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Abstract— Detailed computer simulation based study of photovoltaic cells/ modules using circuit simulator PVEducation S/W package was presented in
this paper and used to simulate a circuit based model or PV cells/ modules and then to conduct behavioral study under varying conditions of solar
insolation including temperature, diode model parameters, series and shunt resistance, solar energy ……etc. The study is very helpful in clearly outlining
the principles and the intricacies of PV cells/modules and may surely be used to verify impact of different topologies and control techniques on the
performance of different types of PV system. To put the simulation study on firm footing, a comparative study was carried out with a previous work done
by the authors, where an excellent agreement was obtained.

Index Terms— Computer Simulation, diode model parameters, photovoltaic cells, PVEducation, solar insolation  and temperature.
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1 INTRODUCTION TO SIMULATION
The equations that describe solar cell can be solved

analytically or numerically [1-3]. While the analytical
equations  are  easier  to  solve  by  hand  and  give  great  insight
into cell operation, but they become difficult to solve as more
factors of cell operation are included. In the past, it was
common to rewrite the equations slightly to simplify the
solution to solve specific cases; however, such methods are
time consuming. In this concern, computer speeds have
increased  (and  memory  for  2D  cases),  so  it  is  now  easier  to
write a general solver that applies to most cases. There are an
enormous number of packages for modeling semi-conductor
devices. However most of these packages either don't consider
light generation or only partially include light generation
effects. Even for packages specifically designed for simulating
solar cells there exist a wide range of solvers both in house and
commercially available for simulating solar cell operation.
Most of these packages have fairly similar basic module and it
comes  down  to  how  fast  they  are,  how  easy  they  are  to  use
and how many effects they model.
          The basic operation of a modeling program consists of
setting  up  the  model  with  user  defined  parameters,  a
generation of nodes to solve, then iterating to produce a
solution that is consistent with all the nodes [4-6]. Finally, the
two  device  modeling  programs  commonly  within  the
photovoltaic community: PC1D for one-dimensional modeling
and DESSIS for two dimensional modeling.

1.1 PVEDUCATION SOFTWARE PACKAGE
PVEducation S/W package (PC1D) is the most

commonly used S/W of the commercially available solar cell
modeling programs [7, 8]. Its success is based on its speed,
user interface and continual updates to the latest cell models.
It  is  used  to  simulate  new  device  performance  and  also  for
new  users  to  develop  an  understanding  of  device  physics.
PC1D is now available free of charge from the University of
NSW.  The  raw  source  code  of  PC1D  is  now  available
on Source-Forge for programmers and developers. PV Light

house  has  more  PC1D  resources  including  a  batch  file
generator. solar cell modeling programs [7, 8]. Its success is
based on its speed, user interface and continual updates to the
latest cell

2 EFFECTS OF ILLUMINATION INTENSITY
2.1 LOW LIGHT INTENSITY

Solar cells experience daily variations in light intensity,
with the incident power from the sun varying between 0 and
1.0 kW/m2. At low light levels, the effect of the shunt
resistance becomes increasingly important [9-13]. As the light
intensity decreases, the bias point and current through the
solar cell also decreases and the equivalent resistance of the
solar cell may begin to approach the shunt resistance. When
these two resistances are similar, the fraction of the total
current flowing through the shunt resistance increases,
thereby increasing the fractional power loss due to shunt
resistance. Consequently, under cloudy conditions, a solar cell
with a high shunt resistance retains a greater fraction of its
original  power  than  a  solar  cell  with  a  low  shunt  resistance.
Finally, Fig. (1) shows the output characteristics of solar panel,
plotted under different illumination levels up 2 suns, at Rs =
1.0 Ω, Rsh =  10  kΩ and  the  simulation  plots  of  short  circuit
current density-and open circuit voltage-dependences on low
illumination levels, for ideal -and real -solar cells (Rs=1.0 Ω, Rsh

= 10 kΩ).
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Fig.1. Simulation plots of the effects of illumination level on the output
          characteristics (a), short circuit current density (b), open circuit
          voltage (c) and fill-factor (d) for ideal-and real-solar cells, plotted at
          Rs=1.0 Ω, Rsh=10 kΩ.

