], the PV system availability is defined as the
percentage of time at which a PV system is capable of meeting
the load requirements.
The availability of a PV system can be described by
statistical values. In [17], the availability of PV systems is
defined as a statistical value, called loss of load probability
(LLP), which is given by
LLP =

∑8760
𝑖=1 EnergyDeficit𝑖

∑8760
𝑗=1 LoadDemand𝑗

.

(1)

The numerator in (1) is the sum of the energy demanded
which the PV system cannot cover in a year’s time. On

the other hand, the denominator is the sum of the energy
demanded in a year’s time. After calculating the LLP, the
availability (𝐴) of the PV system can be expressed as
𝐴 = (1 − LLP) ∗ 100%.

(2)

Some researchers used another statistical value to describe
the availability of a PV system, namely, loss of power supply
probability (LOSP). In [18, 19], LOSP is described as a
probability function,
𝑓𝑐 = SOC (𝑡) ≤ SOCmin ;

for → 𝑡 ≤ 𝑇,

(3)

where 𝑓𝑐 is the probability that the state of charge at any
accumulative time 𝑡 within the time period 𝑇 will be equal
to or less than the minimum permissible level (SOCmin ).
According to this formula, the availability of a PV system
can be calculated as
𝐴 = (1 − 𝑓𝑐 ) ∗ 100%.

(4)

However, increasing PV system availability increases the size
of the system and, consequently, the capital cost of the system.
In [20], the effect of the availability of PV system on PV
array cost is deeply studied. According to [20], the system
size and cost increased rapidly while trying to obtain the last
few percentages of availability. The relation between PV array
cost (size) and system availability was almost liner until 80%,
at which it became logarithmic thereafter. In addition, the
Sandia National Laboratory, in [15], illustrated the relation
between the peak sunshine hours of the system and the
needed storage capacity for the system at two levels of system
availability. According to [15], the storage needed from a PV
system that has 99% availability is higher than that from a
PV system with 95% availability. Moreover, the difference
between the needed storage capacities becomes much higher
as the number of peak sunshine hours becomes lower than 4.
Based on that, increasing availability of the PV system
increased the size of the PV array and the needed storage
capacity. On these bases, knowing the optimum availability
at which the PV system must be designed is important. In
[15], two levels of availability are recommended: 95% and
99%. However, these authors stated that the 95% availability
is more recommended. Meanwhile, in [20], it is suggested
that the nature of the load of the PV system determines
its availability. For example, telecommunication repeater
stations will be considered as a critical load. Thus, 99%
availability is demanded, whereas other noncritical loads can
be designed based on 95% availability. In [2], the availability
of PV systems in the range of 90% to 100% is recommended.
Meanwhile, in [3], the availability of PV systems in the range
of 92% to 99.9% is recommended. In [4], it is recommended
that PV systems must be designed at 100% availability. In
addition, in [5], it is suggested that PV system availability
must be higher than 95% and that an LLP value of zero cannot
be assigned. In [6], the PV system availability in the range
of 95% to 99% is recommended, whereas a 98% availability
of PV system is recommended in [7]. Finally, the HOMER
software, which is a widely used PV system optimization tool,
designs standalone PV systems at 100% availability.
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Table 1: Designed PV systems specification.

𝐴
100%
99%
98%
97%
96%
95%

𝐶𝐴 (kWp)
4.3
2.5
2.3
2.2
2.1
2

𝐶𝐵 (Ah/12 V)
1316
324
270
260
250
240

𝐸PV (kWh)
6882
4000
3681
3521
3361
3201

600
500

Power

400
300
200

0

1
2
3
4
5
6
7
8
9
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11
12
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15
16
17
18
19
20
21
22
23
24

100

Hour

Figure 1: Simulated load demand.

On these bases, the availability of PV systems is mostly
recommended in the range of 95% to 100%. However, an
exact availability level is not yet determined even by the
present study. A more specific availability level must be
defined among the availability levels that are in the range of
95% to 100%. In the next section, a brief analysis of a PV
system designed at six availability levels is performed to try
to find the optimum availability at which PV systems must be
designed.

3. Searching for the Optimum PV
System Availability
In this section, a brief analysis of a PV system designed at
six availability levels (95%, 96%, 97%, 98%, 99%, and 100%)
is performed to find the best system availability at which
PV systems must be designed. Figure 1 shows the used load
demand. The total load demand was 6.135 kWh/day with a
maximum power of 0.52 kW. The average load power was
0.255 kW and the load factor was 49%.
In this section, the method proposed by [6] was used
to design the PV system at different availability levels. In
addition, the tool presented in [21] was used to simulate
these systems using hourly solar radiation and ambient
temperature records for Kuala Lumpur City, Malaysia. The
proposed method and the HOMER software were used to
design the PV system at 100% availability. Then, the methods
proposed in [6, 21] were used to design and analyze the
designed PV systems
According to HOMER, a PV system with a 4 kWp PV
array and 1500 Ah/12 V storage battery is needed to meet

LOLH
0
199
386
661
736
972

𝐸𝐷 (kWh)
4645
1789
1491
1368
1217
1090

CoE ($/kWh)
0.6
0.27
0.25
0.24
0.23
0.22

SOC80%
7881
2748
2595
2502
2416
2341

the desired load demand at zero loss of load probability
(100% availability). On the other hand, for the method in
[6], a PV system with 4.3 kWp and 1316 Ah/12 V storage
battery is needed to meet the desired load demand. The
difference between the result given by HOMER and that by
the proposed method is attributed to two reasons: the nature
of the meteorological variable used and the specification
assumption of the device. As for the former, the method in [6]
used real hourly meteorological data, whereas HOMER used
monthly averages and converted it into hourly data using
embedded models. As for the latter, many differences exist
in the defined specifications for the modeled devices, such as
conversion efficiency of the PV module, charging efficiency
of the battery, and other factors.
Table 1 shows the specifications and statistics of six PV
systems designed at six availability levels. The table shows
the availability level (𝐴), PV array capacity (𝐶𝐴 ), storage
battery capacity (𝐶𝐵 ), energy generated by the PV array in a
year’s time (𝐸PV ), number of loss load hours (LOLH), damped
energy (𝐸𝐷), cost of energy generated by the PV system
(CoE), and number of hours in the year that the SOC of the
battery was higher than 80% (SOC80% ). As for LOLH, the
simulation counted each hour within which an energy deficit
occurs, despite the fact that some of the hourly demands can
be partially covered.
From the table, the system with 100% availability consisted of a 4.3 kWp PV array and a 1316 Ah/12 V storage unit.
The system generated 6882 kWh per year, whereas 4645 kWh
was damped, which means that 67.5% of the energy generated
was wasted. The cost of energy generated by such a system is
0.6 USD/kWh. In addition, the battery SOC was higher than
80% in about 89.9% of a year’s time, which indicates that the
battery was not the kind used during a year’s time.
As for the system with 99% availability, a 2.5 kWp PV
array and a 324 Ah/12 V storage battery are the recommended
energy source sizes. In a year’s time, 4000 kWh was generated,
whereas 45% of this energy was damped. The cost of the
energy generated by the system is 0.27 USD/kWh. The battery
SOC in 31% of a year’s time was higher than 80%, which
means that the battery was well used compared with the
previous case. The number of hours at which the system
cannot meet the load demand was 199, which translates to
2.2% of a year’s time.
As for the remaining system options, the performances
of these systems were close to each other, whereas the needed
PV array and battery capacity were in the range of 2.3 kWp
to 2 kWp and 270 Ah/12 V to 240 Ah/12 V. The generated
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4. Conclusion
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Optimum PV system availability was studied and presented
in this paper. Six PV systems with different reliability levels
were studied using solar energy and ambient temperature
records for Kuala Lumpur City, Malaysia. The performance
analysis was in terms of wasted energy, cost of energy, battery
usage, and power shortages using real meteorological data.
The results show that PV systems with 99% availability are
recommended due to their high reliability and favorably
wasted energy.
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Figure 2: PV systems comparison.

energy was in the range of 3201 kWh/year to 3681 kWh/year,
whereas the percentage damped energy was in the range
of 34% to 40%. On the other hand, the cost of the energy
generated by these systems was in the range of 0.22 USD/kWh
to 0.25 USD/kWh, whereas the percentage of the days within
which the battery SOC was higher than 80% was in the range
of 28% to 30%. The LOLH values of these systems were in
the range of 4.4% to 11.1%, which are high values, especially,
compared with the previous systems.
Figure 2 shows a comparison among these systems
in terms of wasted energy (damped energy-to-generated
energy), battery usage (SOC80% to the number of hours in a
year’s time), and LOLH percentage (LOLH to the number of
hours in a year’s time). The figure shows that systems with
availability in the range of 99% to 95% had almost similar
battery usages. Hence, systems with 98% to 99% availability
are recommended in this regard. As for LOLH, systems with
availability values in the range of 98 to 100 are recommended.
Finally, systems with availability values in the range of 97%
to 98% are recommended, in terms of wasted energy. On the
basis of these results, systems with availability values of 98%
and 99% are most recommended.
Referring to the CoE in Table 1, it is noted that, by
using the system with 99% availability, the supplier lost
298 kWh/per year in damped energy, compared with the
system with 98% availability. Moreover, the generation of
energy costs the supplier 0.02 USD per kWh more, compared
with the system with 98% availability. On the other hand, the
LOLH value increased by 187 h in the system with 98% availability, compared with the system with 99% availability. Thus,
despite the fact that the system with 98% availability was
cheaper in terms of unit cost and damped energy, it is less reliable compared with the system with 99% availability. Upon
this basis, PV systems with 99% availability are recommended
due to their high reliability and favorable running costs.
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The object of this paper is to develop a high antireflection silicon solar cell. A novel two-stage metal-assisted etching (MAE) method
is proposed for the fabrication of an antireflective layer of a micronanohybrid structure array. The processing time for the etching
on an N-type high-resistance (NH) silicon wafer can be controlled to around 5 min. The resulting micronanohybrid structure array
can achieve an average reflectivity of 1.21% for a light spectrum of 200–1000 nm. A P-N junction on the fabricated micronanohybrid
structure array is formed using a low-cost liquid diffusion source. A high antireflection silicon solar cell with an average efficiency
of 13.1% can be achieved. Compared with a conventional pyramid structure solar cell, the shorted circuit current of the proposed
solar cell is increased by 73%. The major advantage of the two-stage MAE process is that a high antireflective silicon substrate can
be fabricated cost-effectively in a relatively short time. The proposed method is feasible for the mass production of low-cost solar
cells.

1. Introduction
Solar cells are powered by the photoelectric conversion of
solar light. Thus, it is desirable that the light reflectance
of the cell surface be as low as possible to enable complete absorption of the solar energy. Current antireflection
approaches can be categorized into two categories. The first
approach is to coat an antireflection layer on the cell surface
to reduce light reflection. Plasma enhanced chemical vapor
deposition (PECVD) of a thin layer of hydrogenated silicon
nitride (SiNx:H) on the cell surface is a commonly adopted
method [1]. Solar light within a specific wave range can thus
be effectively absorbed. Wider spectrum absorption requires
multiple antireflection coatings. Hence, the antireflection
coating approach is relatively costly, complicated, and difficult to mass produce. The other approach is to texturize
the cell surface so that different wavelengths of light can
be efficiently absorbed through multiple reflections. This
approach enables a wider spectrum of solar light to reach the

P-N junction of the solar cell, thus enhancing its short circuit
current and photoelectric conversion efficiency.
In recent years, physical and chemical etching methods
have been adopted for roughening the surface of the wafer
substrate. Physical etching can be accomplished by reactive
ion etching and creates a rough structure that possesses
less than 20% reflectivity in the visible light spectrum [2].
The chemical approach uses potassium hydroxide (KOH)
for alkaline etching or hydrogen fluoride acid (HF) for acid
etching, and it can result in a rough surface with a reflectivity
of around 17% under irradiation of visible light [3]. Wet
chemical etching, using KOH to fabricate the pyramid structure, is a commonly used approach in the industry. Compared
to physical etching, KOH-based wet etching is more cost
effective, faster, and more feasible for mass production of
large-area cells. However, the pyramid structure can reach a
minimum reflectivity of 12% and can only absorb the solar
energy of visible light. Moreover, a thin layer of silicon nitride
(SiN) over the pyramid structure is required to assure the
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Table 1: Materials, specifications, and vendors.

Specification
Material
N-type silicon (100) wafers 1∼3 Ω-cm
(monocrystalline)
AgNO3

99.8%

HF

55%

HNO3

69%

Acetone

99.5%

Polyethylene glycol

MW: 1000

Borosilicafilm
Phosphorosilicafilm

𝐶𝑜 = 1 × 1020
𝐶𝑜 = 5 × 1020

Vendor
Wafer Works, Taiwan
Union Chemical
Works, Taiwan
Choneye, Taiwan
Union Chemical
Works, Taiwan
Sigma-Aldrich
Echo Chemical,
Taiwan
Emulsitone, USA
Emulsitone, USA

antireflective property. Therefore, silicon nanostructures have
been adopted to enhance the antireflectivity [4–9]. Besides
chemical wet etching, electrochemical etching, plasma etching, oxidation, and nanogold-catalyzed chemical etching can
also be used to fabricate a rough structure with 5% less
reflectivity.
Recent investigations observed that semiconductor silicon exhibits an electrochemical reaction in an HF solution. Accordingly, electroless metal deposition and electroless etching have been adopted for fabricating silicon
nanowires for micronanoelectrical devices [10–18]. Further
studies indicated that silicon nanowire structures possess the
antireflective property in the ultraviolet (UV), visible light,
and infrared (IR) spectra. Thus, silicon nanowiring is fast
substituting chemical vapor deposition (CVD) as a way to
reduce the reflectivity in the SiN layer [1]. Garnett and Yang
[19] used silver nitrate (AgNO3 ) as the etchant for electroless
etching of silicon nanowire arrays, followed by the fabrication
of the P-N junction through PECVD using boron trichloride
(BCl3 ) gas. The fabricated solar cell exhibited a short circuit
current density (𝐽sc ) of 4.28 mA/cm2 and an open circuit
voltage (𝑉oc ) of 0.29 V. A photoelectric conversion efficiency
(𝜂) of 0.46% was achieved. Tang et al. [20] made use of the
CVD approach to fabricate the P-N junction and then grew
silicon nanowires using gold nanoparticles as the catalyst.
Uncharged polymethyl methacrylate (PMMA) was employed
to reduce the leakage current effect. A solar cell having a 𝐽sc
of 7.6 mA/cm2 and an 𝜂 of 2.73% was produced. In 2009, the
National Renewable Energy Laboratory (NREL), USA [21],
used chloroauric acid (HAuCl4 ) as the etchant for electroless
etching of nanoporous Si. The thermal oxidation process was
then applied to deposit a silicon dioxide (SiO2 ) passivation
layer on the P-N junction surface to reduce the leakage
current and indirectly enhance the short circuit current.
The resulting solar cell had a high 𝐽sc of 34.067 mA/cm2 ,
a 𝑉oc of 0.6123 V, and an 𝜂 of 16.8%. In 2011, the NREL
etched nanostructures on the pyramid microstructure using
HAuCl4 to obtain an average reflectivity of 2.7% in the light
spectrum of 350–1000 nm. The 𝐽sc , 𝑉oc , and 𝜂 of the fabricated
solar cell were 35.6 mA/cm2 , 0.615 V, and 17.1%, respectively
[22]. Thereafter, tetramethylammonium hydroxide (TMAH)

was employed to smoothen the surface structure of the
nanoporous silicon, so that the recombination of electronhole pairs could be reduced. A solar cell having a 𝐽sc of
36.45 mA/cm2 , a 𝑉oc of 0.628 V, and an 𝜂 of 18.2% was
produced [23].
The above-mentioned studies indicate the development
trends of solar cells, namely, the use of inexpensive processes to produce high photoelectric conversion efficiency
devices. In this study, we propose a cost-effective solar
cell production method comprising fabrications of a high
antireflection micronanohybrid silicon substrate and the PN junction using a liquid diffuser. The high antireflection
micronanohybrid silicon substrate is fabricated by a twostage metal-assisted (MAE) etching method using an AgNO3
and HF mixing solution as the etchant to grow nanowires on
a KOH wet-etched microstructure pyramid array.

