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ABSTRACT

The performance of photowltaic @r P\Jmodules depends on incidence solar irradiance and the temperature of
the cell. This study in\estigates the performance of mono-crystalline photo\sltaic module mounted on rooftop.
This corresponds to a typical situation where the module is exposed to en\xironmental conditions. The current —
\wltage characteristics and temperature of the module were obtained for the inter\al defined by airmass AM1.5
and AM2 and the peak power determined. The data obtained was analyzed and the results show that the efficiency
at peak power is 0.0865. This is less than the efficiency from standard test condition; the slight effect of
temperature on module fillfactor suggests temperature effect on module efficiency.
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INTRODUCTION

Solar Energy represents a major source of energy that
drines acti\tties on Earth. Man’s demand for energy
haxe risen steadily o\er time from just oxer 7000 Mtoe
@nega tonnes of oil equinalent)in the year 198 0 to about
12000 Mtoe in 2009 Gource: IEA @O011) Electrical
energy demand has been increasing since the year 2000
especially in dexeloping countries @ource: IEA World
Energy Outlook 2019) The emphasis has been on
renewable energy sources following concerns on the
effects about energy generation and consumption on the
en\ironment. The world energy consumption can be met
through the con\grsion of 5% of the Sun’s energy that
reach the Earth Ghukla et. al., 2015)

The use of Solar Energy for electrical power generation
dates back to Space age when Solar Photo\sltaic cells
were used to power Satellites orbiting around the Earth.
With passing time it was realized that Solar Photowwltaic
can be used as a power source not just for satellites but
also as an enxwonmentally friendly source of energy on
Earth.

A number of studies on photowsltaic cells and modules
haxe focused on the effects of different enxironmental
factors like dust, solar irradiation, shadowing and
temperature on the performance. Some works make use
of mathematical models to study the performance of
photoweltaic modules.

Tsai @010)suggested four different types of generalized
MATLAB models to examine the effect of solar
irradiance and cell temperature and to optimize the
generalized model. Model ~erification has been
confirmed through an experimental measurement.
Gonzelez-Longatt @005) used the first complete solar
photo\eltaic power electronic con\grsion system in
circuit-based simulation model to simulate the electrical
behaxior of the P\/systems in a grid connected
application has been designed.

Nema et. al. @010)carried out a simulation study of P\/
cell, P\/module and P\/array under different operating
conditions and load to determine their performance.
Hernanz, et. al. @010)ha\e analyzed the performance
of solar cells and de\eloped a complete model to
simulate the electrical behaxior of the P\/systems.
Kumari et. al. Q012)ha\e also carried out mathematical
modeling and simulation of P\ACell in matlab/simulink
En\ironment to find the parameters of the nonlinear 1-\/
equation by adjusting the cur\g at three operating
conditions: open circuit, maximum power, and short
circuit points.

Singh and Kumar @018) performed computer
simulation using MATLAB/SIMULINK for the solar
module de\eloped considering diode P\/cell model.
Simulation test on solar P\/module where carried out at
two conditions keeping in mind the temperature
condition of their location of interest @ajasthan)
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Keeping temperature constant while \arying intensity of
solar radiation and Keeping solar radiation constant
while \arying temperature of the module. They obser\ed
that the increment of irradiance increases the generation
of current and power leading to higher maximum power
but increasing the temperature of the solar P\/module
causes a challenge in maintain a constant terminal
\wltage across the P\/panel while maintaining constant
current.

Figure 1: Single diode model of P\ell

When a solar cell @ junction)is illuminated, electron-
hole pairs are generated and the electric current obtained
| is the difference between the solar light generated
current I and the diode dark current 13, i.e.
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O

=1 - Io[exp(e(/ + IR%kT )_1)_\%
SH
O

where, \s output \sltage of the cell at the terminals, n
is ideality factor, k is Boltzmannes constant & = 1.38

102 JIK ) e is charge of electron € = -1.6 « 10™° C)
and T is the temperature of solar cell.

A solar module consists of indinrdual P\/ells that are
connected in series for higher output \sltage. A \ariety
of materials and processes can potentially satisfy the
requirements for photo\sltaic energy con\ersion, but in
practice nearly all photo\sltaic energy con\ersion uses
semiconductor materials in the form of a p-n junction
@owden et al. 2013)