2.2 CONCENTRATORS
    A concentrator is a solar cell designed to operate under
illumination greater than 1.0 sun. The incident sunlight is
focused  or  guided  by  optical  elements  such  that  a  high
intensity  light  beam  shines  on  a  small  solar  cell  [14].
Concentrators have several potential advantages, including a
higher efficiency potential than a one-sun solar cell and the
possibility of lower cost. The short-circuit current from a solar
cell depends linearly on light intensity, such that a device
operating under 10 suns would have 10 times the short-circuit
current as the same device under one sun operation. However,
this  effect  does  not  provide  an  efficiency  increase,  since  the

incident power also increases linearly with concentration.
Instead, the efficiency benefits arise from the logarithmic
dependence of the open-circuit voltage on short circuit [5].
Therefore, under concentration, Voc increases logarithmically
with light intensity, as shown in Eq. (1). Finally, Fig. (2) show
the  effects  of  high  illumination  levels  on  short  circuit  current
density, open circuit voltage, and fill-factor for ideal -and real -
solar cells (Rs=1.0 Ω, Rsh=10 kΩ).

′ = ln =  [ ln + ln  ] = + ln   (1)
Where, X is the concentration of sunlight.
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Fig. (2): Effects of high illumination levels on short circuit current density
             (a), open circuit voltage (b) and fill- factor (c) for ideal-and real-
              solar cells  (Rs=1.0 Ω, Rsh=10 kΩ).
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2.3 QUANTUM EFFICIENCY
            The "quantum efficiency" (Q.E.) is the ratio of the
number of carriers collected by the solar cell to the number of
photons of a given energy incident on the solar cell [15]. If all
photons of a certain wavelength are absorbed and the
resulting minority carriers are collected, then the quantum
efficiency at that particular wavelength is unity. The quantum
efficiency for photons with energy below the band gap is zero.
A quantum efficiency curve for an ideal solar cell is shown in
Fig. (3).

             Fig. (3): Quantum efficiency of a silicon
                            solar cell.

           While quantum efficiency ideally has the square shape,
the  quantum  efficiency  for  most  solar  cells  is  reduced  due  to
recombination effects. For example, front surface passivation
affects carriers generated near the surface, and since blue light
is absorbed very close to the surface, high front surface
recombination will affect the "blue" portion of the quantum
efficiency. Similarly, green light is absorbed in the bulk of a
solar cell and a low diffusion length will affect the collection
probability from the solar cell bulk and reduce the quantum
efficiency in the green portion of the spectrum. The quantum
efficiency can be viewed as the collection probability due the
generation profile of a single wavelength, integrated over the
device  thickness  and  normalized  to  the  incident  number  of
photons.

             The "external" quantum efficiency of a silicon solar cell
includes  the  effect  of  optical  losses  such  as  transmission  and
reflection.  However,  it  is  often  useful  to  look  at  the  quantum
efficiency of the light left after the reflected and transmitted
light has been lost. "Internal" quantum efficiency refers to the
efficiency  with  which  photons  that  are  not  reflected  or
transmitted out of the cell can generate collectable carriers. By
measuring the reflection and transmission of a device, the
external quantum efficiency curve can be corrected to obtain
the  internal  quantum  efficiency  curve.  Finally,  Fig.  (4)  shows
the quantum efficiency of silicon solar panel, plotted at
different emitter diffusion length, LP. (a),  base diffusion
length, Ln (b), front surface recombination velocity, FSRV (c)
and rear surface recombination velocity, RSRV (d).
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Fig. 4. Quantum efficiency of silicon solar panel, plotted at different emitter
           diffusion length (a)  base diffusion  length (b), front surface
           recombination velocity, FSRV(c) and, rear surface recombination
           velocity RSRV (d).
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3 RESISTIVE EFFECTS OF SOLAR CELLS
3.1 CHARACTERISTIC RESISTANCE

The characteristic  resistance of  a  solar  cell  is  the output
resistance of the solar cell at its maximum power point (Fig. 5).
If the resistance of the load is equal to the characteristic
resistance  of  the  solar  cell,  then  the  maximum  power  is
transferred to the load and the solar cell operates at its
maximum  power  point.  It  is  a  useful  parameter  in  solar  cell
analysis, particularly when examining the impact of parasitic
loss mechanisms [16].

Fig. 5. Characteristic resistance of a solar cell.