2. Materials and Methods
2.1. Materials. The materials used in this study are listed in
Table 1.
2.2. Methods
2.2.1. Fabrication of a High Antireflection Micronanohybrid
Structure Array. An AgNO3 and HF mixing solution is
adopted as the etchant for the MAE. The silver ions in the
etchant acquire electrons from the silicon substrate and are
reduced to silver atoms, which are then deposited on the
surface of the silicon substrate. Simultaneously, the silicon
atoms donate electrons and are oxidized to SiO2 . The SiO2 is
then etched by the HF solution with zero applied potential.
Silicon nanowire arrays can be fabricated through consecutive reduction and oxidation (redox) reactions [24–26]. In
this study, the MAE method is used for fabricating a high
antireflection micronanohybrid structure array. In the first
stage, short-time etching using highly concentrated AgNO3
is executed to deposit a coniferous-like silver layer on the
wafer surface of the KOH-etched micropyramid array. Then,
relatively long-time etching using a lower concentration of
AgNO3 is implemented for producing a bolt upright and
uniform silicon nanowire array on each micropyramid. The
fabrication procedures are described as follows.
(1) Wafer cleaning: clean the wafer sequentially and ultrasonically in acetone, ethanol (EtOH), and distilled
water for 30 min. Immerse the washed silicon wafer
in diluted HF acid for 2-3 min to remove the oxide
layer from the wafer surface. Then, rinse the wafer
with distilled water.
(2) Micropyramid array fabrication: prepare the wetetching etchant with a weight ratio of DI: KOH
(40 wt%): IPA = 70 : 2 : 5. Use it to wet-etch the
micropyramid array on the cleaned wafer substrate.
Then, remove the oxide layer from the wafer surface
by immersing the wet-etched wafer into dilute HF
acid for 2-3 min.
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(3) Two-stage MAE: conduct the first stage of the
MAE using AgNO3 (0.34 M) and HF (4.6 M) mixing
etchant under various processing times. Then, process
the second stage of the MAE using AgNO3 (0.03 M)
and HF (5.6 M) mixing etchant under various processing times. Both stages are conducted at 40∘ C.
The optimal processing times for stages 1 and 2 were
arrived at by exploring 30 designed processing time
combinations between the stages, as tabulated in
Table 2.
(4) Removal of silver conifers: during the MAE process, the reduced silver nanoparticles dispersedly distribute on the wafer surface. After MAE, the reduced
silver nanoparticles are removed by immersing the
wafer into a solution of nitric acid (HNO3 ) for 5 min.
(5) SiO2 layer removal: remove the bottom SiO2 layer
using an HF and distilled water mixing solution (ratio
= 1 : 3).
2.2.2. Property Characterization of the Synthesized Micronanohybrid Silicon Substrate. The morphology of the micronanohybrid silicon substrates was characterized using a
field emission scanning electron microscope (FESEM) (JSM6700F, JEOL). The reflectivity for the light spectrum of 200–
1000 nm was measured by a variable-angle UV, visible (VIS),
and near IR (UV/VIS/NIR) spectrophotometer (Hitachi U4100).
2.2.3. Growth of the P-N Junction. Instead of the commonly
used CVD process, the less expensive silica film was adopted
as the diffuser for the growth of the P-N junction. The growth
procedures are described below.
(1) Silica film spin coating: spin coat a 0.5 mm thick silica
film on the micronanohybrid silicon substrate. Then,
volatilize the contained organic solvent at 100∘ C for
60 min.
(2) Thermal diffusion: place the silica-film-coated silicon
substrates in a high temperature furnace to process
the thermal diffusion. The processing time should
be set to 60 min, and several diffusion temperatures
(950, 1000, 1050, 1100, and 1150∘ C) should be selected
to obtain optimal diffusion. Then, remove the glass
oxide layer on the wafer surface by immersing the
wet-etched wafer into diluted HF acid for 2-3 min.
Wash the remaining HF solution using distilled water.
(3) Sheet resistance measurement: use a four-point probe
for the sheet resistance measurement.
2.2.4. Cell Fabrication and Photoelectric Conversion Efficiency Measurement. E-gun sputtering using metal masks
was adopted for the fabrication of the front fishbone positive
titanium electrode and the back negative silver electrode.
The thicknesses of the front and back electrodes were 50
and 200 nm, respectively. The electrode sputtered silicon
substrate was placed in a nitrogen-filled high temperature
furnace at 400∘ C for 30 min to grow the ohmic contact. The
photoelectric conversion efficiency was measured.

3
Table 2: Processing time combinations between stage 1 and stage 2.
Stage
1
2

20 s
2 min

Processing times
25 s
30 s
35 s
40 s
5 min
7 min
10 min

45 s
15 min

3. Results and Discussion
3.1. Fabrication Results of the Micronanohybrid Structure
Array. The highly concentrated AgNO3 (0.34 M) used in the
first MAE stage helped in quickly obtaining the required
amounts of reduced silver atoms needed to uniformly cover
the entire surface of the pyramid array. However, the height
of a wet-etched pyramid is about 3–5 𝜇m. A relatively higher
concentration of AgNO3 results in a rapid redox reaction
between the silver ions and the silicon substrate. As a result,
the pyramid could be completely etched away in a long
etching process. Therefore, the etching duration for the first
etching stage was set to range from 20 to 45 sec. The second
etching stage was employed to uniformly etch the silicon
substrate downward under the silver-atom-covered area.
Hence, a relatively low AgNO3 concentration (0.03 M) was
selected, and a longer etching time (1–5 min) was designed.
Figure 1 illustrates the SEM images of the fabricated
micronanohybrid structures subjected to a 30 sec first-stage
etching and various second-stage etching processing times.
The straight etched nanowires cover the entire surface of
the pyramid array, including the pyramid structure and the
recesses between the pyramids. The length of the etched
nanowires increases with increased etching time. The top
view, illustrated by the inset in each image, indicates the
hybrid structure of the pyramids and the nanopores.
It has been reported [27] that the antireflectivity of a
nanosilicon substrate is closely proportional to nanowire
length. Therefore, the second-stage processing time was set
at 5 min to further investigate the antireflectivity of the
micronanohybrid structure. Figure 2 shows the morphologies of various micronanohybrid structures fabricated by
combinations of a fixed second-stage etching time (5 min)
and various first-stage etching times. For these micronanohybrid structures subjected to the first-stage processing time
of 20 and 25 sec (Figures 2(a) and 2(b)), the nanowires
are more intensive, but shorter, when compared with the
other samples. The possible reason is that the relatively
shorter first-stage etching time may be insufficient to reduce
silver nanoparticles to a suitable size for effective downward
etching during the second-stage process. When the first-stage
processing time was extended to 30, 35, and 40 sec (Figures
2(c), 2(d), and 2(e)), the fabricated nanowires possessed good
uniformity and had microscale lengths. However, further
increases in the processing time (45 sec) resulted in a looser
nanowire array with a bent shape (Figure 2(f)). An excessively
long first-stage processing time might result in overdense
coverage of silver nanoparticles on the pyramid array, thus
resulting in inhomogeneous second-stage etching.
3.2. Antireflectivity Property of the Micronanohybrid Structure
Array. As discussed in Section 3.1, nanowire arrays with
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Figure 1: SEM images of micronanohybrid silicon substrates fabricated by combinations of a fixed first-stage processing time (30 sec) and
various second-stage processing times: (a) 1 min, (b) 2 min, (c) 3 min, and (d) 4 min.
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Figure 2: SEM images of micronanohybrid silicon substrates fabricated by combinations of a fixed second-stage processing time (5 min) and
various first-stage processing times: (a) 20 sec, (b) 25 sec, (c) 30 sec, (d) 35 sec, (e) 40 sec, and (f) 45 sec.
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2
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Figure 3: Relationship between the average reflectivity of a micronanohybrid structure fabricated by a certain two-stage MAE process and
the corresponding etching time combination in the light spectrum of 200–1000 nm.

8
7
6
Reflectivity (%)

various heights could be fabricated by adjusting the processing time combinations of the first and second stages. The
antireflectivity properties of the silicon substrates subjected
to different processing time combinations were investigated.
Figure 3 demonstrates the relationship between the average
reflectivity of a silicon micronanohybrid structure fabricated
by a certain two-stage MAE process and the corresponding
etching time combination in the light spectrum of 200–
1000 nm. For processes with a first-stage etching time of
20, 25, and 45 sec, the fabricated micronanohybrid structure
arrays exhibited relatively higher reflectivity. For processes
with a first-stage etching time of 30, 35, and 40 sec, the
fabricated micronanohybrid structure arrays processed relatively lower reflectivity. Average reflectivity decreased with
increasing second-stage processing times. When the secondstage processing time was 5 min, average reflectivity of less
than 2% could be achieved. Up to a certain degree, the
reflectivity measurement results agree with the morphologies
of the fabricated hybrid structures shown in Figure 2, wherein
processes with a first-stage etching time of 20, 25, and 45 sec
could fabricate uniform and long hybrid microscale structures. The 3D graph shown in the inset represents average
reflectivity as a function of processing time combination.
The red area indicates the processing time combinations that
resulted in average reflectivity of less than 2%, demonstrating
that our two-stage fabrication method is capable of producing
high antireflection micronanohybrid structures.
The above discussion reveals that the hybrid structure
fabricated by the combinations of a first-stage processing time
between 30 and 45 sec and a second-stage processing time
of 5 min exhibits less than 2% reflectivity. Figure 4 further
depicts the overall reflectivity for the light spectrum of 200–
1000 nm for hybrid structures subjected to a 5 min secondstage processing time. It is evident that the reflectivity of

5
4
3
2
1
0
200

400

600
Wavelength (nm)

800

1000

First-stage processing time
35 s
20 s
40 s
25 s
45 s
30 s

Figure 4: Reflectivity of the fabricated micronanohybrid structures
subjected to the proposed two-stage MAE for the light spectrum of
200–1000 nm.

hybrid structures subjected to a first-stage processing time
of 30 and 45 sec for the light spectrum of 200–1000 nm is
less than 2%. The first-stage etching time of 30 sec could
fabricate hybrid structures with relatively lower overall reflectivity. Table 3 tabulates the average reflectivity of the hybrid
structures fabricated by combinations of a 30 sec first-stage
processing time and various second-stage processing times.
The 5 min second-stage processing time enabled the hybrid
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Table 3: Average reflectivity of the two-stage MAE fabricated micronanohybrid structures subjected to a first-stage processing time of 30 sec
for the light spectrum of 200–1000 nm.
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Figure 5: Sheet resistance measurements.

structures to have a low overall reflectivity of 1.21%, including
0.74% in UV, 1.12% in visible light, and 1.97% in IR.
3.3. Sheet Resistance Measurements. The hybrid structures
with the best antireflectivity (first-stage processing time =
30 sec and second-stage processing time = 5 min) were then
employed for the P-N junction synthesis using silica film.
Figure 5 shows the sheet resistance measurement results.
The measured ranges of the resistance and sheet resistance
are 100–450 Ω and 60–220 Ω/◻, respectively. A diffusion
temperature of 1000–1150∘ C could grow a P-N junction with
sheet resistance within the scope of the ideal P-N junction
surface sheet resistance 60–200 Ω/◻ [28–30]. Samples with
P-N junction growth enabled by diffusion temperatures of
1000–1150∘ C were used for further cell fabrication.
3.4. Photoelectric Conversion Efficiency Measurements. The
cell with the micronanohybrid structure having the best
antireflectivity (first-stage processing time = 30 sec and
second-stage processing time = 5 min) and a P-N junction
grown using the silica film (diffusion time = 60 min) was
employed for further photoelectric conversion efficiency
measurements. Figure 6 displays the current versus voltage
(I-V) curves for the pure pyramid cells and the hybrid
structured cells under various diffusion times for P-N
junction growth. The major variations among the hybrid
structured cells grown under different diffusion times are
the open circuit voltage (𝑉oc ) and the fill factor (FF). It can
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Figure 6: Photoelectric conversion efficiency of the fabricated solar
cells subjected to various diffusion temperatures (diffusion time =
60 min).

also be observed that the hybrid structured cells exhibited
much higher short circuit current density (𝐽sc ). The detailed
data appear in Table 4. Although the average 𝑉oc and 𝐽sc
of the pure pyramid cells were measured as 0.52 V and
21.57 mA/cm2 , respectively, a conversion efficiency (𝜂) of
6.729% was achieved due to a relatively higher FF (60%). The
most efficient hybrid structured cells (diffusion temperature
= 1100∘ C) exhibited an efficiency of 12.319% (𝑉oc = 0.60 V, 𝐽sc =
37 mA/cm2 , and FF = 56%). Compared with the pure pyramid
cells, the large enhancement in 𝐽sc can be attributed to the
high antireflection property, while the relatively lower FF is
due to the leakage current effects caused by the structural
defects in the nanowires. Therefore, cells subjected to a
diffusion temperature of 1100∘ C were then immersed in an
HNO3 solution to reduce leakage current effects by growing
passivation layers on their surfaces.
A 1-2 nm thick passivation layer of SiO2 was grown by
immersing the cells into a 55% HNO3 solution for 15 min.
Figure 7 displays the I-V curve and the photoelectric properties of the cell with the added passivation layer. It can be
seen that the I-V curve for a cell with the added passivation
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Table 4: Photoelectric properties of the fabricated solar cells subjected to various diffusion temperatures.
Thermal diffusion (∘ C)
1050∘ C
1100∘ C
1150∘ C
Pyramid structure

𝐽sc (mA/cm2 )
37.31
37.54
36.12
21.57

𝑉oc (V)
0.60
0.586
0.595
0.52

Jsc (mA/cm2 )

Current density (mA/cm2 )

37.33

−10

Voc (V)

FF (%)

𝜂 (%)

0.51

63

12.26

𝜂 (%)
10.10
12.319
11.31
6.729

𝑅sh (Ω)
35.1
41.7
50.5
115

Table 5: Photoelectric properties of the fabricated solar cells
subjected to a diffusion time of 120 min.
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Figure 7: Photoelectric conversion efficiency measurement of the
fabricated solar cells with a passivation layer.

The processing time for etching on an N-type high-resistance
(NH) silicon wafer can be reduced to around 5 min. An
inexpensive diffusion process using a liquid diffusion source
was then employed to grow the P-N junction. To reduce
leakage current effects, the HNO3 solution was also used to
generate a passivation layer on the cell surface. The fabricated
hybrid structures exhibited a low average reflectivity of 1.21%
in a wide light spectrum (200–1000 nm), including 0.74% in
UV, 1.12% in visible light, and 1.97% in the IR spectra. A solar
cell with the following photoelectric properties was obtained:
𝐽sc = 37.4 mA/cm2 , 𝑉oc = 0.56 V, FF = 63, and 𝜂 = 13.01%.

Conflict of Interests
layer begins to climb at 0.35 V, while that for a cell without
this layer begins to climb at 0.1 V (Figure 6). Also, the FF
increased from 56 to 63%, while the 𝑉oc decreased from 0.586
to 0.51 V. These results imply that the passivation layer could
effectively improve leakage current effects. The degradation
in the 𝑉oc can be attributed to the concentration variation
of the diffusion source due to the redox reactions between
HNO3 and the substrate.
To further compensate for the concentration variation
of the diffusion source, a longer diffusion time of 120 min
was implemented to increase the diffusion depth. The photoelectric properties of the fabricated solar cells (i.e., those
subjected to the diffusion process using a silica film for
120 min followed by passivation layer growth using HNO3
solution for 15 min) are listed in Table 5. The 𝐽sc and FF of the
cells were about the same as those of the cells subjected to the
60 min diffusion process. However, the 𝑉oc increased further
to 0.56 V. Hence, the efficiency was enhanced to 13.01%.

4. Conclusion
This study developed a cost-effective method for the fabrication of high antireflection solar cells. A two-stage MAE process using an AgNO3 and HF mixing solution as the etchant
was adopted for the fabrication of a micronanohybrid silicon
substrate. The process requires short-time etching using
highly concentrated AgNO3 in the first stage, followed by
relatively long-time etching using less concentrated AgNO3 .
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A practical optimization design is proposed, in which the solar direct light spectrum and multijunction cell response range are
taken into account in combination, particularly for the Fresnel concentrators with a high concentration and a small aspect ratio.
In addition, the change of refractive index due to temperature variation in outdoor operation conditions is also considered in the
design stage. The calculation results show that this novel Fresnel lens achieves an enhancement of energy efficiency of about 10%
compared with conventional Fresnel lens for a given solar spectrum, solar cell response, and corrected sunshine hours of different
ambient temperature intervals.