Typically, P\/cells produce low power hence se\eral
cells are connected together in a module for higher
power output. Under ideal conditions a solar panel
should receine an irradiance of 1000 W/m2 but
unfortunately this is not true in most enxironments.
Irradiance depends on geographical position, angle of
sun to solar panel and amount of energy wasted by
reflection from dust particles or from fog or clouds
@rshad et. al., 2014) Nadia et al. 020)estimated the
P\/ panel inclination and the monthly a\erage of
temperature in Zarzis, Tunisia. They predicted the solar

radiation collected by an inclined surface from daily
data and geographic coordinates of Zarzis and obser\ed
that solar cell temperature has a great effect on the
efficiency of a P\Aystem. They concluded that the best
solar panel performance is between 17°C and 25°C and
that the most robust and efficient P\/ module is
polycrystalline one and a low energy production of the
modules is during the winter.

Effect of solar irradiance and temperature on
photovoltaic module

Solar irradiance affect the short-circuit current @sc)in a
direct manner. This stems from the condition that the
amount of photo-generated carriers depends on the
amount of axzilable photons. An increase in irradiance is
therefore ex pected to lead to increase in output current.

Like all other semiconductor dexrces, solar cells are
sensitine to temperature. Increases in temperature reduce
the band gap of a semiconductor, thereby affecting most
of the semiconductor material parameters. The decrease
in the band gap of a semiconductor with increasing
temperature can be described as increasing the energy of
the electrons in the material.

In a solar cell, the parameter most affected by an
increase in temperature is the open-circuit \@ltage. Open
circuit \woltage of photowltaic cell decrease as
temperature increase while short circuit current slightly
increase as temperature increase.

Photovoltaic cell / module efficiency

The efficiency reflects the performance of the solar cell
itself and it depends on the spectrum and intensity of the
incident solar irradiance as well as the temperature of
the solar cell. Therefore, conditions under which
efficiency is measured must be carefully controlled in
order to compare the performance of one dewre to
another.

The electrical efficiency of the photovsltaic module
depends on the efficiency of the cells that make up the
module. Increases in cell/module temperature reduce the
band gap of a semiconductor, thereby affecting the
semiconductor parameters. The parameter most affected
by an increase in temperature is the open circuit \ltage
Gmets et. al., 2016) The efficiency of a solar cell is
determined as the fraction of incident power which is
con\grted to electricity and is defined as:

FF — I:)MAX @)
VOC I SsC
V.l FF
n — _0C sC G)
I:)IN
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where Pyax is the module maximum power which is a
product of Vyax and Iyax , # is the module efficiency,
Voc is the open-circuit \eltage, Isc is the short-circuit
current, FF is the fill factor and P,y is the incident solar
radiation on the surface of the module.

\afious approaches haxe been dexeloped by researches
to improng the con\grsion efficiency of solar
photoneltaic modules. These efforts mainly target the
temperature of the module by implementing a cooling
scheme and sometimes concentrating the Sun’s ray on
the modules. Arshad et al. @014)showed that results of
the experiment for improximg efficiency of solar panel
using mirrors as concentrator and cooling were highly
encouraging. They obtained an efficiency of approxi-
mately 52%.

The measurement of cell efficiency represents the most
fundamental of solar cell characterization technique
which allows the comparison of dexrces manufactured at
different companies and laboratories (@unea et
al.,2006) The standards for cell testing, according to
Bunea et al, 2006 are:

e Air mass 1.5 spectrum @ML.5)for terrestrial cells
and Air Mass 0 @MO)for space cells.

e Intensity of 100 mW/cm? @ kW/m?, also known as
one-sun of illumination)

e  Cell temperature of 25 °C @ot 300 K)

e Four point probe to remo\e the effect of probe/cell
contact resistance.

The electrical ratings of P\/modules, as proxided by the
manufacturer, are derined under controlled and standard
testing conditions. Howe\er, out on the test field,
photoneltaic modules often performs below specifica-
tion; this is the problem usually encountered by
photo\wltaic module users.

