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ABSTRACT
This work investigates the effects of temperature and radiation intensity on the parameters of a copper indium diselenide (CIS) photovoltaic module. The module performance parameters are determined from calculated module parameters. An outdoor experimental setup is installed to carryout a series of I-V curve measurements under different
irradiance and temperature conditions for the module. A numerical model which considers the effect of series and shunt
resistances is developed to evaluate the different parameters of PV modules. Orthogonal distance regression (ODR)
algorithm is adapted for fitting I-V measurements and extracting module parameters from I-V measurements. The values of module parameters, series resistance Rs, shunt resistance Rsh, diode ideality factor n and reverse saturation current Io determined from I-V measurements at different irradiation intensity and temperature range are in good agreement with the corresponding parameters obtained from the developed numerical model. The module parameters extracted from I-V measurements are employed to calculate the module performance parameters, i.e. open circuit voltage
Voc, fill factor FF and module efficiency  at different irradiation intensity and temperature range. Present results indicate that the largest drop in open circuit voltage Voc due to about 20˚C increase in temperature is approximately
8.8% which is not compensated for by the relatively small increase in short circuit current, (2.9% in Isc), resulting in a
reduction in maximum power of about 6.3%. Results let us conclude that the shunt resistance RSh increases with radiation at low radiation values (<400 W/m2). As radiation increases at high radiation values (>400 W/m2), RSh begins to
decease sharply and dramatically. Also, as the light intensity incident on the solar module increases, the series resistance and the output voltage decrease. When the irradiance intensity increases, the series resistance decreases but with
a very low rate at the two studied temperatures ranges. The low rate decrease of Rs is found to have little effect on
module performance in comparison with the significant change of other module parameters. The ideality factor n and
saturation current Io decrease first sharply in the low range of radiation intensity (<400 W/m2) and this decrease becomes smaller for irradiance values greater than 400 W/m2. The previous observations and conclusions regarding the
module parameters RSh, RS, n and Io obtained at 20˚C observed again at 40˚C but there is a great difference between the
peak values of RSh at both temperature levels. Present results also show that module efficiency decreases with increasing irradiance intensity due to the combined effect of both Voc and FF.
Keywords: PV Module, Module Parameters, Series Resistance, Shunt Resistance, Ideality Factor

1. Introduction
The main objective of photovoltaic research industry is
to develop high efficiency low cost photovoltaic cells
and modules. Photovoltaic technology clearly offers tremendous environmental benefits, requiring no fuel and
producing no emissions or other waste beyond that inherent in the manufacturing process. Moreover, photoCopyright © 2011 SciRes.

voltaic have proven to be economical for a wide range of
applications that have traditionally relied on diesel generators. The advantages that photovoltaic have over competing power options are: they have no moving parts and
produce power silently. They are non-polluting with no
detectable emissions or odors. They can be stand- alone
systems that reliably operate unattended for long periods.
They require no connection to an existing power source
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or fuel supply. They consume no fossil fuels-their fuel is
abundant and free. Unfortunately solar cells are still far
too expensive to produce a significant fraction of the
worlds energy needs. The use of photovoltaic cells has
increased in the last few decades as their manufacturing
cost has decreased and as people have become more concerned about energy use.
A thin-film solar cell is a solar cell that is made by
depositing one or more thin layers of photovoltaic material on a substrate. The thickness range of such a layer
is wide and varies from a few nanometers to tens of
micrometers. Many different photovoltaic materials are
deposited with various deposition methods on a variety
of substrates. Thin-film solar cells are usually categorized according to the photovoltaic material used: amorphous silicon (a-Si), cadmium telluride (CdTe), copper
indium gallium selenide (CIS or CIGS) and dye-sensitized solar cell (DSC) and other organic solar cells. Thin
film solar cells have achieved efficiencies of about 15 20%. The highest efficiencies recorded recently for all
thin film photovoltaic technology on laboratory scale or
module scale are for chalcopyrite solar cell based on Cu
(InGa)Se2 absorbers. So, obtaining the outdoor performance of the base material Cu In Se2 (CIS) or the more
efficient one Cu (InGa)Se2 (CIGS) under different solar
irradiance and device temperature and or spectral irradiance is vital for selecting the proper solar module for
certain location and specific application.
Series and shunt resistances in solar cells are parasitic
parameters, which significantly affect the illuminated I-V
characteristics and cell efficiency. Series resistance, Rs, is
mainly the sum of contact resistance on the front and
back surfaces. So, the series resistance should be kept to
a minimum for efficient conversion of solar energy. The
shunt resistance, Rsh, represents a parallel high conductivity path across the p-n junction or the cell edges and
decreases the efficiency of the cells by increasing the
leakage current that lowers the maximum output power
(Pm), the open voltage, Voc and the fill factor, FF. Several methods are available in the literature for extracting
the series and shunt resistances of a solar cell [1-12] as
well as related device parameters. Some of the methods
involve measurement of illuminated I–V characteristics,
some use dark conditions or utilize dark and illumination
measurements. Other methods apply curve fitting method
to some assumed functional relationship or employ integration procedures based on the computation of the area
under the I-V curves or use linear regression. It is also
possible to predict PV module performance under illumination through a several numerical or algebraic methods
[13-18].
Most of the above mentioned methods are based on
single exponential model of solar cell and assume that
Copyright © 2011 SciRes.