1. Introduction
Because of the expensive cost and quality degradation, high
reflectivity mirrors are not recommended for a concentration
photovoltaic system (CPVs) [1], and optical refractive polymer components such as Fresnel lenses are most frequently
used for commercial CPVs, which possess advantages of
compactness, simplicity in manufacture, and relative cheapness [2–4]. However, the Fresnel lenses also have several
inherent disadvantages.
The first is the dispersion of the solar spectrum, which
leads to an essential decrease of the energy efficiency of
the solar cells, especially for the Fresnel lens having a high
concentration and a small aspect ratio (i.e., the ratio of focal
length to the aperture of lens). The previous Fresnel lens
design is mainly based on the concept that all the grooves
are with the same design wavelength 𝜆, which is popularly
chosen to be either 0.54 𝜇m [5] or the center wavelength of the
solar spectrum limit [6], respectively, for the consideration of
the relative peak irradiance of solar radiation and the balance
of dispersion effect. Then each groove profile is obtained
at this wavelength by means of simple trigonometry. These
investigations were mostly devoted to analyzing the effect of
dispersion of solar spectrum of the solar cell after designing,

rather than to considering the solar direct light spectrum in
the design stage of Fresnel lens [6–10]. Although Watson and
Jayroe Jr. [11] presented a method for the design of Fresnel lens
with consideration of solar spectrum, the multijunction cell
response and the influence of ambient temperature variation
were not considered in design process.
The second is the variation of outdoor temperature conditions during operation, which directly affects the spectral
decomposing of the Fresnel lens. Usually Fresnel lens concentrator modules are characterized under standard testing
conditions by subjecting them to an irradiation of 1000 W/m2
with an AM1.5D spectrum and a temperature of 20∘ C [12].
Nevertheless, the modules would not perform in accordance
under actual conditions. Their efficiency is strongly affected
by the environmental fluctuations. The previous studies paid
more attention to the analysis of optical performances of
CPVs affected by the variation of temperatures outdoors [13,
14]. The temperature dependence of refractive index caused
thermal effects which had rarely been taken into account in
the design stage of Fresnel lens.
With this background, in this paper, a more realistic
optimization method is proposed to design a high concentration Fresnel lens with a small aspect ratio. Each groove is
assumed with a specific design main wavelength related to
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Considering the excellent performance of the solar cell at
high concentration sunlight, one of the purposes of our work
is to design a nonimaging Fresnel lens used in CPVs with a
high concentration factor and an aspect ratio of a relatively
small value.
For the most efficient design of Fresnel lens for CPVs,
the lens should focus maximum amount of energy in a
small spot size [1]. For this, an appropriate design method
of the Fresnel lens which guarantees the CPVs with maximal
energy collection efficiency is needed. In the next section
we will describe the realistic optimization design method
in detail, with the consideration of the solar spectrum, the
multijunction cell response, and the variation of the ambient
temperatures.

Sunlight

Glass
Silicone
Hyperbola
Optical axis

Solar cell

Solar irradiance (W/m2 )

Figure 1: Determination of the profile for each groove with the main
wavelength 𝜆. Only one center groove of Fresnel lens is drawn for
interpreting.
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Figure 2: The irradiance distribution characteristic of AM1.5D solar
spectrum.

the solar spectrum and the solar cell response. Then golden
section search method is used to search the optimal design
main wavelength to obtain the maximal energy efficiency
of the solar cell. In addition, the influence of the change of
refractive index caused by ambient temperature variation is
also considered in the design process.

2. Optimization Design Method
For simplicity (in both designing and manufacturing), we
restrict ourselves to the case as follows. The Fresnel lens array
is replicated in one piece into a silicone rubber on glass; the
exit surface of each groove is curvilinear and the depth of
each groove is identical. As shown in Figure 1, the exit surface
profile of each groove can be easily determined as a portion of
a hyperbola in the condition that the parallel sunlight beam
with a design wavelength 𝜆 is focused on the center of solar
cell [15].

2.1. Consideration of the Solar Spectrum. For Fresnel lens
concentrators, the solar radiation spectrum mostly used in
the analysis is in the range of AM1.5D (at sea level) [16].
As can be seen in Figure 2, it has a quite wide wavelength
range of 300–2500 nm. Considering the multijunction solar
cell response, we are only interested in wavelength range of
350–1750 nm [17]. However, this spectrum range is still too
wide for the Fresnel lens with serious dispersion effect. If
we force all the wavelengths of sunlight to be collected by
solar cell for a given relatively small aspect ratio, such as
that often used in commercial CPVs of 1.2, the dimension
of solar cell would be rather larger, corresponding to a small
concentration factor of 175X (spectrum of 350–1750 nm). In
other words, in order to achieve a high concentration, the
dimension of solar cell should not be too large, and all the
sunlight would be not captured by the relatively small solar
cell (as shown in Figure 3).
Figure 3 illustrates schematically how the sunlight beam
passes through an arbitrary groove of Fresnel lens and is
intercepted by a small solar cell. It is noted that the dimensions of the solar cell and spectrum are locally exaggerated
for the interpreting conveniently. The sunlight is dispersed
at the focal plane of the Fresnel lens due to the wavelength
dependence of refractive index of lens material 𝑛 = 𝑛(𝜆)
and then is intercepted by the relatively small solar cell. The
blue and red zones denote the loss of shorter and longer
wavelength beam, respectively. Thus, the solar radiation
spectrum interval effective for the solar cell changes from the
entire spectrum (𝜆 𝑆 , 𝜆 𝐿 ) to the intercepted spectrum (𝜆 𝑎 , 𝜆 𝑏 ).
For each groove, any wavelength can be designated as the
main wavelength of lens design. Since the incident flux of
solar spectrum is wavelength dependent (on its way through
the atmosphere, the sunlight suffers from Rayleigh scattering,
aerosol extinction, and absorption of water vapor, ozone,
and nitrogen dioxide), different design wavelength results
in variety of the spectrum intervals corresponding to the
change of captured energy. The energy can be expressed by
integration:
𝜆𝑏

𝐸groove = ∫ 𝐼ns ∗ 𝑇ave 𝑑𝜆,
𝜆𝑎

(1)

where 𝐸groove denotes the collected energy of the solar cell
for an arbitrary groove, 𝑇ave denotes the average transmission
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Fresnel lens

Optical axis
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factor, and 𝐼ns denotes the normalized irradiance of solar
radiation. For a given solar cell radius of 𝑟 with Fresnel lens
semidimension of 𝑅, focus of 𝐹, and depth of groove of 𝑑,
both the intercepted spectrum interval and corresponding
collected energy can be calculated using simple trigonometry
for each groove [2, 11].
In view of the solar radiation spectrum normalization
and its dependence on specified geographical location, it is
more appropriate to use the collected energy efficiency 𝜂𝑛 to
evaluate the final performance of each groove, which is the
ratio of energy collected by solar cell to solar radiation energy:
𝜂𝑛 =

𝐸groove
𝐸total

𝜆

=

∫𝜆 𝑏 𝐼ns ⋅ 𝑇ave 𝑑𝜆
𝑎

𝜆

∫𝜆 𝐿 𝐼ns ⋅ 𝑇ave 𝑑𝜆

.

(2)

𝑆

𝜆S

The total energy efficiency collected by the solar cell can
be written as

𝜆b

𝜆a

𝑁

𝜆L

r

𝜂total = ∑
𝑛

Solar cell

Figure 3: Plot of sunlight dispersion through an arbitrary groove of
a Fresnel lens with aspect ratio 1.2, geometrical concentration 1200X,
and design spectrum 350–1750 nm. It is noted that the dimensions
of cell and spectrum are locally exaggerated.

Start
Consider cell response and
temperature effect?

Yes

No
(1) Select main design
wavelength limit (𝜆m1 , 𝜆m2 )

Section
2.2 or 2.3

(2) 𝜆m3 = 𝜆m1 + (1 − r)h, 𝜆m4 = 𝜆m1 + rh

where r = (√5 − 1)/2, h = 𝜆m2 − 𝜆m1
(3)

𝜂m3 = 𝜂m4 ?
𝜆m3 = 𝜆m4 ?

𝜂𝑛 ⋅ 𝑆𝑛
,
𝑆

𝑛 = 1, 2, 3, . . . , 𝑁,

(3)

where 𝑆𝑛 and 𝑆 are the area of each groove and the total
incident area of Fresnel lens, respectively, and 𝑁 is the
number of the grooves.
The objective of optimization design is to find the optimal
main wavelength of design, corresponding to the maximal
energy efficiency, which can be potentially realized via an
iterative search, such as the well-known golden section search
method. The flow chart of the basic procedure is shown in
Figure 4 and the major steps of the algorithm are listed as
follows. At first we determine whether we take into account
the solar cell response and temperature effects. If yes, see
Sections 2.2 or 2.3; otherwise, the following steps begin.
(1) Select the main design wavelength limit (𝜆 𝑚1 , 𝜆 𝑚2 ). (2)
Calculate the golden section points of 𝜆 𝑚3 and 𝜆 𝑚4 . (3)
Determine whether the utilized energy efficiency 𝜂𝑚3 equals
𝜂𝑚4 and whether 𝜆 𝑚3 equals 𝜆 𝑚4 . If the condition is satisfied,
the iteration finishes. (4) Compare the solar cell efficiency
𝜂𝑚3 with 𝜂𝑚4 . If 𝜂𝑚3 is smaller than 𝜂𝑚4 , make 𝜆 𝑚1 = 𝜆 𝑚3 .
Otherwise, 𝜆 𝑚2 = 𝜆 𝑚4 . Then, judge whether the iteration
limit reaches, if it reaches, the iteration finishes. If not, come
back to step (2) and continue iteration. In general, the optical
performance of the Fresnel lens is automatically improved by
the iteration, and the iteration converges to a good solution
at final.

No
No

Yes
𝜆m1 = 𝜆m3

(4) 𝜂m3 < 𝜂m4 ?

𝜆m2

No
= 𝜆m4

Yes

Iteration limit
reached?
Yes
End

Figure 4: Flow chart of golden section search method for calculation of the main design wavelength.

2.2. Consideration of the Solar Cell Response. III–V based
multijunction cells can operate easily at very high concentration levels and so they are excellent for high concentration
system. For example, metamorphic monolithic dual-junction
cells of GaInp/GaInAs achieved an efficiency of 30% at 1000
suns. A monolithic triple-junction cell of GaInP/GaInAs/Ge
achieved efficiency of 39% at a concentration of 236 suns
[18]. Multijunction solar cells consist of a monolithic stack
of semiconductor structures of different materials. Each
material has a different band-gap, and the junction is with
a certain conversion range of the solar spectrum [19, 20]
(Figure 5). Therefore, the combination of solar direct light
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Figure 5: The different external quantum efficiency of triplejunction solar cell.
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Figure 7: The dependence of refractive index of silicone on
temperature: 𝐾 = −3.4𝑒 − 4∘ C−1 .
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spectrum and cell response range should be taken into
account in the design stage of Fresnel lens.
In order to make the design more convenient, a spectrum
factor of 𝐼sc is introduced in this paper, which is defined as
the product of the normalized irradiance of solar radiation
𝐼ns (it is dependent on geographical location where the CPVs
is actually installed) and the external quantum efficiency of
solar cell 𝜂EQE (Figure 6):
𝐼sc = 𝐼ns ⋅ 𝜂EQE .

(4)

The characteristic of the normalized irradiance distribution of the spectrum factor that describes the compound
relationship of the solar spectrum and the solar cell response
will be specified as the design spectrum. In further design,
the spectrum factor will substitute the solar spectrum in the
optimization process mentioned above.
2.3. Consideration of the Outdoor Ambient Temperature.
CPVs technology is particularly effective in areas of high
direct normal incident (DNI) radiation (sunny locations),
such as desert or high mountain plateaus. However, the
climate there is often much harsher than the standard indoor

conditions. For example, the ambient temperatures of CPV
may go below freezing point in winter and up to more than
40∘ C in summer in desert. It deviates significantly from
the conventional designing and testing standard temperature
of 20∘ C, which leads to serious power degradation. The
temperature dependence of refractive index of concentrator
material may account for the degradation, especially for the
polymer material of Fresnel lens [21]. The variation of the
refractive index causes a shift of the focal plane away from
or close to the Fresnel lens as temperature rises or falls. Thus,
the temperature dependence of the refractive index of Fresnel
lens material is also considered in the design of the research.
Further analysis of other effects of temperature variation
will be investigated in next research. A number of studies
have been devoted to direct measurement of specific volume
variations with respect to temperature for polymers [22]. For
instance, the temperature dependence of the refractive index
of silicone lens material is almost independent of wavelength
and can be approximated by a linear relationship [23] very
well in the interest range (Figure 7):
𝑛 = 𝑛0 + 𝑘 ⋅ Δ𝑇,

(5)

where 𝑛0 is the original refractive index, 𝑘 is the temperature
coefficient, and Δ𝑇 is the difference of temperature.
In this paper, for simplicity, we only consider the outdoor temperature variation during one day to optimize the
Fresnel lens to achieve maximal energy efficiency. Having the
monthly or annual solar radiation and temperature data adequately, the optimal design main wavelength for each groove
and the maximal total energy efficiency could be obtained in
the same way. Since the CPVs is usually exposed in outdoor
environments for a long time, the operative temperature of
Fresnel lens is assumed to be consistent with the ambient
temperature. As shown in Figure 7, the temperature directly
affects the refractive index of Fresnel lens material and finally
affects the energy efficiency of Fresnel lens. Therefore, the
optimization procedure may consider sunshine hours of

Normalized DNI radiation and
ambient temperature
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Figure 8: The normalized diurnal solar DNI radiation and ambient
temperature.

different temperature intervals, and then the evaluation index
𝜂 of the optimization can be rewritten as
𝜂𝑇 =

∑𝑀
𝑚=1 𝜂𝑇𝑚 ⋅ 𝐻𝑇𝑚
∑𝑀
𝑚=1 𝐻𝑇𝑚

,

(6)

where 𝜂𝑇𝑚 represents the energy efficiency for solar cell with
ambient temperature 𝑇𝑚 , 𝐻𝑇𝑚 represents the corresponding
normalized diurnal amount of sunshine hours, and 𝑀 represents the number of temperature intervals.
Generally speaking, the change of ambient temperature
is primarily determined by the variation of solar radiation.
Different ambient temperature always relates with different
solar DNI radiation. Consequently, in the optimization process, the solar DNI radiation factor with different ambient
temperature needs to be also included. As shown in Figure 8,
in a clear and sunny location, though the normal diurnal
variation of ambient temperatures is not simply dependent on
solar DNI radiation and there is a slight delay in the response
of temperature to changes in the solar DNI radiation, we do
not pay too much attention to the specific formula of the solar
DNI radiation and the ambient temperature. We only need
to obtain the solar DNI radiation value of 𝑟𝑘 at the ambient
temperature value of 𝑇𝑘 (Figure 8) to enhance the effect of the
temperature. Thus, the normalized diurnal sunshine hours
should be further corrected by the solar DNI radiation as
𝐻𝑇𝑚 =

∑𝐿𝑘=1 𝑟𝑘

∑𝐾
𝑘=1 𝑟𝑘

,

1 < 𝐿 < 𝐾,

(7)

where 𝑟𝑘 is the relevant solar DNI radiation at the temperature
𝑇𝑘 , 𝐾 is the total diurnal sunshine hours in one day, and 𝐿 is
the sunshine hours at the identical temperature intervals.
With the same optimization method as the optimization
of solar spectrum mentioned above, as well as (6) and (7), the
optimal design main wavelength for each groove and total
maximal energy efficiency could be finally calculated under
the consideration of ambient varying temperatures in one
day.