          The characteristic resistance of a solar cell is the inverse
of the slope of the line, shown in the Fig. (5), which can be
given as (Eq. 2):

= …………  ………………………..(2)

It can alternately be given as an approximation where:

= …...................................................(3)

3.1.1 Parasitic Resistance

             Resistive effects in solar cells reduce the efficiency of
the solar cell by dissipating power in the resistances. The most
common parasitic resistances are series resistance and shunt
resistance.  The inclusion of  the series  and shunt resistance on
the solar cell model is shown in Fig. (6).

Fig. 6. Parasitic series and shunt resistances in a solar cell
            circuit.

             In most cases and for typical values of shunt and series
resistance, the key impact of parasitic resistance is to reduce
the fill factor. Both the magnitude and impact of series and
shunt  resistance  depend  on  the  geometry  of  the  solar  cell,  at
the  operating  point  of  the  solar  cell.  Since  the  value  of
resistance  will  depend  on  the  area  of  the  solar  cell,  when

comparing the series resistance of solar cells which may have
different areas, a common unit for resistance is in Ω.cm2. This
area-normalized resistance results from replacing current with
current density in Ohm's law as shown below (Eq. 4):

(Ω ) =  ……………………………(4)

3.1.1.1 SERIES RESISTANCE
 Series resistance in a solar cell has three causes (Fig. 7):

firstly, the movement of current through the emitter and base
of the solar cell; secondly, the contact resistance between the
metal contact and the silicon; and finally the resistance of the
top and rear metal contacts. The main impact of series
resistance is to reduce the fill factor, although excessively high
values may also reduce the short-circuit current, where (Equ.
5):

= − exp ( ) ……………………………..(5)

Where,
I : cell output current,
IL : light generated current,
V : voltage across the cell terminals,
T : temperature,
q and k are constants,
n :  ideality factor, and
RS : cell series resistance.

            The formula is an example of an implicit function due
to the appearance of the current, I, on both sides of the
equation and requires numerical methods to solve. Finally,
Fig’s.  (8)  shows  the  simulated  data  of  the  effects  of  series
resistance on the output characteristic curves (a) and output
power (b) of real solar cell  (Rsh = 10 kΩ).
It is clearly shown that series resistance does not affect the
solar cell at open-circuit voltage since the overall current flow
through the solar cell, and therefore through the series
resistance is zero. However, near the open-circuit voltage, the
(I-V)  curve  is  strongly  affected  by  the  series  resistance.  A
straight-forward method of estimating the series resistance
from  a  solar  cell  is  to  find  the  slope  of  the  (I-V)  curve  at  the
open-circuit voltage point.

Fig. 7. Schematic of a solar cell with series resistance.
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Fig. 8. Effects of series resistance on the output characteristic  curves (a)
           and output power (b) of real solar cell  (Rsh = 10 kΩ).

3.1.1.2    Shunt Resistance
         Significant power losses caused by the presence of a
shunt resistance, RSH, are typically due to manufacturing
defects, rather than poor solar cell design [17]. Low shunt
resistance causes power losses in solar cells by providing an
alternate current path for the light-generated current. Such a
diversion reduces the amount of current flowing through the
solar cell junction and reduces the voltage from the solar cell.
The  effect  of  a  shunt  resistance  is  particularly  severe  at  low
light levels, since there will be less light-generated current. The
loss of this current to the shunt therefore has a larger impact.
In addition, at lower voltages where the effective resistance of
the solar cell is high, the impact of a resistance in parallel is
large. Finally, Fig. (9) shows  the circuit diagram of a solar cell
including the shunt resistance (Fig. 9a) and its effects of on real
solar cell characteristics, plotted at Rs=1.0 Ω (Fig. 9b). Finally,
the equation for a solar cell in presence of a shunt resistance is:

I =IL – I0 exp [qV / nkT ]−VRSH…………..(6)
where:
I  : cell output current,
IL : light generated current,
V : voltage across the cell terminals,
T : temperature,
q and k are constants,
n is the ideality factor, and
RSH is the cell shunt resistance.
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Fig. 9. Circuit diagram of a solar cell including the shunt resistance  (a),
            and its effects of on real solar cell characteristics (b) (Rs= 1.0 Ω).