the shunt resistance, Rsh, is infinite and presume that Rs is
independent of the intensity of illumination which is not
a correct assumptions especially for solar cells that have
low Rsh as amorphous silicon and CIS modules.
For this reason, an improved five parameter model
which considers the shunt resistance is developed to
carry out the present work. The model can handle the
different cell technologies namely amorphous crystalline
and copper indium diselenide (CIS) thin-film modules.
The five parameter model uses the data provided by the
manufacturers and empirical correlation equations to
predict the solar cell parameters at different operating
conditions. Measurements of I-V characteristics are carried out in the photovoltaic facility installed at the roof of
the main building in the College of Technological Studies, Kuwait. These measurements are carried out at different illumination intensity and temperature. Non linear
curve fitting of experimental I-V data proposed by Burgers et al. [19] is adapted to extract different solar modules parameters from I-V measurements. A comparison
between solar modules parameters predicted from the
developed numerical model and the corresponding parameters obtained from I-V measurements to validate the
accuracy of the developed numerical model proposed for
this study. The module parameters extracted from I-V
measurements are employed to calculate the module performance parameters, i.e. short circuit current (Isc) open
circuit voltage (Voc), fill factor (FF) and efficiency () at
different irradiation intensity and temperature range.

2. Theoretical Analysis
A PV cell may consist of a single crystal, a number of
smaller crystals (polycrystalline), or it may lack crystal
structure all together (amorphous). Other semiconducting
materials such as thin film chalcopyrite are employed in
PV cells for extraterrestrial or sun concentrator applications, but this description will concern a silicon PV cell.
The light intensity affects primarily the amount of current produced, making it proportional, while the cell
temperature controls the voltage produced. As the cell
temperature increases, the current produced remains the
same but the voltage is reduced, reducing the output
power. All of these factors need to been taken into consideration to accurately predict the energy production.
To choose an appropriate model for detailed simulation, several factors need to be considered. The most important one is the accuracy which can be obtained. A PV
cell is not a fixed voltage source, so the model should be
able to predict the current and voltage over the entire
operating voltage range. Another factor is whether the
data required by the model is provided by the manufacturers or not. Another important consideration is whether
the data needed to use an I-V model are readily available
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to the system designer. Models with a large number of
parameters, although possibly more accurate, either requires access to generally unpublished and proprietary
manufacturer's data, or else require prototype test data.
The most detailed, consistent information commonly
available is provided in brochures from commercial
module manufacturers.
Standard test conditions (STC) are usually specified so
that a performance comparison can be made between
different PV units (cell, modules). The conditions for
standard test conditions are specified as follows: The
reference irradiance GRef with a typical value of 1000
W/m2, the reference cell temperature TC,Ref with a typical
value of 25˚C and a specified light spectral distribution
with an air mass, AM = 1.5. There are three classic parameters that are very important on the PV characteristics
namely Isc, Voc and the maximum power point (Imp; Vmp).
These points are usually given as part of a manufacturer's
data sheet for a PV module. Another important parameter
of the PV performance is called the Fill Factor (FF). It is
a term that describes how the curve fills the rectangle
that is defined by (Voc) and (Isc). It gives an indication of
the quality of a cell's semiconductor junction and measures of how well a solar cell is able to collect the carriers
generated by light. It is defined as:

FF 

Vmp I mp
Voc I sc

(1)

After a simple manipulation, one gets the equation:

Voc Isc FF = VmpImp = Pmax

(2)

It can be easily observed that FF is always less than
unity and differs from material to material. The closer the
value of the fill factor is to unity, the better the operation
of the PV cell. The PV efficiency () is defined as the
ratio of the maximum output power Pmp to the solar
power received by the cell surface area (A):