A simple high concentration circular Fresnel lens is designed
and simulated to validate this novel design method. The
specifications of the design parameters are as follows. The
diameter and the focal length of Fresnel lens are, respectively,
270 mm and 320 mm, the diameter of solar cell is 7.78 mm,
and the solar half angle is 0.27∘ [24, 25]. The geometrical
concentration is 1200X and the aspect ratio is 1.2. For
this study we choose polymeric plastic silicone as the base
material of Fresnel lens. This is a very good option with high
transmission factor, susceptible of molding manufacture and
low cost. Its temperature coefficient is 𝑘 = −3.4𝑒 − 4∘ C−1 .
The depth of each groove has an identical value of 0.5 mm,
which can be freely adjusted under manufacturing condition.
The characteristic of multijunction cell response is shown in
Figure 5. The geographical location of CPVs installed practically is selected at west of China, Qinghai-Tibet Plateau. It is
a good location for constructing the solar power plant due to
its greatly abundant solar resource with the annual radiation
reaching the ground mostly more than 6700 MJm−2 year−1
(the data stems from China Meteorological Administration).
More importantly, building power plant at this place will solve
the problem of power shortage there and improve the living
standard and the life quality of the western people.
Figure 9 shows the variation of solar DNI radiation as the
ambient temperature in mid-June of Waliguan in Qinghai,
which lies more than 3800 meters and has less cloud in sky.
After sunrise solar DNI radiation reaches the ground, and
the ambient temperature gradually increases. The solar DNI
radiation reaches its maximum around noon time, but the
maximum of temperature occurs at 4 p.m. The difference
between the diurnal highest and lowest temperature is up
to 15∘ C (Figure 9(a)). The maximal daily sunshine hours
corrected by DNI radiation occur at temperature of 10∘ C–
15∘ C, which is considerably deviated from the conventional
designing and testing standard temperature of 20∘ C for
Fresnel lens (Figure 9(b)). It is clear that the change of the
ambient temperature may badly impact the efficiency utilized
by the solar cell.
According to the optimization method described above,
the optimal design main wavelength and maximal energy
efficiency of solar cell for each groove are finally obtained
(Figures 10 and 11).
As shown in Figure 10, the design main wavelength is
different for each groove, so that the energy collected by
solar cell or the collection efficiency of each groove is bigger
than that with the conventional design (Figure 11). It is more
distinct particularly for the marginal grooves of the Fresnel
lens. This could be attributed to the fact that the closer to
the edge of Fresnel lens the grooves are, the more serious the
dispersion of spectrum is.
As shown in Table 1, for the conventional designs with
main wavelength of 𝜆 𝑚 = 0.54 𝜇m and 𝜆 𝑚 = 1.05 𝜇m, they
both have energy efficiency more than 92%. Due to the effect
of dispersion of solar spectrum, the energy efficiency reduces
to less than 65%. Moreover, due to the effect of the ambient
temperature, it further reduces to about 62% further. But the
novel design with the consideration of the solar spectrum
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can obtain energy efficiency about 73%, which is, respectively,
9.1% and 9.7% higher than the conventional design with a
constant design main wavelength of 𝜆 𝑚 = 0.54 𝜇m and
𝜆 𝑚 = 1.05 𝜇m, respectively. Once the multijunction cell
response and the temperature effects are also in consideration
in design, the total efficiency would further increase more
than 1.5%.
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Figure 11: The energy efficiency of each groove for the conventional
design and the novel design (SS: solar spectrum; CR: cell response;
T: temperature).

Table 1: The calculated energy efficiency of the conventional design
and the novel design for entire Fresnel lens.
Design method

Efficiency

Effect of temperature

Conventional method
SWSd

𝜆 𝑚 = 0.54 𝜇m

4. Conclusions
A novel optimization design of Fresnel lens used in CPVs was
proposed in this paper, in which the solar direct light spectrum, the cell response range, and the change of refractive
index resulting from ambient temperature are all taken into
account. We assume that each groove of the Fresnel lens has a
different design main wavelength and use the golden section
method to search the optimal design main wavelength. In
this way the intercepted wavelength interval corresponds to
the maximal energy efficiency utilized by the solar cell. It is
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Figure 10: The different design main wavelength of each groove for
the conventional design and the novel design (SS: solar spectrum;
CR: cell response; T: temperature).
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62.5% (↓)
62.14% (↓)
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73.84% (↑)
b

Consider SS, CR

Consider SS, CR, 𝑇c
a

—

75.76% (↑)

—

75.32%

—

Solar spectrum; b cell response; c temperature; d single wavelength; e multiple
wavelengths.
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indicated in a comparison of the novel with the conventional
design of the Fresnel lens that an increase of energy efficiency
more than 9% can be achieved. These will be helpful to
substantially improve the performance of CPVs and reduce
its related cost in mass installation. The concentration module
based on this novel Fresnel lens is a promising option for
the development of a cost-effective photovoltaic solar energy
generation.
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The performance of black silicon solar cells with various passivation films was characterized. Large area (156 × 156 mm2 ) black
silicon was prepared by silver-nanoparticle-assisted etching on pyramidal silicon wafer. The conversion efficiency of black silicon
solar cell without passivation is 13.8%. For the SiO2 and SiN𝑥 :H passivation, the conversion efficiency of black silicon solar cells
increases to 16.1% and 16.5%, respectively. Compared to the single film of surface passivation of black silicon solar cells, the
SiO2 /SiN𝑥 :H stacks exhibit the highest efficiency of 17.1%. The investigation of internal quantum efficiency (IQE) suggests that
the SiO2 /SiN𝑥 :H stacks films decrease the Auger recombination through reducing the surface doping concentration and surface
state density of the Si/SiO2 interface, and SiN𝑥 :H layer suppresses the Shockley-Read-Hall (SRH) recombination in the black silicon
solar cell, which yields the best electrical performance of b-Si solar cells.

1. Introduction
For crystalline silicon solar cells, improving the conversation
efficiency is one of the most important and challenging
problems. It is well known that antireflection films on solar
cells work effectively only at a limited range and for special
angles of incidence light. In order to reduce the light loss,
the texturing of front surfaces on crystalline silicon solar cells
is mostly performed for improvement of the cell efficiency,
by means of its antireflection properties and light trapping.
Recently the black silicon (b-Si) has attracted much attention
due to its excellent antireflection (AR) property [1, 2].
Several b-Si etching methods have been developed, including
reactive ion etching [3], plasma immersion ion implantation
etching [4, 5], metal nanoparticle assisted etching [6–8],
and laser-induced etching [9]. Among these methods, the
metal nanoparticle assisted etching is demonstrated to be
a mainstream fabrication technique for texturing large area
Si wafer due to the low cost and easy preparation for large
area solar cells. Great efforts have been made to achieve
more efficient b-Si solar cells, but despite the progress,
the conversion efficiency is not significantly improved as
expected. The dismal performance of b-Si solar cells is

mainly due to the enhanced surface recombination and
Auger recombination in wafer-based nanostructured silicon
solar cells [10]. Therefore, passivation plays an important
role to depress the surface recombination in fabrication
of high efficiency b-Si solar cells. Recently, the depressive
passivation of b-Si becomes a bottleneck, which restricted the
development of b-Si solar cells. Thus, choosing appropriate
passivation thin films is proven to be very important to
develop the performance of silicon solar cells. Great efforts
have been made to obtain high efficient Si solar cells by
using various passivation materials, such as silicon dioxide
(SiO2 ), silicon nitride (SiNx :H), and aluminum oxide (Al2 O3 )
[4, 11, 12]. Among these passivation materials, thermal SiO2
is one of the obvious candidates to realize the above purpose
due to simple technique and low cost, given the low density
of interface states. In addition, hydrogenated silicon nitride
is one of the most significant technological evolutions that
have taken place in the solar cell industry, due to its ability to
act simultaneously as antireflective film as well as a source of
hydrogen for surface and bulk defect passivation. Although
several investigations have been carried out to obtain high
efficient b-Si solar cells, the results are also depressing,
which requires more investigations to clarify the passivation
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mechanism and break through the bottleneck of b-Si solar
cells.
In our paper, the b-Si wafers with binary structure surface
based on silver nanoparticle assisted etching are fabricated.
The binary structure textured surface with silicon nanowires
(SiNWs) on the pyramidal structure has lower area and
better short wavelength response than the conventional bSi surface with nanostructure on the planar silicon surface
[11]. To depress the surface recombination of b-Si solar cells,
three kinds of passivation film are prepared on the b-Si
solar cells, SiO2 , SiNx :H, and a bi-layer passivation schemes
of SiO2 /SiNx :H stacks film, which combines a thin thermal
oxide with a low density of interface traps and a thick SiNx
film, acting as a source of hydrogen during further solar cell
processing. The structural, optical, and electrical properties
with various passivation films were investigated.

Micropyramid etching in KOH solution

Black silicon etching

POCl3 diffusion

PSG removal

Edge etching

SiO2

SiNx :H

SiO2 /SiNx :H stack

passivation

passivation

passivation

2. Materials and Methods
We perform alkaline etch and then the two-step black etch
to create binary structure textured surface. Four P-type ⟨100⟩
unpolished monocrystalline silicon wafers with resistivity of
1–3 Ω⋅cm, area of 156 mm × 156 mm, and thickness of 250 ±
20 𝜇m were used in the experiment. Before etching silicon,
the wafers were immersed in 10% HF for 1 min to remove
any native oxide and rinsed in deionized water. The cleaned
wafers were textured in KOH (2 wt%) solution and IPA at
80∘ C for 30 min to form pyramidal structures. The black etch
can be summarized in the following two steps. Firstly, a thin
silver nanoparticle layer was deposited on the textured silicon
surface from solution I. Subsequently, the Ag nanoparticle
covered Si wafers were immersed into mixture solution II at
room temperature to fabricate nanowires on the pyramidal
structure. To remove the Ag layer completely, the as-prepared
samples were treated in a conventional Ag etchant solution
consisting of NH4 OH : H2 O2 : DI in the ratio of 1 : 1 : 5 by
volume. Subsequently, the samples were rinsed with DI water
and dried with pure N2 .
Solution I and Solution II are the following solutions,
respectively:
Solution I (for metallizing): 0.01 mol/L AgNO3 and
4% HF,
Solution II (for etching): 4% HF and 1.2% H2 O2 .
For the solar cell fabrication, n-type emitter was generated by doping the p-type silicon with phosphorus oxychloride (POCl3 ) diffusion at the temperature 845∘ C forming a
p-n junction underlying the nanowires. The emitter sheet
resistance is around 55Ω/◻. A diluted HF solution was
used to remove the phosphor silicate glass (PSG) layer
and rinsed in deionized water. Three of b-Si wafers were
passivated with SiO2 , silicon nitride SiNx :H, and SiO2 /SiNx :H
stacks, respectively. One keeps unpassivated surface. SiO2
was thermally grown on the samples surface at 850∘ C for
15 min. After edge isolation, the SiNx :H was deposited by
plasma enhanced chemical vapor deposition (PECVD). Then
the back and front sides were screen printed with silveraluminum, aluminum, and silver pastes, followed by baking

Back and front metal printing and baking

Cofiring

Figure 1: Fabrication process flow chart of the b-Si solar cells.

the pastes on the printed wafers. Finally, dried wafers were
cofired in furnace to achieve ohmic contact at both of the
front and rear side. The complete process flow chart was
shown in Figure 1.
The morphology of the silicon nanowire structure
was observed by field effect scanning electron microscope
(FESEM) on Hitachi S-4800. Optical reflectance of the bSi wafers was detected using a spectrophotometer with an
integrating sphere. The internal quantum efficiency (IQE) of
b-Si solar cells was measured by quantum efficiency measuring system. The doping concentration of diffused b-Si wafers
was measured by electrochemical capacitance voltage (ECV)
measurement on CVP 21. The electrical performances of bSi solar cells were characterized using illuminated currentvoltage under one sun global spectrum of AM1.5.

3. Results and Discussion
Figure 2 exhibits the images of top view and cross-sectional
view on the surfaces of pyramidal textured silicon wafer
and typical binary structure textured b-Si wafer. From
Figure 2, it is shown that the SiNWs structures have been
formed on the pyramidal structure surface. The nanowires
which form along the [001] crystal axis are not vertical on the pyramid facets ([111] orientation), as shown
in Figure 2(b). The average length and diameter of the
nanowires are about 250 nm and 50 nm, respectively. The
formation mechanism of SiNWs arrays can be well understood as being a self-assembled Ag-induced selective etching process; catalyst Ag takes an important role in the
experiment. The whole reaction was divided into two parts:
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Figure 2: SEM images of top view (a) and cross-sectional view (b) of pyramidal textured Si. SEM images of top view (c) and cross-sectional
view (d) of as-etched binary structure textured b-Si.

cathode and anode reactions, which are described as follows
[13]:
cathode reaction (at silver):

−

2H + 2e → H2 ↑

Pyramidal Si

(1)

anode reaction:
Si + 4h+ + 4HF → SiF4 + 4H+
SiF4 + 2HF → H2 SiF6 + 4H+

(2)

20
15

Reflectance (%)

+

25

Reflectance (%)

H2 O2 + 2H+ → 2H2 O + 2h+

30
5
4
3
400
500
Wavelength (nm)

10

600

5

over reaction:
Si + H2 O2 + 6HF → 2H2 O + H2 SiF6 + H2 ↑

400

500

(3)

Figure 3 presents the reflectance of b-Si wafers and
pyramidal structure wafer measured over the wavelength
from 350 to 1000 nm. A remarkable decrease of reflectance
in b-Si wafer was observed. The spectrum-weighted average
reflectance (𝑅ave ) can be defined as [14]

b-Si
SiNx :H

600
700
800
Wavelength (nm)

900

1000

SiNx :H/SiO2
SiO2

Figure 3: Reflectance as function of wavelength of b-Si and
pyramidal Si. Insert shows the reflectance of b-Si and b-Si with
different passivation films including SiO2 , SiNx :H, and SiO2 /SiNx :H,
respectively.

1000

𝑅ave =

∫350 𝑅 (𝜆) 𝑁 (𝜆) 𝑑𝜆
1000

∫350 𝑁 (𝜆) 𝑑𝜆

,

(4)

where 𝑅(𝜆) is the total reflectance and 𝑁(𝜆) is the solar flux
under AM 1.5 standard conditions. By calculation, the 𝑅ave
of the pyramidal structure wafer is 11.24%, while that of the

b-Si, b-Si with SiO2 , SiNx :H, and SiO2 /SiNx :H films is 3.42%,
3.29%, 3.08%, and 3.20%, respectively. A remarkable decrease
of reflectance is observed for the SiNWs surface. The antireflection property of SiNWs array surface can be attributed
to the morphology of SiNWs which is resembled with
subwavelength-structure surface (SWS) [15]. In addition,
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Table 1: The electrical properties of the black silicon solar cells with different passivation films.

#
S1

Passivation films
No passivation

𝑉oc (V)
0.598

𝐼sc (A)
7.470

FF (%)
73.71

𝜂 (%)
13.8

S2

SiO2

0.616

8.027

77.31

16.1

S3

SiN𝑥 :H

0.615

8.409

76.04

16.5

S4

SiO2 /SiN𝑥 :H

0.623

8.412

77.81

17.1
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80
8
6

IQE (%)

Doping concentration (1020 cm−3 )

12
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Depth (𝜇m)
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b-Si without SiO2
b-Si with SiO2

Figure 4: Doping profile for the diffused emitter of b-Si solar cells
with and without SiO2 passivation film by ECV.

600

700

800

900

1000

1100

Wavelength (nm)
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Figure 5: Internal quantum efficiency (IQE) spectra of the b-Si solar
cell and b-Si solar cells with SiO2 , SiNx :H, and SiO2 /SiNx :H stacks
passivation films.

because of unique morphology, there is porosity variation
from top to bottom in the nanowire arrays which may cause
a gradient in the refractive index with depth and, therefore,
SiNWs arrays may give effectively the same antireflection
properties as obtained in multilayer antireflection film.
The illuminated current-voltage (𝐼–𝑉) characteristics
of the b-Si solar cells with passivation of SiO2 , SiNx :H,
SiO2 /SiNx :H stacks were measured and the electrical properties were listed in Table 1. It can be found that the conversion
efficiency (𝜂) of the solar cell without surface passivation
(denoted as S1) is 13.8%, with open circuit voltage (𝑉oc ) of
0.598 V, short circuit current (𝐼sc ) of 7.470 A, and fill factor
(FF) of 73.1%, as shown in Table 1. The low 𝑉oc and 𝐼sc result
from the excess carrier recombination at the nanostructured
surface of b-Si solar cell due to the surface recombination. The
efficiency of the b-Si solar cell with SiO2 film (denoted as S2)
increases to 16.1%, with the 𝑉oc of 0.616 V, 𝐼sc of 8.027 A, and
FF of 77.31%. For the b-Si solar cell with SiNx :H film (denoted
as S3) of 70 nm thickness, it can be found that the electrical
performance increases to 𝜂 = 16.5%. To further improve the
quality of passivation, the SiO2 /SiNx :H stacks passivation film
(denoted as S4) was fabricated on b-Si solar cells. The best
electrical performance of b-Si cells appears with 𝜂 of 17.1%, 𝐼sc
of 8.412 A, 𝑉oc of 0.623 V, and FF of 77.81%.
In order to investigate the passivation effects of SiO2 layer,
doping profile of diffused emitter was measured by ECV, as

shown in Figure 4. The surface doping concentration of bSi solar cells was 9.6 × 1020 cm−3 , which means the Auger
recombination associated with heavily doped emitter shows
a significant influence on the electrical performance of bSi solar cells [10]. As shown in Figure 4, the surface doping
concentration of b-Si wafer was reduced from 9.6 × 1020 cm−3
to 7.8 × 1020 cm−3 via thermal oxidation process, which was
due to the further diffusion of the 𝑛 dopant at temperature of
850∘ C. When the surface doping concentration at the surface
of b-Si wafer was reduced via fabricating SiO2 , the Auger
recombination and surface recombination were suppressed,
leading to the better electrical performance of S2 cell.
To verify the above presumed further diffusion mechanism, the IQE properties of b-Si with various passivation
films were measured, as shown in Figure 5. The IQE of S2
cell is higher than the S1 cell. Compared with the S2 cell,
the IQE of S3 cell is higher at 500–900 nm regions, which
leads to higher conversion efficiency and 𝐼sc . As is well known,
in heavily doped silicon, dislocation and dangling bonds are
generated due to the mismatch between the covalent radius of
an impurity atom occupying substitutional site and the silicon
atom, which leads to serving SRH recombination in diffused
emitter [16]. The improvement of the IQE and electrical
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performances is attributed to the excellent hydrogen passivation, which suppress the SRH recombination near the surface
of diffused emitter. In the process of SiNx :H deposition by
PECVD, a large number of hydrogen atoms were generated
in SiNx :H film, which can migrate into silicon to form the
Si-H bonds after a thermal treatment, decrease the surface
defect state density, and suppress the SRH recombination
effectively [17–20]. In the process of metal electrode alloying
the silicon wafer temperature is close to 800∘ C; this process
performs the role of thermal treatment [18]. Nevertheless,
the IQE between 350–500 nm of the S3 cell is slightly lower
than that of S2 cell, which can be explained as follows: (1) the
surface state density at Si-SiO2 interfaces is much lower than
that of Si-SiNx interfaces [17], which leads to the lower surface
recombination velocity of S2 cell; (2) the surface doping
concentration of S2 is reduced by thermal oxidation process
which leads to the suppressing Auger recombination. The S4
cell exhibits the highest IQE at broad band of wavelength
which may be assigned to the more effective passivation of
SiO2 /SiNx :H stacks film. Therefore, the short (350–500 nm)
and long (500–1100 nm) wave responses were improved by
the SiO2 and SiNx :H in SiO2 /SiNx :H stacks film, respectively.