The objectine of this work is to obtain the current-

wltage cure and the power-~\pltage cur\e for the P\/
module as well as determine the efficiency of the P\/
module for cloud free conditions in airmass inter\al

AML.5 and AM2. The solar spectrum at AML1.5 is the

standardized spectrum wused by manufacturers in

characterization of their solar cells. Airmass 2 @M2)
marks the point where the cur\ature of the earth affects

how much atmosphere solar radiation has to traxel

through before reaching the surface of the Earth.

The present effort pronrdes useful information about the
performance of photowwsltaic module under en\iron-
mental conditions. This allows for the dexelopment of
approaches to impro\e performance suitable for our
en\wonment.

MATERIALS AND METHODS

Brief description of the location

The photowltaic module used in this study was installed
on the rooftop of one of the laboratories at Faculty of
Science, Uninersity of Lagos. Lagos has a significant
solar and precipitation difference between the wet and
dry seasons from Koppen climate classification (Chen
and Chen, 2021). The daytime temperature records
range from below 20°C during the dry periods ¢rom
Noxember to January)to oxer 30°C in March/April.

Calculation of solar spectra at AM1.5 and AM2

The method used in\sl\es calculating the intensity of
the components of the solar spectrum using SMARTS2
radiatine transfer code. Dexegloped by Dr. Christian
Gueymard, SMARTS computes clear sky spectral
irradiances for direct beam, circumsolar, hemispherical
diffuse among others for specified atmospheric
conditions Gueymard, C. A., 2003a; Gueymard, C. A.,
2003b) This is applied in the computation of the AM1.5
and AM2 solar spectra.

Photovoltaic module data acquisition system (DAS)
The photowsltaic con\erter used is a mono-crystalline
8 OWp photowsltaic module. The technical characteristic
of the P\/module as pronided by the manufacturer is
ginen in Table 1 below:

Table 1:Technical characteristics of P\/ module
obtained under AM1.5 spectrum €000W/m? at 25°C)

TECHNOLOGY | PARAMETER VALUE
Mono-crystalline | Maximum Power 80 W5p
Open Circuit \dltage \4c 215\
Short Circuit Current | s 495 A
Maximum Power \dltage \f, | 178 \/
Maximum Power Current I, | 455 A
Maximum System \dltage 1000 \/
Dimension @m) 1200*540*35
Temperature 25°C
Solar Irradiance @ AM1.5 1000W/m?
Current~\gltage (-\J cur\es represent the most

important and most direct characterization method for
photoweltaic cells and modules. The open circuit \ltage
Q\t) short circuit current sc)and the shape of the I-\/
curn\g determine the efficiency, -, of photowwltaic
modules under any gi\en condition. There are three
additional important descriptors for I-\/cur\es of solar
cells:

\fpp = \pltage at the maximum power point @max)

Impp =  current at the maximum power point @max)

FF = Fill4Factor: describes how well the area under
the 1-\/cur\e “fills in” the maximum possible
rectangle defined by the product of Isc and
L.
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Readings taken on a minute basis — four times in a
minute each for duration of 15 seconds — with a two
minutes inter\al break. This was carried out during the
month of April 2021 from 7:00 am to 6:00 pm.

The DAS is made up of a microcontroller based timing
and switching unit with suitable resistance \alues, and a
\wltage logger @-Channel analog logger from Onset
Computer Inc.) The photonsltaic module is connected
across the circuit which measures the \wltage produced
by the module at the time the timing and switching unit
is triggered.

The figure below shows a simple circuit lay out for the
photoveltaic module/ Data Acquisition System setup.

g

DAS

Py
Module

VR

Figure 2: Circuit layout for the photonsltaic module/
Data Acquisition System @AS)setup

When the circuit is turned on, the \zlue of \ariable
resistor is \aried in steps from the lowest to the highest
\alue. The current is measured through a sensing resistor
Rs. . The current and power \alues were calculated from
the data retriexed from the data acquisition system using
the equations below.

v
==

R ()
P =1V ®

Where Vs is the \gltage across the sensing resistor, Rs is
the sensing resistor and V¢ is the \eltage of the module
measured under \arying load. Also, daily solar irradia-
tion readings were taken at one minute inter\al for the
period of the in\estigation.

RESULTS AND DISCUSSION

The following figures igures 3 and 4)were obtained
from calculations of solar spectra at AM1.5 and AM2.
The parameters for the computation were chosen from
awzilable data and conditions that are compatible with
the location of the module.