FFI scVoc
GA

(3)

A five parameter photovoltaic model is adapted in this
study to determine the module parameters. In the present
work, the five parameter model is used to simulate the
characteristic of thin film solar cells at different weather
conditions. This model adds Rsh to the four-parameter
model making it applicable to both crystalline and thin
film PV solar cells.
The mathematical model describing the performance
of the solar modules should accurately predict how solar
module output would vary with ambient temperature and
radiation conditions. Since the solar cell is a nonlinear
power source, so the output current and voltage depend
on the radiation level and temperature. There are differCopyright © 2011 SciRes.
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ent photovoltaic simulation programs developed for modeling the performance of the solar cell. In these models,
the solar cell is treated as an equivalent circuit. Such
models require a program to simultaneously determine
the current-voltage (I-V) characteristics as well as the
output of a PV module. The four parameters model is a
widely used model for determining the characteristic
curves of solar cells. The four-parameters appearing in
the IV equation are the light current (IL), the series resistance (Rs), and two theoretical diode characteristics.
These parameters are not measurable quantities and are
not generally included in manufactures catalog data. As a
result, they must be determined from systems of I-V equations at various operating points; these points are taken
from catalog data. The detailed analysis of the fourparameter PV model was introduced by Townsend [13]
and incorporated into TRNSYS [14].
The four parameter model assumes that the slope of
the I-V curve is flat at the short-circuit condition. This
means that this model neglects Rsh because it is very
large compared with Rs for the crystalline silicon (C-Si)
cell. However, this assumption is not generally valid for
amorphous photovoltaic. So, the four parameters model
accurately predicts the performance of single crystal and
polycrystalline PV arrays. In the other hand, the four
parameters model can not accurately predict the performance of thin film PV modules. The main deviation is
around the maximum power point because a-Si solar cell
does not have a good fill factor as the C-Si cell does. In
order to explain the low fill factors measured, the shunt
resistance, which are lower than that of C-Si cell should
be taken into consideration. Thee five parameters model
takes Rs into account. Adding this parameter makes the
five-parameter model applicable to both crystalline and
amorphous PV cells. In the present work, a five parameter model is developed to simulate the characteristics of
CIS module at different weather conditions.
The electrical behavior of the five parameter model is
usually described by an equivalent circuit. The IV equation for five parameter model is generally expressed by:

 q
  V  IRS
I  I L  I o  exp 
V  IRS    1 
Rsh
 nkTC
 


(4)

where IL is the light current, Io is the diode reverse saturation current, junction of the cell material. The diode
current, ID is the current flowing internally across the
cell’s semiconductor junction. All the internal dissipative
electrical losses are lumped together into the series resistance, RS. Rsh is the shunt resistance and as it approaches
infinity, this arrangement becomes identical to the fourparameter model. Thus, all the equations employed in the
five-parameter model reduce to those in the simpler four
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parameter scheme for very large values of Rsh. Equation
(4) also includes ideality factor (n), electron charge (q),
Boltzmann constant (k) and cell temperature (TC). The
five parameters from which the five parameter model
obtains its name are: n, IL, Io , Rs and Rsh. Amorphous and
CIS photovoltaic cells exhibit a pronounced slope at the
short circuit point, therefore a finite shunt resistance exists. A numerical model is adapted to solve Equation (4)
to obtain the five parameters at different illumination
intensity and operating temperatures. The magnitude of
the IV slope at short-circuit is related inversely to the
shunt resistance. As Rsh approaches infinity, this arrangement becomes identical to the four-parameter model.
Thus, all the equations employed in the five-parameter
model reduce to those in the simpler four parameter
scheme for very large values of Rsh.
An additional equation is needed to numerically solve
IV equation. The catalog value that is employed to get
the additional equation is the temperature coefficient of
open-circuit voltage (VOC). Taking the derivative of
Equation (4) and using an equation for the temperature
dependence of Io yields:
 q
I o ,ref 
q g 
3
 exp 
TC 
nkT 
V
 nkTC ,ref
 oc 
 TC
 q
 1
q
 I o,ref 
Voc ,ref  
nkTC ,ref
nkT
C

 Rsh

 Isc 

Voc



 (5)

G
 I L ,Re f   ISC TC  TC ,Re f  

GRe f 

(6)

Subscript (Ref) refers to values at reference conditions.