4. Conclusions
In summary, we demonstrated that the conversion efficiency
of the large area b-Si solar cells is significantly enhanced
by inducing various surface passivation films. The b-Si with
binary structure textured surface was produced by silvernanoparticle-assisted etching, and the length of nanowire
is about 250 nm with the 𝑅ave of 3.42%. The efficiency of
b-Si solar cell without passivation is 13.8%, and the b-Si
solar cells with SiO2 , SiNx :H, and SiO2 /SiNx :H stacks films
increase to 16.1%, 16.5%, and 17.1%, respectively. The b-Si solar
cells with SiO2 /SiNx :H stacks films yield the best electrical
performance, and the passivation mechanism can be given as
follows: (1) the SiO2 film not only has low surface state density
at Si-SiO2 interfaces but also reduces the surface doping
concentration via thermal oxidation processing leading to the
lower Auger recombination; (2) the SiNx :H can effectively
suppress the SRH recombination in the b-Si solar cell, especially in the emitter, which leads to the higher performance
of b-Si solar cells.
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Northwest China is an ideal region for large-scale grid-connected PV system installation due to its abundant solar radiation and
vast areas. For grid-connected PV systems in this region, one of the key issues is how to reduce the shading effect as much as
possible to maximize their power generation. In this paper, a shading simulation model for PV modules is established and its
reliability is verified under the standard testing condition (STC) in laboratory. Based on the investigation result of a 20 MWp gridconnected PV plant in northwest China, the typical shading phenomena are classified and analyzed individually, such as power
distribution buildings shading and wire poles shading, plants and birds droppings shading, and front-row PV arrays shading. A
series of experiments is also conducted on-site to evaluate and compare the impacts of different typical shading forms. Finally, some
feasible solutions are proposed to avoid or reduce the shading effect of PV system during operation in such region.

1. Introduction
Most of the large-scale PV power systems are usually installed
in the areas with adequate solar resources and vast land.
For example, northwest China, where gobies, desert, and
shoals are widely distributed, is an ideal region for large-scale
application of PV systems. Meanwhile, the annual average
solar irradiation in most of northwest China is in a range
from 5400 MJ/m2 ⋅yr. to 6700 MJ/m2 ⋅yr. Comparing to that
in Germany, about 3600 MJ/m2 ⋅yr. [1], northwest China has
greater potential for developing PV power plants.
However, in practical application, certain blocks, such as
leafs and bird droppings from the natural environment, the
shadows of wire poles, power distribution buildings, or even
the shadows of front row PV arrays on the modules due to the
improper design or the limitations of natural condition, will
greatly impact the performance of PV arrays. It is reported
that the causes of hot-spots on PV modules can be attributed
to partial shading or uneven distribution of light intensity [2–
5]. Hot-spot is defined as a localized region in a solar cell/PV

module whose operating temperature is obviously higher
than its surrounding area, which will cause less current and
become a reverse diode to the rest of parts of solar cells/PV
modules connected in series. As a result, hot-spots would
seriously reduce the performance of the partial shaded solar
cells and PV modules, or even cause a potential irreversible
damage to the PV modules, such as tedlar delamination and
fire disaster [6, 7].
Generally, in PV modules level, the most common
method to avoid hot-spots effect is to connect a bypass diode
in parallel with reverse polarity for a group of solar cells,
typically 18 or 20 pieces of solar cells in a group. Thus, the
partial shaded cell is reverse biased while the bypass diode is
forward conducted, which bypasses the excessive current and
almost short circuits the group of cells in some degree which
depends on the proportion of shadow area in one solar cell.
The protection by using bypass diodes is simple and general
method used in commercial PV products. However, less field
research about the performance of PV modules with bypass
diodes under partial shading is conducted. In this paper, a
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(1) In the case of 𝐼ph1 < 𝐼 ≤ 𝐼ph2 , the output current
𝐼 is almost equal to short circuit current 𝐼SC when
the output voltage 𝑉 is relatively low. If there were
no bypass diodes, the partial shaded cell 1 would be
reverse biased and offer high resistance in the circuit,
which results in consuming power and reducing the
output current 𝐼. In this case, the bypass diode 1
connected with cell 1 in parallel is forward biased;
then the redundant current 𝐼-𝐼ph1 flows through the
bypass diode to protect the shaded cell 1 against the
shading effect and hot-spots. The output power is
mainly contributed by the solar cell 2 that is under full
illumination.

I1

I

Ib1

Iph1

I0
Iob

Vb

Rs

V

I2

Ib2

Iph2
I0

Iob

Rs

Figure 1: Equivalent circuit of a PV module with partial shading.

shading simulation model for PV modules is established and
its reliability is verified under the standard testing condition
(STC) in laboratory. The I-V and P-V characteristics of a 20MWp grid-connected PV plant were also measured on-site
to analyze the impacts of different types of partial shading.
Finally some feasible solutions are proposed to avoid or
reduce the shading effect during PV system operation in such
region.

2. Shading Model
2.1. Shading Model for PV Modules. As shown in Figure 1, an
equivalent circuit of a PV module is simplified into two cells
in series with two bypass diodes. The parameters of these
two cells and diodes are assumed to be constant, and the
bypass diodes will shut down if the two cells receiving equal
irradiation. Based on the commonly used single diode solar
cell model, the output current 𝐼 through the load is given by
(1), where the effect of the very large shunt resistance 𝑅SH is
ignored [8, 9]:
𝐼 = 𝐼ph − 𝐼0 {exp [

𝑞 ⋅ (𝑉 + 𝐼𝑅𝑆 )
] − 1} ,
𝐴𝑘𝑇

−𝑞𝑉
] − 1} .
𝐴 𝑏 𝑘𝑇𝑏

It is demonstrated that the output characteristics of the
partial shaded PV module are different from those of the
module fully illuminated because of the reduced luminous
energy input. Besides, due to the existence of a bypass diode,
as shown in Figure 1, the shaded cell is protected from damage
of hot-spots. The I-V curve of the partial shaded PV module
is described by a piecewise function (3), which breaks at the
point of the state switching of the bypass diode:
𝑉=

𝐼ph2 − 𝐼
𝐴𝑘𝑇
+ 1)
ln (
𝑞
𝐼0
−

𝐼ph1 − 𝐼
𝐴𝑘𝑇
+ 1)
𝑉=
ln (
𝑞
𝐼0
−

(2)

As shown in Figure 1, a shadow falling on cell 1 reduced
the energy input to the cell and consequently increased the
energy loss in this partial shaded cell, while cell 2 is connected
with cell 1in series and under full illumination. Hence, the
photocurrent, 𝐼ph2 , is higher than that of the shaded cell, 𝐼ph1 .
The states of the bypass diode connecting in parallel with cell
1 are in two cases depending on the different level of output
voltage 𝑉.

𝐼 − 𝐼ph1
𝐴 𝑏 𝑘𝑇𝑏
+ 1) − 𝐼𝑅𝑆 ,
ln (
𝑞
𝐼𝑜𝑏
𝐼ph1 < 𝐼 ≤ 𝐼ph2 ,

(1)

where 𝐼ph and 𝐼0 are the photocurrent and the inverse
saturation current, respectively. 𝑅𝑆 is the series resistance. 𝐴
and 𝑇 are the ideality factor of the diode and temperature in
Kelvin, respectively; 𝑞 is electron charge (1.6 × 10−19 C) and 𝑘
is Boltzmann’s constant (1.38 × 10−23 J/K).
The current 𝐼𝑏 through the bypass diode is given by
𝐼𝑏 = 𝐼𝑜𝑏 {exp [

(2) As the output voltage 𝑉 increases, the output current
𝐼 turns out to be in the case of 0 ≤ 𝐼 ≤ 𝐼ph1 and the
shaded cell 1 is forward biased while the bypass diode
1 is in the state of shutting down as it is reverse biased.
There is no risk for the shaded cell.

(3)

𝐼ph2 − 𝐼
𝐴𝑘𝑇
+ 1) − 2𝐼𝑅𝑆 ,
ln (
𝑞
𝐼0
0 ≤ 𝐼 ≤ 𝐼ph1 .

All above-mentioned the shading model analysis of PV
module theoretically infers that a PV module containing 𝑁
pieces of solar cells is divided into 𝐾 groups by connecting
𝐾 bypass diodes in parallel (𝑁 ≥ 𝐾, not overlapping). If
shadows fell on the solar cells in different proportion for every
group, the I-V curve of the PV module would show 𝐾 steps
and there are corresponding 𝐾 peaks in P-V curve [10, 11].
2.2. Experimental Verification. In order to verify the presented model, some experimental measurements have been
carried out by using a commercial PV module (54 Wp,
KC50T-1 produced by KYOCERA in Japan). The module
includes two bypass diodes and 36 solar cells connected in
series. The main parameters of the PV module at standard
testing condition (AM 1.5, 1000 W/m2 , 25∘ C) are shown in
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Figure 2: The output characteristics of KC50T-1 PV Module under 0%, 25%, 50%, 75%, and 100% shading on a single solar cell in one of the
two groups which are parallel connected with two bypass diodes. (a) I-V curves and (b) P-V curves.

Table 1: Main parameters of the PV module used in shading model
verification experiments (STC).
Sample
𝑉oc 𝑉oc (V)
𝐼sc (A)
𝑉mpp (V)
𝐼mpp (A)
𝑃mpp (W)

KC50T-1
21.7
3.31
17.4
3.11
54

Table 1. The I-V and P-V characteristics of the PV module
under shading rates of 0%, 25%, 50%, 75%, and 100% on
a single solar cell, as shown in Figure 2, were measured,
respectively, by an OPTOSOLAR Module Tester made in
Germany. Table 2 lists the main measurement parameters
comparing with the nominal ones corresponding to Figure 2.
From Figure 2 and Table 2, it is seen that the open circuit
voltages (𝑉oc ) and short circuit currents (𝐼sc ) are almost not
varied with the variation of shading proportion. Considering
that the PV module is divided into two groups by parallel
connecting two bypass diodes without overlapping [8], all
the shading I-V curves in Figure 2 show two steps while two
peaks in P-V curves. The photocurrent 𝐼ph is proportional to
the solar cell active area, so it is found that the currents of
latter half of the I-V curves, where the bypass diodes are not
at conducting state, were reduced relatively to the shading
rate. At low voltage values, a new local maximum power point
appears in the P-V curves, which may be the new maximum
power point depending on the shading proportion and the
value of the breakdown voltage of the shaded cell. However,
the straight lines appearing in the I-V and P-V curves of 100%
shadow over the solar cell is attributed to the device’s low

precision in this range. The output characteristics, obtained
from the experiments results mentioned above, agree well
with the developed shading model.

3. Results and Discussion
3.1. Shading Types Classification. Some different types of
shading falling on the PV modules were observed in a 20MWp grid-connected PV plant in northwest China [12–14].
And they can be classified into three types, namely, (1) power
distribution buildings and wire poles shading, (2) plants and
bird droppings shading, and (3) shading caused by front rows
of PV array.
3.1.1. Power Distribution Buildings and Wire Poles Shading.
Setting up electricity poles and wires is to collect and
transport the electricity power produced by PV arrays.
Some power distribution buildings are also necessary for PV
plant to place inverters, transformers, and other equipment.
However, some shadings and shadows would be formed and
fall on the PV arrays, if the positions of power distribution
buildings and wire poles were laid out inappropriately and too
close to the PV modules, as shown in Figures 3(a) and 3(b). It
is found that the shadows of the power distribution building
and wire pole spread over several PV modules or even the
whole PV array.
3.1.2. Plants and Bird Droppings Shading. As we know, developing PV power generation is eco-friendly to the ecology and
environment of northwest China. Since desertification is so
serious in there, both economic and environmental benefits
can be obtained by desertification control and ecological
environment protection. It was found that plants around PV
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Figure 3: Different types of shading in a large scale grid-connected PV plant in northwest China. (a) Power distribution buildings shading;
(b) wire poles shading; (c) plants shading; (d) bird droppings shading; (e) tracking PV system shading; (f) fixed PV system shading.
Table 2: The measurement results in shading effect experiments.
Shading proportion
𝑉oc 𝑉oc (V)

0%
21.65

25%
21.63

50%
21.62

75%
21.62

100%
20.97

Nominal
21.7

𝐼sc (A)

3.36

3.36

3.36

3.36

3.36

3.31

𝑉mpp (V)

17.64

18.67

19.62

7.40

7.84

17.4

𝐼mpp (A)

3.12

2.63

1.89

3.28

3.07

3.11

𝑃mpp (W)

55.19

49.21

37.15

24.31

24.14

54

76

68

51

33

34

75

FF (%)

arrays grow strong and a number of sparrows live in groups
near the site of the PV power plant, which cause mass of plants
and bird droppings shading on PV modules, as shown in
Figures 3(c) and 3(d). The features of this kind of shadow are
relatively of small area and of random shape and distribution.

Thus, it is needed to check and clean the modules in PV power
plants one by one to completely rule out the shading.
3.1.3. Shading Caused by Front Rows of PV Arrays. According
to on-site observation, the shading caused by front rows of
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Table 3: Key parameters of the PV module under STC.
Sample
𝑉oc 𝑉oc (V)
𝐼sc (A)
𝑉mpp (V)
𝐼mpp (A)
𝑃mpp (W)

HH220(30)p
36
8.19
29
7.59
220

PV arrays appears when the solar altitude angle is relatively
small in early morning or late afternoon. Figures 3(e) and
3(f) show the shadows falling on the PV modules of tracking
PV system and fixed PV system by front rows modules,
respectively, which affected the rear rows arrays from 8:40
a.m. to 4:10 p.m. on the day when these two photographs
were taken in November. This type of shading is due to
the improper distance between the adjacent PV arrays. The
differences of topography and surface structures between
actual terrain and topographic contour map result in the
construction processes of PV arrays being difficult to exactly
match with the preliminary design, and the distance between
the adjacent two arrays is too close, which causes the front
row shading in the case of small solar height angle.
3.2. The Effect of Shading on the Characteristics of PV Modules.
A series of experiments were conducted on-site for these
typical shading forms for evaluation and comparison. The
studied HH220(30)p PV modules, produced by Huanghe
Corporation, include three bypass diodes and 60 156 ×
156 mm2 polycrystalline silicon solar cells connected in
series. The key PV module parameters under standard test
conditions are listed in Table 3. The on-site experiments were
conducted on September 12, 2012, from 10:00 a.m. to 11:00
a.m. with fine weather and clear sky. The solar irradiance is
steady at about 850 W/m2 . The I-V curves were measured by
an I-V400 PV Tester made by HT Italia, which can convert
the I-V curves at arbitrary condition to the curve under STC.
3.2.1. Effect of Wire Pole Shading. To collect and transport
the electricity generated by PV modules, a lot of wire poles
were set up around the arrays. However, some of them,
located at inappropriate position, would create shadows and
spread on several modules surface to block solar irradiance
for almost all the daytime. Figure 4 shows the shadow of a
wire pole falling on 5 adjacent PV modules, where four of
them were numbered as number 1 to number 4, as shown also
in Figure 4. The shadow on the module left next to number 4
module faded away in less than 10 min before measurement,
so the module does not analyze in this section. The number
5 PV module is considered to be a reference as the module
with no shadow on it. The I-V and P-V curves of number 1
to number 5 modules were detected rapidly by HT Italia PV
Tester I-V400; the main parameters are listed in Table 4 and
presented in Figures 6(a) and 6(b).
As the studied PV modules include 3 bypass diodes as
shown in Figure 5, the I-V curves present 3 steps as shown in
Figure 6(a) and there are 3 peaks in the P-V characteristics in

4

5

3

2

1

Figure 4: The numbers of the PV modules shaded by wire pole.