Fig. 10.  Impact of surface passivation and diffusion length on collection
probability

4 COLLECTION PROBABILITY
            The "collection probability" describes the probability
that a carrier generated by light absorption in a certain region
of the device will be collected by the p-n junction and therefore
contribute to the light-generated current, but probability
depends on the distance that a light-generated carrier must
travel compared to the diffusion length. Collection probability
also depends on the surface properties of the device. The
collection probability of carriers generated in the depletion
region is unity as the electron-hole pair is quickly swept apart
by the electric field and are collected. Away from the junction,
the collection probability drops. If the carrier is generated
more than a diffusion length away from the junction, then the
collection probability of this carrier is quite low. Similarly, if
the carrier is generated closer to a region such as a surface
with higher recombination than the junction, then the carrier
will recombine. The impact of surface passivation and
diffusion length on collection probability is shown in Fig. (10).
Finally, Fig. (11) shows the collection probability of  the base
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and emitter of silicon solar panel, plotted at different front
surface recombination velocity, FSRV (Fig. 11a), rear surface
recombination velocity, RSRV (Fig. 11b), base diffusion length,
Ln   (Fig. 11c) and emitter diffusion length, LP (Fig. 11d).
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Fig.(11a)
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Fig. (11): Collection probability of the base and emitter of silicon solar
               cell, plotted at different front surface recombination velocity,

                FSRV(a), base diffusion length, lRSRV (b), base diffusion
                length, Ln (c) and emitter diffusion length, LP (d).

           The collection probability in conjunction with the
generation rate in the solar cell determines the light-generated
current from the solar cell. The light-generated current is the
integration over the entire device thickness of the generation
rate at a particular point in the device, multiplied by the
collection probability at that point (Fig. 12). Eq. (7) gives the
light-generated current density (JL), with an arbitrary
generation rate (G(x)) and collection probability (CP(x)), as is
the generation rate in silicon due to the AM1.5 solar spectrum
(Fig. 12).  From which, it is clear that the carrier generation is
the highest at surface of the solar cell, thus making
photovoltaic devices very sensitive to surface properties.

∫ ( ) ( ) =

∫ [∫ ( ) exp(− ( ) ) ] ( )            ….(7)

 Where,
 q      : electronic charge;
 W    : thickness of the device;
 α(λ) : absorption coefficient;
 H0   : number of photons at each wavelength.

Fig. 12. Dependence of light-generated current on the generation of
             carriers and their collection probability (a), and the generation
             profile in silicon due to the AM1.5 spectrum (b).
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Fig. 13. Normalized generation rate at different wavelengths of  light in
             silicon.

         A non-uniform collection probability will cause a spectral
dependence in the light-generated current. For example, at the
surfaces,  the  collection  probability  is  lower  than  in  the  bulk.
Comparing the generation rates for blue, green and infrared
light  below,  blue  light  is  nearly  completely  absorbed  in  the
first  few  tenths  of  a  micron  in  silicon.  Therefore,  if  the
collection probability at the front surface is low, any blue light
in the solar spectrum does not contribute to the light-
generated current. In this concern, Fig. (13) shows the
normalized generation rate at different wavelengths of light in
silicon. From which, it is clear that blue light of 0.45 µm has a
high absorption coefficient of 105 cm-1 and is therefore
absorbed very close to the front surface. Red light at 0.8 µm
and an absorption coefficient of  103 cm-1 is absorbed deeper
into the cell. Infrared light at 1.10 µm with an absorption
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coefficient of 103 cm-1 is barely absorbed since it is close to the
band gap of silicon.

5 TEMPERATURE EFFECTS ON SOLAR CELLS
         Like all other semiconductor devices, solar cells are
sensitive to temperature. Increases in temp-erature reduce the
band gap of a semi-conductor, thereby effecting most of the
semiconductor material parameters [18]. The decrease in the
band gap of a semiconductor with increasing temperature can
be viewed as increasing the energy of the electrons in the
material. Lower energy is therefore needed to break the bond.
In the bond model of a semiconductor band gap, reduction in
the bond energy also reduces the band gap. Therefore increa-
sing the temperature reduces the band gap.

5.1 Temperature Effects on Intrinsic Carrier
Concentration.
       In a solar cell, the parameter most affected by an increase
in temperature is the open-circuit voltage. The open-circuit
voltage decreases with temperature because of the
temperature dependence of I0. The equation for I0 from one
side of a p-n junction is given by;

I0 = q. A. (D.ni2 /L.ND)……………………….….(8)

Where,
 q : electronic charge given in the constants page;
 D : diffusivity of the minority carrier,
 L : diffusion length of the minority carrier;
 ND : doping; and
 ni : intrinsic carrier concentration given for silicon.