2.1. Determining the Shunt Resistance
Adding Rsh introduces another unknown value into the
model. Like IL, Io, n, and Rs, Rsh is not an easily measured physical quantity. Thus, it must be determined from
information available from the manufacturer. The primary effect of Rsh on the IV characteristics is to change
the short circuit slope. Thus, it is logical to use the measured value of this slope to back out a value for Rsh. The
short-circuit slope is not a value which is generally inCopyright © 2011 SciRes.

m

 q
 1  m  Rs
q
I o 1  RS m  exp 
I sc Rs  
(7)
nkTC
Rsh
 nkTC


where the variable m is equal to the short circuit slope
 dI 

 solving Equation (7) for Rsh yields:
 dV V 0

1  m  Rs

Rsh  
m

 q

q
I o 1  Rs m  exp 
I sc Rs 
nkTC
nkT
C



(8)

The difficulty with Equation (8) is that, in addition to
the short-circuit slope, it includes the parameters n and Rs
which cannot be explicitly written in terms of the manufacturers’ parameters. Thus, solving for these values simultaneously would involve a computationally intensive
two-stage iteration scheme. It is proposed that Equation
(8) may be simplified with the approximation:
Rsh 

The diode reverse saturation current (Io) depends on
temperature, as well as on the material band gap energy
(εg) and the number of cells in series (Ns). So, when the
value of saturation current increases, the I-V curve shifts
toward the left decreasing the value of the open circuit
voltage and the voltage at the maximum power point.
The light current (IL) parameter was observed to depend on the effective solar irradiance, the cell temperature (Tc), the short circuit current temperature coefficient
(Isc), and the air mass modifier. The equation for IL is:
IL 

cluded in the list of catalog specifications. However, it is
possible to approximate this value if the IV curve is
available. In order to determine the relationship between
the short-circuit slope and the shunt resistance it is first
necessary to differentiate the IV expression presented in
Equation (4) with respect to voltage. Performing the differentiation, setting V to 0 and I to Isc,ref yields:

1
d
I




 dV V 0

(9)

To test the validity of Equation (9), several sample IV
curves with different shunt resistances values were produced using the adapted five parameter model.

2.2. FORTRAN Component for I-V
Characteristics
Several computer-based Software such TRNSYS [14],
PV F-Chart [20], PVFORM [21], and Sandia National
Laboratories [22] design handbooks methods exist for
estimating the performance of PV systems. An important
distinction among models is whether the model performs
simulations over frequent, usually hourly, intervals or
whether a reduced set of calculations is done based on
average behavior over a longer, usually monthly interval.
The detailed models require extensive weather data;
Typical Meteorological Year (TMY) data. Another major
distinction is whether or not the model is limited to use
on maximum power-tracked systems. None of the previous available models are able to model direct-coupled
loads of arbitrary I-V shape.
The method presented in this work uses long-term average weather data to estimate system output for directcoupled loads of any I-V shape. The equations in the
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previous sections are implemented to develop a numerical model to determine the characteristics of copper indium diselenide (CIS) module. The FORTRAN code necessitates three different groups of information: a set of
parameters, an array of input variables and an array of
output variables. The parameters are characteristic values which are fixed through out the run. Inputs to the
code are the time dependent variables such as irradiance
and temperature. The output depends on the parameters
needed to analyze the performance of PV modules. The
iteration process begins with an initial guess of V as an
input to the PV array component. The PV array component calculates the corresponding current into the load
component. The load component produces a new voltage
serving as a second guess for PV array component. The
successive substitution is continued until convergence is
obtained and the operating point is achieved.

2.3. Non Linear Curve Fitting of Experimental
Data
To extract the PV module parameters a non linear curve
fitting program IVFIT of experimental I-V data proposed
by Burgers et al. [19] is adapted for this study. Measurements of the I-V curves of solar modules are one of the
most important means of obtaining information about PV
modules. Straightforward least squares fitting of I-V
curves leads to non accurate fit leading to a bad fit at the
maximum power point and lower voltage values. The
strongly varying slope makes it difficult to fit PV modules I-V curves with standard least square techniques. To
deal with this problem, Burgers et al. [19] propose using
weighting functions to minimize the area between data
and fit instead of least squares procedure.
Voltage noise has a big influence on fitting due to the
steep slope of an I-V curve for higher voltage values. So,
Burgers et al. [19] have used Orthogonal Distance Regression (ODR) which is a mathematical method for fitting measurements and in the meantime it allows for
computing the I-V curve parameters. The goodness of fit,
2, is used to judge whether the one- or two-diode models are suitable. The computer code adapted employs an
iterative scheme such that the fitted current and not the
measured current are used to calculate the effect of series
resistance. The program accounts for noise in the current
as well as in the voltage signal of the measured datasets.
ODR algorithms process both the error signal of the current and of the voltage close to Isc and Voc. Noise levels
determined from the IVFIT is checked such that the IV
curve fit at STC proved to be as accurate as possible.