Figure 6(b). Detailed analysis was carried out for the number
1 module. There are 3 groups of 20 serially connected solar
cells, and parallel connected with one bypass diode for each
group, which are 𝐺1-1 , 𝐺1-2 , and 𝐺1–3 from right to left as
shown in Figure 4. Because the maximum shading areas for
one solar cell in each groups are 22.5%, 90%, and 96%, the
photocurrents have relationship of 𝐼ph1 > 𝐼ph2 > 𝐼ph3 . As
mentioned in Section 2.1, the characteristics of only Group
𝐺1-1 are displayed in the curve if the output current is
obtained of 𝐼ph1 ≥ 𝐼 > 𝐼ph2 > 𝐼ph3 and the bypass diodes
parallel connected with 𝐺1-2 and 𝐺1–3 are conducted. While
the output current is in the stated 𝐼ph1 > 𝐼ph2 ≥ 𝐼 > 𝐼ph3 , the
combination characteristics of 𝐺1-1 and 𝐺1-2 are presented for
the activation of the 𝐺1–3 bypass diode, and the characteristic
of the complete module including 𝐺1-1 , 𝐺1-2 and 𝐺1–3 is
plotted in the curve when the output current 𝐼 is less than
the photocurrents, that is, 𝐼ph1 > 𝐼ph2 > 𝐼ph3 ≥ 𝐼, with the
circuits of three bypass diodes open.
Since the maximum shading areas for one solar cell
in each group of number 2 module from right to left
were 96%, 90%, and 96% and of number 3 module 96%,
50%, and 0%, while 0%, 90%, and 96% for number 4
module, as the output currents of modules are negative
correlated to the areas of shading, the shapes of the IV curves consequently reveal as 3 steps, and 3 peaks to
the P-V curves for they are the integrations of each I-V
curves, the local minimum value points in the P-V curves
are the state switching points of the bypass diodes. The solar
irradiance to the shadow region is about 80 W/m2 detected
by I-V400, the output characteristic can also be measured
in the curves, even if the whole cell covered by shadow.
As number 5 module was under the full illumination, the
shape of output characteristic is consistent with the standard
curves.
Although the wire pole that caused shadow area is not
large, the narrow and long shape of shadow spreading on
several groups of solar cells of some adjacent modules also
severely reduced the power output of the modules or even the
PV arrays. To avoid the influence of wire pole shading on PV
arrays, the most effective solution is to carefully set up the
poles and configuration of cables with detailed analysis in the
design stage of PV power plant.

6

International Journal of Photoenergy
Table 4: Key parameters of the PV modules shaded by the wire pole under STC.

𝑉oc 𝑉oc (V)
𝐼sc (A)
𝑉mpp (V)
𝐼mpp (A)
𝑃mpp (W)
FF (%)

1
35.99
6.41
31.99
1.10
35.26
15

2
36.05
2.45
32.52
1.18
38.32
43

3
36.04
8.14
19.13
5.10
97.61
33

4
35.99
7.55
7.12
6.61
47.01
17

5
36.05
8.21
27.16
7.57
205.53
69

Nominal
36
8.19
29
7.59
220
75

+

−

Figure 5: A schematic diagram of the PV module HH220(30)p.

3.2.2. Effect of Plants and Bird Droppings Shadings. Plants and
bird droppings are very common to become shadings on PV
modules. It was found that plants around PV arrays grow
strong and a number of sparrows live in groups near the site
of the studied PV plants, causing mass of plants and bird
droppings shading on PV modules. The output characteristics
of the PV module shaded by plants were measured before and
after the removal of the plant by I-V400 tester. The parameters
are listed in Table 5; the I-V and P-V curves are presented in
Figure 7.
The shadow caused by the plant as shown in Figure 3(c)
is relatively small in area and random in shape, but its falling
on all the three groups of cells by each group connected one
bypass diode in parallel; the I-V curve displays 3 steps and P-V
curves shows 3 peaks shape. Comparing with the maximum
power of 215.34 W after the plant is removed, the output
power under shading is just 107.93 W, which was reduced by
50.12%.
In addition, the bird dropping shading is also classified
into the small area and random shape shading situation.
The output characteristics of the PV module, as shown in
Figure 3(d), were measured before and after the removal of
the bird droppings by using I-V400 tester. The parameters
are presented in Table 6, and the I-V and P-V curves are
illustrated in Figure 8.
As shown in Figure 8, the shadow area caused by bird
droppings was small and only affected one of the three groups
of the module, so its impact on the output characteristics of
I-V and P-V is relatively low. Based on Table 6, Comparing
with the output parameters of the module after the bird
droppings removal, the maximum output power 𝑃mpp was
only reduced by 1 W and fill factor FF fell by 1%. The shape of
the I-V curve of the shaded module reveals a one-step shape;
though the step is tiny, it is demonstrated that the forward bias
voltage applied on the bypass diode is larger than the voltage

Table 5: Key parameters of the PV modules shaded by plant under
STC.
𝑉oc 𝑉oc (V)
𝐼sc (A)
𝑉mpp (V)
𝐼mpp (A)
𝑃mpp (W)
FF (%)

Shading
35.99
7.53
21.25
5.08
107.93
40.00

Clear
36.02
8.49
27.27
7.90
215.34
70.00

Nominal
36
8.19
29
7.59
220
75

Table 6: Key parameters of the PV modules shaded by bird litter
under STC.
𝑉oc 𝑉oc (V)
𝐼sc (A)
𝑉mpp (V)
𝐼mpp (A)
𝑃mpp (W)
FF (%)

Shading
35.98
8.46
27.36
7.91
216.51
71

Clear
35.97
8.43
27.82
7.82
217.57
72

Nominal
36
8.19
29
7.59
220
75

threshold 𝑉th which is 0.5 V for silicon diode, activating the
bypass diode. If the shadow area was too small, the bypass
diode would not conduct because of the applied forward bias
voltage is lower than the voltage threshold, which results in
the hot-spot effect at the position of the shading and finally
causing damage to the solar cell and PV module.
Based on the effect of plants and bird droppings shading
discussed above, it is illustrated that the smaller the area of
the shadow is, the more dangerous is that to the solar cells and
PV modules for that would induce hot-spot effect to damage
the materials of the modules, and the more critical it is for us
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Figure 7: The I-V and P-V characteristics of the module before and
after the plant removal.

to remove the small area obstructions. Hence, plants around
PV array getting trim and PV modules surface cleaning
must proceed periodically during the PV plant operation and
maintenance. Moreover, planting scrubs and setting up antibird devices can also be considered in this situation.
3.2.3. Effect of Shading Caused by Front Rows of PV Arrays.
Distance setting between the two PV arrays is essential for the
design stage of the PV system. The installation must follow
the basis that at a site of certain latitude and longitude, from
9:00 a.m. to 3:00 p.m. on the winter solstice, the front PV
arrays cause no shadow to the rear arrays at least by a distance
between them, which is the minimum distance setting to

10

250

8

200

6

150

4

100

2

50

0

0

5

10

15

20

25

30

35

Power (W)

250

Current (A)

10

Power (W)

Current (A)

Figure 6: I-V curves and P-V curves of the five shaded PV modules. (a) I-V curves; (b) P-V curves.
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Figure 8: The I-V and P-V characteristics of the module before and
after the bird droppings removal.

PV arrays configuration, whereas, because of the differences
of the terrain and geological condition of the installation
location, the PV arrays cannot be constructed in the distance
consistent with the exact design setting, thus causing the
shading to the PV modules by their front rows [15, 16]. This
type of shadow is large in area and usually covering at the
bottom side of the array for more than one complete solar
cell in the groups; as can be seen in Figures 3(e) and 3(f), the
very low output current of the groups will reduce the output
power of the PV arrays and even the entire PV system.
As the solution, it is crucial for site selection of the PV
plants, so adequate consideration to the terrain and geological
condition of the installation location should be very helpful.
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Besides, using the concept of bypass diodes in PV modules
for reference, some bypass diodes are parallel connected with
several serially connecting PV modules or arrays [17–20],
insuring that the fully illuminated modules completely output
their power generated, and reducing the power losses of
PV arrays resulting with the so many modules shaded by
shadows.

4. Conclusion
Shading effect is one of the influence factors resulting in
power output reduction of PV modules and arrays. To protect
against hot-spots emerging in the partial shaded PV modules,
connecting a bypass diode with reverse polarity in parallel
to a group of solar cells in serial connection of the module
is one of the most common strategies applied in current
commercial product. In this paper, a shading simulation
model for PV modules was verified under the standard
testing condition (STC) in laboratory; it was demonstrated
that the total performance of the shaded module was the
characteristics additive combination of the groups including
some of the serially connecting cells which are connected
with bypass diodes in parallel; the characteristics of the group
are determined by the solar cell which is shaded by the
maximum area of shadow, for the output current of the group,
and even the PV module is forced to be equal to that of the
maximum area shaded solar cell.
In addition, the modules characteristics of three types
of shading that are wire pole shading, plants and bird litter
shading, and front rows PV array shading observed in the
large-scale grid-connected PV plant in northwest China
were detected and analyzed depending on the laboratory
experiments. The field investigation results illustrate that the
area of shadows caused by wire pole and plants are not so
large, but the shadows spread on several serial connecting
groups of solar cell for some adjacent modules in many cases;
it severely reduces the output power of the modules and even
the PV arrays; the bird litter shading impacts on the output
characteristics are relatively low for the small area; however,
too small area of shadow could not activate the bypass diode
because of the applied forward bias voltage lower than the
voltage threshold of the diode, resulting in the formation of
hot-spot. This paper also proposes some solutions to mitigate
the shading effects of power distribution buildings and wire
poles, plants and bird litters, and the shadow caused by
front rows of PV arrays, offering some ideas for the design,
operation, and maintenance of PV power generation.
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In this study, the CuIn(Ga)Se2 (CIGS) crystalline quality and MoSe2 thickness of films produced by the rapid thermal selenization
process under various selenization pressures were investigated. When the selenization pressure increased from 48 Pa to 1.45 × 104 Pa,
the CIGS films were smooth and uniform with large crystals of varying sizes. However, the MoSe2 thicknesses increased from 50 nm
to 2,109 nm, which created increased contact resistivity for the CIGS/MoSe2 /Mo structures. The efficiency of CIGS solar cells could
be increased from 1.43% to 4.62% due to improvement in the CIGS crystalline quality with increasing selenization pressure from
48 Pa to 1.02 × 103 Pa. In addition, the CIGS crystalline quality and MoSe2 thickness were modified by the pressure released valve
(PRV) selenization process method. The crystalline qualities of the CIGS films were similarly affected by the selenization pressure at
1.02 × 103 Pa in the PRV selenization method and the MoSe2 thicknesses were reduced from 1,219 nm to 703 nm. A higher efficiency
of 5.2% was achieved with the thinner MoSe2 obtained by using the PRV selenization method.

1. Introduction
There have been reports of the fabrication of 20.4% efficient
CuIn(Ga)Se2 (CIGS) thin film solar cells using the coevaporation method [1]. However, with this process it is still very
difficult to scale up the useful area so as to achieve good solar
cells. A better fabrication technique for CIGS to be used in
industrial applications is sputtering using an ideally mixed
Cu-In-Ga (CIG) alloy precursor followed by selenization in
a rapid thermal process (RTP) system [2]. The problem is
the ease with which an MoSe2 layer forms at the interface
between the CIGS and the Mo [3–5]. This occurs because
of the high vapor pressure and the low melting point of Se
at 221∘ C which is generated at the moment of rapid heating.
Volobujeva et al. reported that high quality CIGS crystals
could be formed with high Se pressure during the selenization
process [6]. The MoSe2 compound forms at the CIGS/Mo
interface due to the diffusion of Se into the CIGS film and

the reaction with Mo above 440∘ C [7]. Many studies have
reported that Mo has good electrical properties to serve as an
ohmic contact, commensurate thermal expansion coefficient,
and chemical stability during the CIGS film growth on a
glass substrate [8]. The band gap of MoSe2 is about 1.41 eV,
which is higher than that of the CIGS material. A thin MoSe2
compound forms between the CIGS/Mo interface which
leads to a quasiohmic contact property [9] and an increase in
the open-circuit voltaic (𝑉oc ) device characteristics [10] due to
the back surface field effect (BSF) [11]. The efficiency of a solar
cell with a 140 nm thick MoSe2 layer shows an enhancement
of about 2.7% compared to a cell without the MoSe2 layer
[12]. However, it is found that the thicker MoSe2 (101 –104 Ωcm) [13] forms high resistivity due to excessive selenization
pressure. The related photovoltaic performance due to the
short-circuit current density (𝐽sc ) and series resistance (𝑅s )
is affected which leads to a low efficiency in the solar cell.
Some research studies have shown a decrease in the MoSe2
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PRV: 1 mm

Quartz lid
Se (3.7 𝜇m)
CIG (1.3 𝜇m)

Mo
Glass
Graphite

Figure 1: Schematic diagram of the selenization equipment with the
pressure release valve design.

1.02
Composition ratio of Se/CIG

thickness with increasing Mo sputtering pressure [14]. The
MoSe2 thickness can also be controlled by the Na content
from the substrate [14]. However, there is a decrease in the
efficiency of solar cells due to a high resistivity of Mo films
produced with a high Mo sputtering pressure and the small
grain size of CIGS films with excessive Na content. Palm et
al. reported that CIGS films which formed on oxygen-rich
Mo film had much thinner MoSe2 layers [15]. Furthermore,
Duchatelet et al. noted the formation of a thinner MoO2
layer on the Mo surface when using the thermal oxidation
method, which leads to an effective reduction of the MoSe2
film thickness [16]. The conductivity characteristics decrease
as the oxygen content in the Mo film increases [17], which
leads to a reduction in the 𝐽sc of the solar cell. The stability
of the solar cell decreases due to the high water solubility
of the MoO2 layer. Therefore, it is more important to focus
on how to control the relationship between the quality of the
CIGS crystal and the thickness of the MoSe2 . In this study, we
adjusted the RTP selenization pressure to modify the quality
of the CIGS crystal and the thickness of the MoSe2 and then
investigated the corresponding photovoltaic performance of
CIGS solar Cells.
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2. Experimental
The reaction kinetics of the CIGS/MoSe2 films was investigated using the Se/CIG/Mo structure. The CIG precursor was
sputtered using Cu-In-Ga alloy targets (40 : 44 : 16 wt%) onto
a Mo/glass substrate in a DC magnetron sputtering system.
After deposition, the precursors were coated with a selenium
layer using the thermal evaporation technique. The samples
were then placed in a graphite box and loaded into the RTP
system. The thickness of the Se and CIG precursor was controlled at 3.7 𝜇m and 1.3 𝜇m, respectively. The samples were
then selenized at 250∘ C for 180 sec and 550∘ C for 180 sec [18]
under various selenization pressures (𝑃Se : 48 Pa, 1.02 × 103 Pa,
and 1.45 × 104 Pa). In order to reduce the MoSe2 thickness, the
Se/CIG sample was selenized in a quartz lid with a pressure
release valve (PRV), as shown in Figure 1. The crystalline
structure and morphology of the CIGS films were analyzed
by X-ray diffraction (XRD) and field emission scanning
electron microscopy (FESEM). The elemental compositions
were analyzed using energy dispersive X-ray spectrometry
(EDS). The contact resistivity (𝜌) of the CIGS/MoSe2 /Mo
was determined using the three-point method [19]. Finally,
CIGS solar cells were fabricated by the deposition of Al grid
(1 𝜇m)/AZO (800 nm)/i-ZnO (50 nm)/CdS (50 nm) using
the standard process. The photovoltaic performance of the
CIGS solar cells was measured under standard AM 1.5,
100 mW/cm2 illumination. The effective area of the solar cell
without electrode was about 1.25 cm2 .