           In the above equation, many of the parameters have
some temperature dependence, but the most significant effect
is due to the intrinsic carrier concentration, ni. The intrinsic
carrier concentration depends on the band gap energy (with
lower band gaps giving a higher intrinsic carrier
concentration), and on the energy which the carriers have
(with higher temperatures giving higher intrinsic carrier
concentrations). Fig. (14) shows the simulated results of
temperature dependence of  intrinsic carrier concentration of
solar  cells.  From  which,  it  is  clearly  shown  that  the
temperature dependence of the intrinsic carriers concentration
follows a polynomial fit.
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Fig. 14. Temperature effects on intrinsic concentration of
              silicon solar cells.

5.2 Temperature Effects on Open Circuit
       Voltage and Fill-Factor
      The study was extended to include the simu-lation of the
temperature effects on the open circuit voltage and fill-factor,
applying the proposed software package (Fig. 15). The
dependences of both the open circuit voltage and fill-factor on
temperature were shown to follow linear decreasing functions.
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Fig. 15. Temperature effects on (a) fill factor and (b) open
              circuit voltage of silicon solar panel.

6 CALCULATIONS OF SUN HOURS.
                The number of hours the sun is shining each day, that
is  the number of  hours between sunrise and sunset  each day.
In latitudes above 67° the sun shines for 24 hours during part
of the year (Fig. 16). Surprisingly, when averaged over the
year, the sun shines an average of 12 hours per day
everywhere in the world. In the northern latitudes the
average intensity is lower than at the southern latitudes. In
Cairo (30.0500°N, 31.2333°E), it is clearly shown that sun is
shining, in average, between 10 to 14 hours (Fig. 17) [19].
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Fig. (16): Sunlight hours vs. day of year, plotted at different latitude angles

Fig. 17. Sunlight hours vs. days of year at Cairo, Egypt.

7 DIRECT SOLAR RADIATION CALCULATIONS
           The three curves are the incident solar insolation, the
horizontal solar insolation and the solar insolation on a titled
surface. The daily insolation is numerically equal to the
number of sun hours in a day. The module is assumed to face
the equator so that it faces South in the northern hemisphere in
North in the southern hemisphere. Finally, Fig. (18) shows the
solar direct radiation vs. 24 hour day time, plotted at different
year months.
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Fig. (18): Direct solar radiation vs. day of year, plotted at different  latitude-
                 and arrays angles.
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Cont. Fig. (18): Direct solar radiation vs. day of year, plotted at
                         different latitude-and arrays angles.
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Fig. 19. Solar direct radiation vs. 24 hour day time, plotted at
             different year months.

           Figure (20) shows the intensity of direct radiation, at
Cairo, in kW/m² throughout the day. It is the amount of
power that would be received by a tracking concentrator in the
absence of cloud. The time is the local solar time.
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Fig. 20. Output power in kWhr/m2/day at Cairo, Egypt, plotted
             at different months of the year .

8 SOLAR IRRADIANCE
                   Solar Irradiance is a measure of how much solar
power you are getting at your location. This irradiance varies
throughout the year depending on the seasons. It also varies
throughout  the  day,  depending  on  the  position  of  the  sun  in
the sky, and the weather. The irradiance calculator takes data
collated over a 22 year period to provide monthly average
insolation figures. This infor-mation is then used to calculate
the average daily power generation a photovoltaic system will
produce in any given month. In this concern, Fig. (21) shows
the output power of solar panel in kWhr/m2/day set at
different angles at  (a) Cairo, Egypt, (b) Al-Arish, Egypt, and
(c) Aswan, Egypt,  plotted at different months of the year [19].
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(c)
Fig. 21. Output power of solar panel, in kWhr/m2/day, set at
             different angles at (a) Cairo, Egypt, (b) Al’Arish, Egypt,
             and (c) Aswan, Egypt, plotted at different months of
             the year.

CONCLUSIONS
          From the study, results, and analysis, compared with the
previously published experi-mental results by the authors and
others, it is proved that computer simulations are of great
benefit as a rapid, and accurate tools. The work could be
considered as a simple tool for photovoltaic and solar energy
researcher.
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