3. Experimental Setup
Figure 1 shows a schematic diagram of the outdoor PV
modules test facility installed at the College of TechnoCopyright © 2011 SciRes.
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Figure 1. Schematic diagram of I-V setup for PV modules.

logical Studies, Kuwait. This test facility is designed to
measure the I-V characteristics of different types of PV
modules at different radiation and temperature levels in
Kuwait climate. The solar modules are mounted on the
roof of the main building in the College of Technological
Studies facing south at a tilt angle 31˚ which is equal to
Kuwait latitude. The place of the solar modules is chosen such that a shadow will not be cast into the solar
modules at any time during the test period.
The test method proposed for the measurement of the
I-V characteristics of PV modules at different radiation
and temperature levels requires the measurements of the
following parameters: 1) the global radiation on the solar
module, 2) the I-V curve at different radiation levels and
3) the I-V curve at different temperature levels.
The intensity of the solar radiation incident on the
module surface are measured and recorded by an Eppley
Precision Spectral Pyranometers (PSP model) connected
to the data acquisition system. Measurements are recorded for periods where variations in global radiation
through the measurement period do not exceed ±20
W/m2. The accuracy of the temperature measurements
devices differ according to the purpose they are used for.
The ambient air temperature should be measured within
an accuracy of ±0.1˚C. A standard resistance thermometer detector (RTD-PT100) is used to monitor the surrounding ambient temperature to guarantee high accuracy for this critical temperature. It is to be noted that the
RTD sensor of the ambient temperature is shaded from
direct and diffuse solar radiation.
The Keithley Source Meter instrument is adapted to
perform I-V characteristics of different solar cell modules. The Keithley Source Meter instrument combines a
programmable power source with the measurement functions of a digital multimeter. The Keithley LabTracer
software allows users to coordinate the measurement and
sourcing voltage or current and collect voltage and/or
current readings, as well as a timestamp for each measurement set. One can sweep voltage or current allowing
collection of complete test sequences. Results can be
exported to windows based programs like EXCEL spreadsheet for calculation, and analysis.
SGRE

380

Investigation of the Performance of CIS Photovoltaic Modules under Different Environmental Conditions

Temperature measurements of PV devices are usually
a difficult task. In general, measured temperatures should
be those of the actual semiconductor junctions, but usually the only temperature that can be measured is at the
rear surface of a cell. For modules, it not possible to contact individual cells and one is forced to apply tem- perature sensors to the rear surfaces. This leads to an error
because the rear surface will normally be cooler than the
cells laminated inside. At 1000 W/m2, this error is about
2.5% for typical PV modules.
A five set of thermocouples are placed in the rear surface of the modules, one at each corner plus one at the
module center to measure the module temperature. During the module tests, the corresponding values of environmental parameters were recorded by Keithley 2700
data acquisition device. All of this information is saved
to different data files in a personal computer. The obtained measured data files are treated first to eliminate
erroneous points. The I-V curves are then plotted and a
numerical technique is adapted to analyze the measured
data and extract the different modules parameters. The
outdoor exposure tests were carried out during the period
from 8th August 2009 to 10th August 2010. The sourcemeter is used to sweep voltage through the solar modules and measure current to obtain the I-V curve of the
modules.
In PV system design, many of the calculations are
based on the determination of module temperature from
ambient temperature and NOCT [23-25]. From the linear
regression of the plotting of the difference between module temperatures minus ambient temperature against the
irradiation, a preliminary value of NOCT is obtained.
This value is corrected to 800 W/m2 and 20˚C depending
on the average values of ambient temperature and wind
speed during the test. To obtain a good spread of measured points, simulations under different current ratings
and various meteorological conditions were performed.
The voltage and current of the module is recorded at each
operating point with high precision digital numbers.

4. Results and Discussions
The I-V curves of CIS thin-film modules were monitored for the period August 8, 2009 to August 10, 2010.
the I-V curves are monitored using Keithley Sourcemeter. TheI-V characteristic of the PV modules while deployed outdoor represents the performance under real
operating conditions Table 1 lists the manufacturer specifications of the module used in this study at reference
conditions STC (GRef = 1000 W/m2, TC,Ref = 25˚C).
To check the reliability of the present numerical model,
the measured I-V characteristics are compared to the
corresponding characteristics obtained from the numerical model as shown in Figure 2. As illustrated by
Copyright © 2011 SciRes.