3. Results and Discussion
Figure 2 shows the EDS analysis of CIGS films fabricated
under various selenization pressures. The ratios for the
Se/CIG composition of the surface and bulk material were

0.75
102

103
PSe (Pa)

104

10 kV
20 kV

Figure 2: Composition ratio of Se/CIG with various selenization
pressures.

calculated by EDS measurement applying acceleration voltages of 10 kV and 20 kV, respectively. Obviously, there was
an increase in the Se concentration of the CIGS films due
to an increase of the selenization pressure. The bulk CIGS
appeared to be a Se-poor type with a selenization pressure
below 103 Pa. The CIGS surface also appeared to be Sepoor due to a substantial amount of Se loss during the
selenization process without the supply of Se. The reason
is that the melt and vapor points of a Se thin film are
lower than the melt and vapor points of a Se bulk. The Se
layer is easy to be vaporized immediately during the rapid
thermal process which affects the Se vapor to be kept in
the unsealed box with difficulty. Figure 3(a) shows the XRD
analysis from the Joint Committee on Powder Diffraction
Standards (JCPDS) database, where each CIGS film appears
to have a chalcopyrite structure (JCPDS number 35-1102). The
crystalline intensity of the CIGS phases increased when the
selenization pressures were increased as shown in Figure 3(b).
There was a reduction in the metallic-Mo phases (JCPDS
number 42-1120) due to an increase in the MoSe2 compounds
(JCPDS number 29-0914) with the high selenization pressure.
A lower intensity of the MoSe2 phase was also obtained in
the PRV selenization system. Figure 4 shows the FESEM
pictures of CIGS films produced with various selenization
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3

Intensity (a.u.)
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Figure 3: XRD patterns with various selenization pressures: (a) CIGS/MoSe2 /Mo films and (b) (112) peak of CIGS films.
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Figure 4: FESEM patterns of CIGS films with various selenization pressures: (a) 48 Pa, (b) 1.02 × 103 Pa, (c) 1.45 × 104 Pa, and (d) PRV.

pressures. The CIGS films were about 1.5 𝜇m thick. Films
shown in Figures 4(a), 4(b), and 4(d) were observed to have a
rough surface and nonuniform grains when the selenization
pressures were below 103 Pa or when using PRV selenization
method. In this case, the pressure release valve caused a Se
vapor turbulence flux phenomenon in the quartz lid during
the selenization process. As can be seen in Figure 4(c),
the CIGS film exhibited smooth, uniform, large crystals
with sizes of about 2-3 𝜇m at high selenization pressures of
1.45 × 104 Pa. Before the selenization process, the thickness of

the metallic-Mo film was about 1 𝜇m. During the selenization
process, the Se vapor permeated into the bottom of the CIG
film and reacted with the metallic-Mo. With the increase of
the selenization pressure, the thickness of the grown MoSe2
film was between 50 nm to 2,109 nm which is similar to the
previous reports [3, 4]. However, a peeling-off phenomenon
at the CIGS/MoSe2 interface was observed which was caused
by excessive stress and expansion of the overly thick MoSe2
layer that occurred at high selenization pressures, as shown in
Figure 4(c). The MoSe2 thickness could be reduced to 703 nm
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Table 1: Crystalline and electrical properties of CIGS/MoSe2 films with various selenization pressures.

No.
a
b
c
d

Selenization
𝑃Se (Pa)
48
1.02 × 103
1.45 × 104
PRV

CIGS
FWHM (112) ori.
0.40
0.35
0.31
0.36

CIGS/MoSe2 /Mo
MoSe2 (nm)
𝜌 (Ω-cm2 )
50
0.013
1,219
0.032
2,109
0.046
703
0.022

Grain size (112) ori.
20.41
23.32
26.33
22.67

Table 2: Photovoltaic performance of CIGS solar cells with various selenization pressures.
Selenization press. (Pa)
48
1.02 × 103
PRV

𝑉oc (V)
0.22
0.31
0.33

by using the PRV selenization method. The results showed
that the diffusion rate of Se was much faster than the reaction
kinetics rate of CIGS under a high selenization pressure. The
diffusion rate of Se can be controlled by the selenization
pressure. The MoSe2 thicknesses, CIGS crystalline qualities,
and contact resistivity of CIGS/MoSe2 /Mo films produced
under various selenization pressures are summarized in
Table 1. The CIGS crystalline quality and grain size with
the (112) orientation were calculated using Scherrer equation
from the XRD measurement. The results showed that the
grain size of (112) orientation was increased with the increase
of the selenization pressure. The results showed that high
crystalline quality CIGS films could be achieved under high
selenization pressures. The crystalline qualities of CIGS films
were similar by selenization pressure at 1.02 × 103 Pa and
by the PRV selenization method because the Se vapor was
lost from the PRV during the selenization process. There
was a decrease in the CIGS/MoSe2 /Mo contact resistivity
from 0.046 Ω-cm2 to 0.013 Ω-cm2 which was due to the
decrease in the MoSe2 thickness from 2,109 nm to 50 nm.
The photovoltaic performance of CIGS solar cells produced
under various selenization pressures is shown in Figure 5 and
Table 2. The CIGS films produced under a high selenization
pressure at 1.45 × 104 Pa could not be fabricated into a solar
cell due to the peeling-off phenomenon at the CIGS/MoSe2
interface. When the selenization pressure increased from
48 Pa to 1.02 × 103 Pa, the 𝐽sc improved from 19.2 mA/cm2
to 33.2 mA/cm2 and the 𝑅s decreased from 9.01 Ω-cm2 to
3.82 Ω-cm2 . This was due to the improvement in the CIGS
crystalline quality, even the MoSe2 thickness increased from
50 nm to 1,219 nm. When the selenization pressure was 1.02 ×
103 Pa or the process was using the PRV selenization method,
the CIGS films produced cells with a 𝑉oc performance of
0.31 V and 0.33 V, respectively. This is related to the BSF effect
where the voltage drops with the resistance characteristics
due to the MoSe2 thickness. The 𝐽sc was reduced from
33.2 mA/cm2 to 30.6 mA/cm2 , which caused the nonuniform
grains on the CIGS surface during the PRV selenization
process shown in Figure 4. Making a comparison to Table 1,
the results show that 𝐽sc and 𝑅s are related to the crystalline
quality of CIGS films and have more influence than the MoSe2

𝐽sc (mA/cm2 )
19.2
33.2
30.6

𝜂 (%)
1.43
4.62
5.20

FF (%)
28.5
37.8
43.8

𝑅𝑠 (Ω-cm2 )
9.01
3.82
3.54
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25
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(b) PSe : 1021 Pa

(c) PRV

Figure 5: Photovoltaic performance of CIGS solar cells with various
selenization pressures: (a) 48 Pa, (b) 1.02 × 103 Pa, and (c) PRV.

thickness in the solar cells. The efficiency of CIGS solar cells
was increased from 1.43% to 4.62% with increasing only the
selenization pressure. There are many factors like defect density, surface roughness, element concentration distribution,
stoichiometry, and electrical properties that could also affect
the cell efficiency. However, one of the important reasons is
the properties of the MoSe2 . A higher efficiency of 5.2% was
obtained with higher CIGS crystalline quality and thinner
MoSe2 layer by using the PRV selenization method.

4. Conclusions
The formation of CIGS/MoSe2 /Mo structures under various
selenization pressures in the rapid thermal annealing selenization process was investigated. When the selenization
pressures increased from 48 Pa to 1.45 × 104 Pa, the CIGS
crystalline qualities were also improved and the thickness of
the metallic-Mo was reduced due to an increase in the MoSe2
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thickness. The CIGS/MoSe2 /Mo contact resistivity decreased
from 0.046 Ω-cm2 to 0.013 Ω-cm2 due to a decrease of the
MoSe2 film thickness from 2,109 nm to 50 nm. However, the
excess selenization pressure at 1.45 × 104 Pa led to the peelingoff phenomenon at the CIGS/MoSe2 interface due to the
excessive stress and expansion with a too thick MoSe2 . There
was an increase in the efficiency of CIGS solar cells from
1.43% to 4.62% and the 𝐽sc was improved from 19.2 mA/cm2
to 33.2 mA/cm2 due to an increase of the CIGS crystalline
quality when the selenization pressure was increased from
48 Pa to 1.02 × 103 Pa. The thickness of the MoSe2 also
increased from 50 nm to 1,219 nm. The results showed that
the 𝐽sc is related to the crystalline quality of CIGS films with a
more significant influence than the MoSe2 thickness on these
solar cells. In addition, the crystalline qualities of CIGS films
were similarly affected by the selenization pressure at 1.02
× 103 Pa and by using the PRV selenization method. There
was a reduction in the MoSe2 thicknesses from 1,219 nm to
703 nm. A higher efficiency of 5.2% was achieved with a
thinner MoSe2 film by using the PRV selenization method.
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The traditional solar photovoltaic fault diagnosis system needs two to three sets of sensing elements to capture fault signals as fault
features and many fault diagnosis methods cannot be applied with real time. The fault diagnosis method proposed in this study
needs only one set of sensing elements to intercept the fault features of the system, which can be real-time-diagnosed by creating the
fault data of only one set of sensors. The aforesaid two points reduce the cost and fault diagnosis time. It can improve the construction
of the huge database. This study used Matlab to simulate the faults in the solar photovoltaic system. The maximum power point
tracker (MPPT) is used to keep a stable power supply to the system when the system has faults. The characteristic signal of system
fault voltage is captured and recorded, and the dynamic error of the fault voltage signal is extracted by chaos synchronization. Then,
the extension engineering is used to implement the fault diagnosis. Finally, the overall fault diagnosis system only needs to capture
the voltage signal of the solar photovoltaic system, and the fault type can be diagnosed instantly.

1. Introduction
In 2013, Hsieh and Shiu proposed a new method of the
photovoltaic system fault diagnosis based on chaotic signal
synchronization [1]. That method had many advantages.
However, it is an offline fault diagnostic scheme. In order to
improve the defect, this paper proposes the intelligent solar
photovoltaic system real-time fault diagnostic device. Manual
detection is replaced by the intelligent solar photovoltaic
system real time fault diagnostic device. Its advantage is
that, in the spacious solar photovoltaic array, as long as the
output end of the array is measured and compared with
previously created diagnostic data, the type of fault can be real
time quickly diagnosed without manual inspection. Thus, the
manual diagnosis time is shortened, while the manpower and
cost losses are reduced. Therefore, this paper aims to research
and develop an intelligent solar photovoltaic system real-time
fault diagnostic device.
The traditional fault diagnostic device uses a neural
network [1–4], Fourier analysis [5–7], or wavelet analysis
[8–13] for fault diagnosis. The solar photovoltaic system fault
diagnoses of different diagnostic methods are introduced

below. In 2011, Shimakage et al. proposed the artificial
neural network control for solar photovoltaic array fault
diagnosis [14]. The diagnostic effect of the artificial neural
diagnostic method proposed in that study was better than
the effect of the traditional neural network. Because the
authors increased the number of training layers in the
neural network to three, the diagnostic effect was very good.
However, an additional sensor must be mounted on each
series branch solar cell to measure the voltage signal, so the
cost increases with the number of solar photovoltaic arrays.
In 2011, Syafaruddin et al. discussed solar photovoltaic system
fault diagnosis [15]. The assumed state of the solar fault in
that study is similar to that in the present study, and the
diagnostic methods used in that study were measurement and
observation. That study recorded the power generated by the
faulted solar photovoltaic system and then compared it with
the presently measured power. Although the fault diagnosis
based on measurement and observation is simple, there are
merely four fault types proposed by the authors. If the number
of faults increases, there may be different types of faults.
However, the fault category cannot be recognized in the case
of identical power. In 2011, Zhao et al. proposed the fault
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analysis of inverse connection of the solar photovoltaic
array at low light level [16]. That study proposed the IV curve analysis for fault diagnosis, where the condition
configuration is a serial array inverse connection in the
array. This condition is equivalent to a major hardware
configuration error in a solar photovoltaic array that burns
the line. Although the I-V curve analysis is simple and easy to
implement, the observation of variance in the current costs
both manpower and time. In 2012, Gokmen et al. proposed
decision tree-based diagnosis of solar photovoltaic array fault
types [17]. That study divided the I-V characteristic curve
into four regions, whereby the regions represented four fault
categories. The measured voltage and current and the voltage
and current of the maximum power point were recorded,
and the decision tree method was used to compare the
values of the four regions. Finally, the fault category was
diagnosed. The experimental results showed that, although
the diagnostic rate was as high as 99.8%, the decision-making
condition needed 1,637 comparisons, and the best decisionmaking condition was found by multiple simulations and
experiments; thus, the process was very complex. In 2012,
Zhao et al. proposed a simple method to diagnose solar
photovoltaic systems [18]. That study used three parameter
values, including the temperature coefficient of the solar cell,
the illumination, and the temperature when there was a fault,
to work out the variance in power, so as to diagnose the
fault condition. The method only needs two simple equations
to diagnose the fault condition, but the data volume of
the parameters is huge, and the establishment of parameter
data of various temperature and illumination changes takes
considerable time. In 2013, Zhao et al. [19] proposed a new
image recognition method (ICA) to identify defects in the
solar cell surface. In 2013, Zhang et al. proposed the fault
analysis and overcurrent protection of the solar photovoltaic
array line [20].
This study used a 10-series 2-parallel solar photovoltaic
array as the model of fault diagnosis. The fault condition
is the short circuit set in the solar cell, and then it is
diagnosed by using the chaotic synchronization signal-based
fault diagnosis method, proposed in this study, and the
intelligent classification of the extension theory. The chaotic
system is very sensitive to change in the system, and the
system parameters must change if the solar photovoltaic
system has a fault. Therefore, this method only needs to
import the initial value signal of the photovoltaic system
with faults into the chaotic synchronization system according
to the variance in initial value, to capture the variance in
dynamic error, and then it is imported into the extension
theory to effectively distinguish the fault state. Moreover,
the extension theory does not need learning time, so the
diagnosis is very rapid.

2. Solar Photovoltaic System MPPT Control
The major function of a solar photovoltaic system is to convert solar irradiation into electrical energy using a solar photovoltaic cell and an electric power converter. The equipped
electric power converter can stabilize, increase, and reduce
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the output voltage or convert the frequency according to
the requirements of the output load, and the output power
depends on the area of solar photovoltaic cell, conversion
efficiency, solar illumination, ambient temperature, and effect
of the load. The solar photovoltaic array used in this study is a
10-series 2-parallel array, equipped with a boost converter and
MPPT algorithm. This algorithm guarantees the maximum
power output when the solar photovoltaic array has faults.
The voltage variation is measured in the system operation to
distinguish the fault.
The power characteristic generated by the solar photovoltaic cell is not linear, as the power varies with the current
sunshine intensity and ambient temperature. In order to keep
the output power at the maximum value of the characteristic
curve, the solar photovoltaic system must be equipped with
MPPT control to guarantee the maximum output power, so
as to maximize the system output efficiency. At present, the
common MPPT control methods are [21–25] (1) the voltage
feedback method, (2) the power feedback method, (3) the
straight-line approximation method, (4) the perturbation and
observation method, and (5) the incremental conductance
method. This paper further discusses the incremental conductance method. The extension theory is combined with this
method to control the step output, which is compared with
the general fixed step and the variable step.

3. Chaos Synchronization Theory and
Extension Theory
3.1. Chaos Synchronization Theory. The behavior of the slave
chaotic system tracking master chaotic system is chaos
synchronization [26–29]. The master-slave chaotic system is
described below:
master system: 𝑥̇
(𝑡) = 𝑓 (𝑡, 𝑥) ,
slave system: 𝑦̇
(𝑡) = 𝑓 (𝑡, 𝑦) + 𝑢 (𝑡) .

(1)

Among which, 𝑥(𝑡) = [𝑥1 , 𝑥2 , . . . , 𝑥𝑛 ] ∈ 𝑅𝑛 and 𝑦(𝑡) =
[𝑦1 , 𝑦2 , . . . , 𝑦𝑛 ] ∈ 𝑅𝑛 are the status values of master system
and slave system, 𝑓 : 𝑅 × 𝑅𝑛 → 𝑅𝑛 is the nonlinear function,
𝐵 ∈ 𝑅𝑛×1 and 𝐶 ∈ 𝑅1×𝑛 , 𝑢 is the controller in the slave system,
and the control objective is


lim 𝑥 (𝑡) − 𝑦 (𝑡) → 0.