Table 1. Modules specifications.
Parameter

CIS Module

P (W)

10

ISC (A)

0.72

VOC (V)

24.0

Imp (A)

0.58

Vmp (V)

17.0

ISC (A/C)

0.0026

VOC (V/C)

–0.10

Area (m2)

0.108

Junctions

10

the figure, the two predictions agree very well. Also, the
two predictions agree well with the IV curves provided
by the module manufacturer. These facts indicate the
reliability of the adapted numerical model. It should be
noted that both temperature coefficients of short circuit
current (ISC) and open circuit voltage (VOC) are provided by the manufacturer of the module. All the data are
repeated at different days and time for the same radiation
levels. So, the measured I-V points presented in the figures can be considered as the average points for the
module during the test period. As predicted from Figure
2, there is a linear increase in photo-generated current
with increased photon flux as irradiance levels increase,
resulting in the observed increase in current with increased irradiance.
The variation of power and the values of Pmax produced by the module is calculated for each radiation level
using the present developed model. These values are
compared with the ones extracted using the IV fit program [19] and are found to be in good agreement. It was
found that there is a significant increase in the module
power with increased irradiance levels. It should be mentioned that the maximum power point is not always corresponding to solar noon which is 12:00. The reason for
this may be attributed to the fact that the amount of irradiance received by the module is at its maximum at
solar noon. Hence Isc, is also at its maximum. In the
meantime there is a drop in open circuit voltage, Voc,
around solar noon, which may be attributed to the elevated temperatures at this time of the day
Also, it is observed that the voltage corresponding to
maximum power point changes with radiation levels. The
operating temperature of the PV module is one of the
most important parameters affecting the solar module
power output and its efficiency to convert sunlight into
electricity. The output of the photovoltaic module deSGRE
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Figure 2. Comparison between measured and predicted. I-V characteristics for CIS module (Ta = 20˚).

creases with increase of the cell temperature. In order to
improve PV module maximum efficiency and output
power, the module temperature must be reduced.
The effect of temperature on the I-V curve of CIS
module is illustrated by Figure 3. Different curves are
measured around noon on different days at different
module temperatures. The presented graph represents the
average measurements for different days and times but at
the same radiation intensity level (800 W/m2). The decrease in Voc with increase in temperature is clearly illustrated in the figures. Also, the figure clearly indicates that
the open circuit voltage, Voc, is more temperature dependent than the short circuit current Isc. The largest drop
in voltage due to about 20˚C increase in temperature is
approximately 8.8% drop in Voc which is not compensated for by the relatively small increase in current,
(2.9% in Isc), resulting in a reduction in Pmax of 6.3%. If
not taken into account, excessive temperatures coupled
with variation in irradiation, can lead to under-designing
of PV systems, which in turn may lead to system failure.
As stated before, the comparison between the results obtained from the numerical model and the experimental IV data indicated the accuracy of the present measurements.
So, the non linear curve fitting technique proposed by
Copyright © 2011 SciRes.

Burgers et al. [19] is adapted to extract the PV module
parameters from the experimental I-V data at different
environmental conditions. The five parameters of the PV
module are: IL, Io, Rs, Rsh and ideality factor, n, which is a
measure of cellular imperfection. The IL for CIS module
is observed to depend strongly on the solar irradiance. In
addition, results imply that IL directly proportional to
irradiance intensity level. In the following we present a
discussion for the effect of environmental conditions on
the other four parameters of CIS module.
The module parameters variation with radiation at
temperature 20˚C is presented in Figure 4. As indicated
by the figure, Rsh increases with radiation at low radiation values (<400 W/m2). The increase in Rsh with radiation at low radiation values may be attributed to the existence of local inhomogeneities leading to non uniform
current flow or to the charge leakage across the p-n junction in the cell. The reason of this behavior is that RSh is
associated with the localized defect regions which in turn
have a larger concentration of traps that make them electrically active. We believe that the electrical activity of
traps in this case is stronger at low irradiance. The same
behavior has been observed by Priyanka et al. [26] and
Cunningham et al. [27] for silicon solar cells. Contrary to
their results, as radiation increases at high radiation valSGRE
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Figure 3. Variation of I-V characteristics with temperature for CIS module (G = 800 W/m2 ).
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Figure 4. The module parameters variation with radiation intensity at module temperature 20˚C.
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ues (>400 W/m2), Rsh begins to decease sharply. As the
radiation intensity increases, the traps start getting filled
and this of course results in increase of leakage current
which in turn causes the sharp decrease observed in Rsh.
As the irradiance increases up to the value 900 W/m2, the
leakage current starts to increase more and more and Rsh
reaches very low values as indicated by Van Dyk et al.
[28] in their investigation of the effect of increasing irradiance intensity on Rsh for CIS modules. Also, at high
values of radiation, some other effects as the heating of
the cell can degrade Rsh to these low values [29].
It is known that Rsh is due to shunt paths that lead the
current away from the intended load and their effects are
detrimental to the module performance especially at low
irradiance. The number of shunts in thin film cell may
increase after prolonged exposure to light. The increase
in the number of shunts increases the effect of shunt currents in the module and hence decreases Rsh with increasing irradiance level. So, the sharp decrease of Rsh for high
radiation level (>400 W/m2) indicates that some of the
module cells increase shunt currents and conesquently
stop contributing to the total output of the module. Rs
represents the total resistance that current meets when
crossing the cell from one end to the other, so it represents resistances in the cell solder bonds, emitter and