𝑡→∞ 

(2)

The primary fault characteristic signal in the research on
solar power system fault diagnosis may be transient and
fast, but the analysis of long-term signal characteristics takes
much time, and too many data diagnoses are likely to cause
misrecognition. Therefore, this study proposes the chaos
synchronization whereby the instantaneous fault signal of
the voltage is captured as the diagnostic basis of the chaotic
system. Moreover, it defines the master chaotic system as the
reference system and the slave chaotic system as the tracking
reference system. The slave system is designed to track the
reference system in a cycle length. Its tracking dynamic error
convergence characteristic is used to extract dynamic error
signals, and the fault feature is recorded.
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3.1.1. Lorenz Chaos Synchronization System. Since the chaotic
system is very sensitive to the change in system parameters,
this paper specifically uses this characteristic of chaos. The
solar photovoltaic system fault voltage signal is captured
for chaos synchronization transformation, the trajectories of
dynamic errors are extracted, and these dynamic trajectories are the fault features, so the extension theory is used
to recognize fault conditions. From [1], the Lorenz chaos
synchronization system is expressed as (3)
𝑥̇= 𝛼 (𝑥2 − 𝑥1 ) ,
{
{ 1
master : {𝑥2̇= 𝛽𝑥1 − 𝑥1 𝑥3 − 𝑥2 ,
{
{𝑥3̇= 𝑥1 𝑥2 − 𝛾𝑥3 ,
𝑦̇= 𝛼 (𝑦2 − 𝑦1 ) + 𝑢1 ,
{
{ 1
slave : {𝑦2̇= 𝛽𝑦1 − 𝑦1 𝑦3 − 𝑦2 + 𝑢2 ,
{
{𝑦3̇= 𝑦1 𝑦2 − 𝛾𝑦3 + 𝑢3 .

(3)

(4)

According to [1], if the eigenvalue of the system is
negative, the error system state is steady, so the chaotic
attractor can be generated, and the dynamic trajectory of
the chaotic attractor is used for various studies. This paper
observes the dynamic trajectory of the chaotic attractor to
distinguish the fault types of the solar photovoltaic system.
3.2. Extension Theory. The extension theory can solve the
compatibility and contradictory problems, it describes the
quality of things quantitatively without learning, and it has
high accuracy. Based on the aforesaid characteristics, it is very
suitable for classification recognition. This paper therefore
uses extension theory as the solar photovoltaic system fault
diagnosis method.
3.2.1. Definition of Extension Matter Element. In order to
distinguish the differences among things, names are assigned.
The extension can use the matter-element concept to present
the differences among things in the matter-element model,
expressed as [30]
[
[
𝑅 = (𝑁, 𝐶, 𝑉) = [
[
[

𝑁 𝑐1
𝑐2
..
.

V1
V2 ]
]
.. ] ,
.]

𝜌 (𝑠, 𝑆𝑝 ) − 𝜌 (𝑠, 𝑆𝑜 ) ,
𝐷 = (𝑠, 𝑆𝑜 , 𝑆𝑝 ) = {
−1,
𝐾 (𝑠) =

The master-slave system error state can be expressed as
𝑒1 = 𝑥1 − 𝑦1 , 𝑒2 = 𝑥2 − 𝑦2 , and 𝑒3 = 𝑥3 − 𝑦3 ; the dynamic
error system is (4). The slave system tracking master system
is observed, so that the control signal is chosen as 𝑢1 = 𝑢2 =
𝑢3 = 0.
−𝛼 𝛼 0
0
𝑒1̇
𝑒1
[𝑒2̇] = [ 𝛽 −1 0 ] [𝑒2 ] + [ 𝑦1 𝑦3 − 𝑥1 𝑥3 ] .
[𝑒3̇] [ 0 0 −𝛾] [𝑒3 ] [−𝑦1 𝑦2 + 𝑥1 𝑥2 ]

3.2.2. Definition of the Extension Set. In classical mathematics, the classical set uses 0 and 1 to describe the characteristics
of things, whereas, in fuzzy mathematics, the fuzzy set uses 0
to 1 to describe the fuzzy degree of characteristics of things.
The extension set extends the range of the set to −∞ to ∞ to
represent the extension degree of the characteristics of things.
The extension correlation function is of two intervals in the
real number field ⟨−∞, ∞⟩, which are the classical domain
𝑆𝑜 = ⟨𝑎, 𝑏⟩ and the joint domain 𝑆𝑝 = ⟨𝑐, 𝑑⟩, and interval
𝑆𝑜 ∈ 𝑆𝑝 . If there is a random point 𝑠 in the real number
field, the correlation function can be described as (6), and the
overall extension set correlation grade can be expressed as in
Figure 1:

(5)

𝑐𝑛 V𝑛 ]

where 𝑁 is the matter, 𝑐𝑗 is the characteristic of the matter,
and V𝑗 is the value of the characteristic 𝑐𝑗 .

𝜌 (𝑠, 𝑆𝑜 )
𝐷 (𝑠, 𝑆𝑜 , 𝑆𝑝 )

𝑠 ∉ 𝑆𝑜 ,
𝑠 ∈ 𝑆𝑜 ,

(6)

,

where

𝑎 + 𝑏  𝑏 − 𝑎

𝜌 (𝑠, 𝑆𝑜 ) = 𝑠 −
−

2 
2


𝑐 + 𝑑  𝑑 − 𝑐

𝜌 (𝑠, 𝑆𝑝 ) = 𝑠 −
,
−

2 
2

(7)

where 𝐾(𝑠) is the grade of correlation between 𝑠 and 𝑆𝑜 . When
𝐾(𝑠) ≧ 0, it is the degree of 𝑠 belonging to 𝑆𝑜 ; when 𝐾(𝑠) < 0,
it is the degree of s not belonging to 𝑆𝑜 .
3.3. Diagnostic Process Architecture of the Chaos Synchronization System and Extension Diagnosis. Figure 2 is the chaotic
signal synchronization and extension diagnostic system flow
chart. First, the measured voltage of the solar photovoltaic
system is recorded, and then the recorded voltage signal to
be measured is imported into the slave system of the chaotic
signal synchronization system. The chaotic synchronization
system then generates the chaotic dynamic error signal after
subtraction between the master and slave systems, and the
dynamic trajectory formed of the chaotic dynamic error
signal is the main basis of extension diagnosis, that is, the fault
feature of the solar photovoltaic system. Finally, as long as the
chaotic dynamic error signal is imported into the finished
extension matter-element model, the fault category can be
identified rapidly and accurately by extension diagnosis of the
fault conditions.

4. Experimental Results
4.1. Extension Incremental Conductance Method. In terms of
the solar photovoltaic system MPPT, this paper proposes
the extension incremental conductance method (EICM) and
compares it with the general fixed step incremental conductance method (FICM) and the variable step incremental
conductance method (VICM). As the fixed step incremental
conductance method has only one set of steps (step = 0.001),
the tracking speed is always the same whatever the 𝑑𝑃/𝑑𝑉 is.
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Table 1: Matter-element model of the extension incremental conductance method for 𝑑𝑃/𝑑𝑉.
[Joint domain, 𝑐1 , ⟨0, 10000⟩]
[Large step, 𝑐1 , ⟨5.0001, 10000⟩]
[Small step, 𝑐1 , ⟨0, 5⟩]

Positive
field

1

Zero boundary
c

a

b

d

Classical domain
−1

Neighborhood domains

Table 2: Solar panel model and specifications.

s

Extension
field
Negative
field

Figure 1: Schematic diagram of the correlation function.

Solar panel model
Open circuit voltage
Short circuit current
Maximum power point voltage
Maximum power point current
Maximum power

SM 1611
3.0 V
0.8 A
2.36 V
0.7 A
1.65 W

Table 3: Solar photovoltaic system fault category.
Input various abnormal signals

Fault
type
SCF1

Chaotic synchronization system

SCF2
SCF3

Extract the kinematic trajectory
of chaotic dynamic error

SCF4
SCF5

Extension theory matterelement model

SCF6
SCF7

Calculate the correlation

SCF8

SCF9
Normalization

Nine types of faults

Figure 2: Chaotic signal synchronization and extension diagnostic
system flow chart.

Neither the speed nor the step can be adjusted, which
becomes the main defect in the most fundamental incremental conductance method. The variable step incremental
conductance method has large steps (step = 0.005) and small
steps (step = 0.001), and its tracking speed is much higher
than that of the general fixed step incremental conductance
method, but the 𝑑𝑃/𝑑𝑉 identification mode is not intelligent

Fault condition (short circuit set in faulted solar cell)
There is no fault in the two-series branch solar
photovoltaic system.
One solar cell fault occurs in any series branch of the
two-series branch solar photovoltaic system.
Two solar cell faults occur in any series branch of the
two-series branch solar photovoltaic system.
Three solar cell faults occur in any series branch of the
two-series branch solar photovoltaic system.
One solar cell fault occurs in each series branch of the
two-series branch solar photovoltaic system.
Two solar cell faults occur in each series branch of the
two-series branch solar photovoltaic system.
One solar cell fault occurs in one series branch and two
solar cell faults occur in the other branch of the
two-series branch solar photovoltaic system.
One solar cell fault occurs in one series branch and four
solar cell faults occur in the other branch of the
two-series branch solar photovoltaic system.
Two solar cell faults occur in one series branch and
three solar cell faults occur in the other branch of the
two-series branch solar photovoltaic system.

enough. The extension incremental conductance method
proposed in this paper can extend the matter-element model
according to the 𝑑𝑃/𝑑𝑉 value and reach intelligent identification and rapid tracking under the same condition (step =
0.005 and 0.001). The result is shown in Figure 3. The classical
domain and joint domain of the extension incremental
conductance method are shown in Table 1.
4.2. Implementation of the Solar Photovoltaic System RealTime Fault Diagnosis. The solar cell in this paper is SM 1611;
its specifications are shown in Table 2. The solar illumination
is 1,000 W/m2 , and the ambient temperature is 25∘ C. The
system architecture is shown in Figure 4. The connection
mode is 10-series 2-parallel, as shown in Figure 5. The fault
state should be simulated before the fault condition is diagnosed. The fault types are shown in Table 3 [31, 32]. The V-P

Power (w)
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Figure 3: Comparison result of FICM, VICM, and EICM.
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Load

Diagnosis

Figure 4: System architecture of the solar photovoltaic system.

First branch solar photovoltaic system

Second branch solar photovoltaic system
Solar photovoltaic array

Figure 5: Schematic diagram of faults in the solar photovoltaic array
(SCF7 ).

and V-I characteristic curves of the solar photovoltaic array
vary with the sunshine and ambient temperature. The fault
condition in this paper is the short circuit set in the solar
panel, and nine kinds of solar cell fault (SCF) are simulated.
Therefore, there are nine kinds of V-P and V-I characteristic
curves, as shown in Figures 6(a) and 6(b). The fault voltage
signal is mixed with a minute quantity of Gaussian noise,
as shown in Figure 7. The maximum power point voltage
when a fault occurs is measured and recorded, as shown
in Figure 8. The addition of Gaussian noise is helpful in
enlarging the dynamic trajectory of chaotic dynamic error, so

as to highlight the fault feature; meanwhile the tolerance of
the system for noise can be written in the extension matterelement model, so that the system can resist noise. Finally, as
long as the nine kinds of fault voltage signal are imported into
the chaos synchronization system, the fault features can be
extracted as the base of extension matter-element modeling.
The environment noise of a physical system is usually a high
frequency signal. Therefore, a low-pass filter could be used to
pretreat the system signal.
The solar photovoltaic array for this experiment is the
Agilent Technologies E4360A modular solar array platform.
When the nine fault characteristic curves of solar energy in
Figures 6(a) and 6(b) are imported into the E4360A modular
solar array platform, nine fault voltages can be exported. The
MPPT algorithm is implemented by dSPACE and is finally
connected to the boost converter to record the voltages of
various fault conditions for fault diagnosis. Figure 8 shows
the measured voltage with Gaussian noise. The experimental
sampling rate is 10 kHz. The master system of the chaos
synchronization system bears the normal voltage signal of
the solar photovoltaic system, and the slave system bears
the faulted voltage signal of the solar photovoltaic system.
The unmeasured voltage signal is imported into the chaos
synchronization system of (1) the chaos synchronization
error is converted into dynamic error to obtain the 𝑒1̇𝑒2̇𝑒3̇
three-dimensional motion trajectory, as shown in Figure 9.
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Figure 6: (a) V-P characteristic curves of nine faults. (b) V-I characteristic curves of nine faults.

0.01
23.2
0.005
V

23.15
V

0

23.1
23.05
23

−0.005

22.95
−0.01

0

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18
Time (s)

0.2

Gaussian noise

22.9

0

0.02 0.04 0.06 0.08

0.1

0.12 0.14 0.16 0.18

0.2

Time (s)
SCF1

Figure 7: Gaussian noise (0.1%).

Figure 8: Voltage signal of SCF1 with Gaussian noise.

The plan view of the dynamic error of the nine faults is shown
in Figure 9.
The nine patterns are put on the same plane. The dynamic
trajectory of each fault is shown in Figure 10. The chaotic
dynamic trajectory is used to build the extension matterelement model. Figure 10 shows the chaotic waveform circle
0 of 𝑒1̇, which tends to be symmetrical. As the chaotic
dynamic trajectory of 𝑒1̇in ⟨−2, −0⟩ and ⟨0, 2⟩ intervals is
very apparent, 𝑒1̇in ⟨−2, 0⟩ and ⟨0, 2⟩ intervals is used as
the basis of the extension matter. The 𝑒3̇corresponding to
𝑒1̇interval landing point is calculated, and the average of 𝑒3̇
landing point is extracted as the eigenvalue extracted in this
paper. The matter-element model is shown in Table 4. The
weight in this paper is set as 0.5. The solar photovoltaic system
can be diagnosed after the extension matter-element model is
built.
If the fault diagnosis cannot implement real-time measurement and diagnosis, it wastes both time and money.
Therefore, this study implemented real-time fault diagnosis of

the solar photovoltaic system, saving a considerable amount
of time. The fault state displayed by the diagnostic system
needs to be considered. The real-time fault diagnosis system is
implemented using the dSPACE hardware system, the system
sampling rate is 10 kHz, and the diagnosis is renewed when
the number of data is 10,000; that is, the diagnostic values
are updated per second. Therefore, the fault diagnosis system
needs only one second to diagnose the faults in the solar
photovoltaic system, so as to implement real-time diagnosis.
Figure 11 shows the system hardware facilities. Figure 12
shows the real-time diagnosis interface of dSPACE. In the
experiment of real-time diagnosis, this paper measured the
nine faults 20 times, respectively. Meanwhile five percentages
of Gaussian noise (0.1%, 0.3%, 0.5%, 1%, and 5%) were added
in to test the real-time diagnosis rate of the system and to test
the tolerance of the diagnostic system with the noise. Table 5
shows the real-time diagnosis rate.
In the traditional fault diagnosis system, once there is
a little noise interference, the diagnosis will be inaccurate.
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Table 4: Chaotic dynamic trajectory matter-element model.
Neighborhood
Normal 𝑐1 ⟨200, 500⟩
]
=[
𝑐2 ⟨200, 500⟩
domains
Fault 𝑐1 ⟨430, 450⟩
]
SCF2 = [
𝑐2 ⟨430, 450⟩
Fault 𝑐1 ⟨310, 320⟩
]
SCF4 = [
𝑐2 ⟨310, 320⟩
Fault 𝑐1 ⟨340, 360⟩
]
SCF6 = [
𝑐2 ⟨340, 360⟩
Fault 𝑐1 ⟨230, 250⟩
]
SCF8 = [
𝑐2 ⟨230, 250⟩

Fault 𝑐1
𝑐2
Fault 𝑐1
=[
𝑐2
Fault 𝑐1
=[
𝑐2
Fault 𝑐1
=[
𝑐2
Fault 𝑐1
=[
𝑐2

SCF1 = [
SCF3
SCF5
SCF7
SCF9

⟨460, 480⟩
]
⟨460, 480⟩
⟨380, 390⟩
]
⟨380, 390⟩
⟨410, 420⟩
]
⟨410, 420⟩
⟨370, 375⟩
]
⟨370, 375⟩
⟨295, 307⟩
]
⟨295, 307⟩

Table 5: Real-time diagnosis rate.
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Figure 10: Plan view of 𝑒1̇–𝑒3̇dynamic errors of SCF1 –SCF9 .

However, in the chaotic system, not only does a little noise
make the dynamic error trajectory more apparent, but also
the system can tolerate the noise interference. Therefore,
the diagnostic system in this paper resists noise, and its
diagnostic rate is still high when the noise changes drastically.

5. Conclusions
The paper derived a real-time system to diagnose the faults
in a solar photovoltaic system. The chaos synchronization
and extension theory were used to distinguish the fault types.
The extension theory does not need to create too much data,
and neither does it require training or learning. Its diagnosis
is very fast in comparison with general neural diagnosis.
This method proposed in this paper only needs one set of
sensors to capture a voltage signal, which is then imported
into the chaos synchronization system. In the dynamic error
graph of the chaos synchronization system converted from
voltage signals, accurate, rapid, timesaving, and cost saving
fault recognition can be implemented only by capturing two
fault features. In comparison with other traditional fault
diagnosis methods which need at least three sensor modules
to capture the physical quantities before system diagnosis,
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[9]

[10]

Figure 12: dSPACE real-time diagnosis interface.
[11]

the fault diagnostic device of this paper can save the cost
of sensors while implementing real-time diagnosis. As an
intelligent fault diagnostic device, its diagnosis is very rapid
and accurate.
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