base region, cell metallization, cell interconnect bus bars
and resistances in the junction books termination
It is evident that Rs decreases the value of Voc, Isc and
FF. As concluded previously [28,30], as the light intensity incident on the module increases, Rs and the applied
voltage decrease. When the irradiance intensity increases, Rs decreases but with a very slow rate at the two
studied temperatures (20˚C and 40˚C) as presented in
Figures 4 and 5.
This decrease may be attributed to an increase in the
conductivity of the active layer with the increase of the
radiation intensity. The slow rate decrease of Rs has little
effect on solar module performance compared with the
significant change of other module parameters.
Also Figures 4 and 5 shows the effect of irradiance
level on the ideality factor n and the saturation current Io
at 20˚C and 40˚C respectively. It is well known that CIS
materials are highly compensated with fluctuations in
stoichiometry and composition which cause electrostatic
fluctuations and band gap fluctuations respectively [31].
In case of polycrystalline thin films, it is almost trivial
that not only electrostatic potential fluctuations at grain
boundaries must occur, but also band gap fluctuations
within the grain and from grain to grain. The primary
effect of grain boundaries on polycrystalline CIS results
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Figure 5. The module parameters variation with radiation intensity at module temperature 40˚C.
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from the interruption of the long range order provided by
the periodicity of the crystal. Such interruption leads to
defect electronic states in the energy gap at its center and
at band edges, which trap the photo-generated carriers
causing recombination. For CIS solar cells and modules
the values of n and Io are due to different types of recombination of photo-generated carriers or minority carriers
[32]. Recombination losses in CIS don't affect the Isc
only but also the Voc and the FF. Ideality factor equals to
2 is valid for recombination with the states exactly in the
gap centre, while ideality factor equals to 1 is valid for
recombination at the band edges [33]. The saturation
current Io has a dramatic and direct effect on Voc as directly predicted from the following equation:
Voc 

nkT  I ph  I o  nkT  I ph 
ln 
ln  

q
q
 Io 
 Io 

(10)

Figures 4 and 5 show that as irradiance intensity increases, n and Io decrease first sharply in the low range of
radiation intensity (<400 W/m2) and this increase becomes small for irradiance values greater than 400 W/m2.
This behavior is attributed to the non-radiative recombination in the space charge region which is dominant for
CIS devices and this type of recombination is more effecttive at low radiation intensity and low junction voltage [34]. With increasing irradiance intensity the contribution of non-radiative space charge recombination to

the total recombination processes start to decrease as n
and Io values in this case are mainly due to the bulk and
surface recombination mechanisms. The module parameters variation with radiation at module temperature 40˚C
is presented in Figure 5. The previous observations and
conclusions regarding the module parameters Rsh, Rs, n
and Io obtained at 20˚C are applicable again at 40˚C.
However, it is noticed that when the irradiance intensity
increases, Rsh increases for irradiance values less than
400 W/m2 or decreases for irradiance values greater than
400 W/m2 but the rate of change at 40˚C is less than that
at 20˚C. Also, there is a great difference between the
peak values of Rsh at both temperature levels. The maximum value of Rsh at 20˚C is about 2100  compared to
about 475  at 40˚C.
The values of the CIS module parameters shown in
Figures 4 and 5 along with Isc are implemented in equation (4) to calculate the module performance parameters,
i.e., Voc, FF and . It should be mentioned that the module performance parameters obtained from IVFIT software compare well with the corresponding values obtained from the present theoretical predictions. Figures 6
and 7 show the variation of Voc, FF and module efficiency () with radiation intensity for temperatures 20˚C
and 40˚C for the same day of measurements of Figures 4
and 5. The module efficiency  given by Equation (3)
can be rewritten in the following form:
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Figure 6. Variation of module performance parameters with radiation intensity at module temperature 20˚C.
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(11)

As predicted from Equation (11), Isc is linearly proportional to the irradiance, so it can be considered that it has
no obvious effect on efficiency as the increase in Isc is
compensated by the increase in radiation intensity. So,
the decrease in efficiency with increasing irradiance level
can be attributed to the combined effect of both Voc and
FF. Fill factor continuously decreases at small rate with
increasing irradiance level similar to the behaviour of n
and Io previously discussed. On the other hand, Voc increases with irradiance intensity up to the value 400
W/m2 then decreases by a very slow rate also similar to
the behaviour of n, Io and Rsh. So, as a result the efficiency  decreases continuously with irradiance level
due to the combination effect of Voc and FF. The same
behaviour is depicted again at high temperature level
(40˚C) as illustrated by Figure 7. It is worth to mention
that the effect of increasing temperature from 20˚C to
40˚C results in decrease in the value of Voc by about
8.8%. It should be mentioned that the order of precision
for the predicted values of the CIS parmeters is in the
range of accepted errors. Estimated errors in the present
measurements are found to fluctuate somewhere around
2%, a value which is relatively reasonable compared to
other published works.
23
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5. Conclusions
An experimental setup is designed at the College of
Technological Studies, Kuwait to monitor the I–V characteristics of PV modules under realistic outdoor conditions in the period from August 8, 2009 to August 10,
2010. The data obtained showed the value of monitoring
PV modules over a period of time. The monitoring also
yielded useful results on how the PV module performed
over an extended period of time with regard to energy
generating capability and operational efficiencies. Measurements are carried out to determine the I-V characteristics of copper indium diselenide (CIS) module at different radiation and temperature ranges. A theoretical model
is developed to calculate the module parameters and
module performance parameters. The validation of the
used numerical model has been checked and results
proved the reliability of the present developed numerical
model. This work successfully emphasizes the importance of outdoor performance monitoring as there was a
difference between outdoor measurements and indoor
measurements published by the module manufacturer.
Running the program code several times has allowed
reaching the convergence of the equations system; then
the determination of the main parameters of CIS module.
Based on the results obtained, the following conclusions
are drawn:
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Photo-generated current linearly increase with increased irradiance.
A comparison between the characteristics given by
the developed numerical model and those obtained by
outdoor measurement tests demonstrated the reliability of the developed numerical model.
The largest drop in Voc due to about 20˚C increase in
temperature is approximately 8.8% which is not compensated for by the relatively small increase in current, (2.9% in Isc), resulting in a reduction in Pmax of
about 6.3%.
The shunt resistance Rsh increases with radiation at
low radiation values (<400 W/m2). While it begins to
decease sharply as radiation increases at high radiation values greater than 400 W/m2.
The series resistance decreases as the irradiance intensity increases, but with a very low rate at the two
studied temperatures (20˚C and 40˚C). So, Rs has little effect on module performance in comparison with
the significant effect of other module parameters.
As irradiance intensity increases, ideality factor n and
saturation current Io decrease first sharply in the low
range of radiation intensity (<400 W/m2) and this decrease becomes smaller for irradiance values greater
than 400 W/m2.
There is a great difference between the peak values of
Rsh at both studied temperature levels. The maximum
value of Rsh at 20˚C is about 2100  compared to 475
 at 40˚C.
Fill factor FF continuously decreases at small rate
with increasing irradiance level similar to the behaveior of n and Io. Open circuit voltage Voc increases with
irradiance intensity up to 400 W/m2 then de- creases
by a very small rate similar to the behavior of n, Io
and Rsh.
The efficiency  decreases continuously with irradiance level due to the combined effect of Voc and FF
for both studied temperatures.
The present work did not consider the effect of variation of spectral irradiance through the day on the
module parameters. This effect should be studied to
accurately predict the module performance.
The order of precision for the predicted values of the
CIS parameters is in the range of accepted errors. The
estimated errors fluctuate somewhere around 2%, a
value which is relatively reasonable compared to previously published works.
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