~ 3.00 ¢ Extra-
=4 terrestrial
3 §_ 2.00 irradiance
o = Global
e E .
8> horizontal
k] = 1.00 irradiance
= » Beam
horizontal
0.00 irradiance
0 500 1,000 1,500 2,000 Wavelenght /um
Figure 3: Solar spectral calculation at AM1.5 Gueymard, 2003)
o 3.00 » Extra-terrestrial
§ £ irradiance
x 3
g X 2.00 = Global
c E
8 horizontal
E 3 1.00 irradiance
= » Beam horizontal
0.00 irradiance
Wavelenght /um
0 500 1,000 1,500 2,000 2,500

Figure 4: Solar spectral calculation at AM2 using SMARTS2 Gueymard, 2003)
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Using the extra-terrestrial spectrum @hich corresponds
to AMO)as reference for obser\ation of changes in the
solar intensity, it can be seen that while there is \ery
little change in the extra-terrestrial component, the same
cannot be said for the components that reach the Earth
surface where a reduction of around a-third of the
irradiance can be obser\ed.
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The I-\/cunes for selected days with clear-sky are
shown below. Clear-sky is used here to imply a cloud-
free atmosphere. The clearness index @r cloud-index)
are sometimes used for defining these terms, howe\er,
our interest is to study the performance of the module
under a sky without cloud obstruction. This method was
used to obtain the I-\/ures for all the day considered
for analysis.

5

CurrentA

untitled fit 1

- Current_A vs. Woltage W

10

“oltage,,

Figure 5: Current — \oltage cur\e obtained at one minute inter\al for AM1.5 and AM2 past noon on

15/4/2021. R* = 0.9941, SSE = 0.8 58 0, RMSE = 0.0519

The power — \oltage @-\Jcur\es were derined from the
data for I-\£€ur\e. The cur\es can be obtained using two
methods:

- Plotting for each data set obtained during the one
minute intenal to get four cunes;

- Plotting all data sets obtained during the one minute
inter\al to get one cun\e.

y = -4E-05x° + 0.0006x" - 0.001x - 0.0195x" + 1.4511x
R? = 0.9993

3 : 055 - 0.0005x* + 0.0092x3 -
1.45213

20

' =:E-ﬂ5u! u.ounsn-'- R 20810k - 0.0713x0 + 019882+
=== 1.2639x

= R?=0.979

. 1:-05:1- 0.0006x° + 0.0113x" - 0.087x* +0.2776x% +
1.1105# Series1

Figures 6 and 7 show the outcomes for the former and
latter methods. The latter method was adopted because it
showed good representation of the behawwor of the
module and it represents a faster way of analyzing the
large amount of data that would result from a day to a
few months of data acquisition.

0.0609x? +

=0.9588 series2

A Series3

> Seriesd
Poly [Series1)
— Paoly [Series2)
Poly (Series3)
Poly [Seriesd)

Figure 6: Power-\woltage cur\e obtained for four data sets within one minute inter\al for AM1.5 and AM2 past noon on

15/4/2021
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' R?=0.9979
310 i\ & Seriesl
~ J
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a
) ) 1 15 2
-10 Voltage /V

Figure 7: Power-~\pltage cur\g obtained for all data sets within one minute inter\al for AM1.5 and AM2 past noon on

15/4/2021
The effect of temperature on module performance was of module temperature on fill-factor is shown in figure
also in\estigated. As noted by other authors, the main §. The correlation is not strong but reflects the
parameter affected by module temperature is the open- performance of photowltaic module when the effect of
circuit \eltage. This links with the fillfactor as shown in temperature is considered as also can be seen in equation
equation 3 and with efficiency in equation 4. The effect 4,
0-70 T T T T T T T T T T y= -O' OR4X + 3'7537

Q=L_ 0.60 % e * i R%=/0.4182

S5 . T "E

5 t,l 0‘50 I I I I I I I I I I I i I

g e

= 30 35 40 45 50 55 60

o

PV module temperature /degree Celcius

Figure 8: \afiation of P\module fill-factor with module temperature for the period of study

Figure 9 shows the plot of module peak power against manufacturers specification which gines 13.88% @
incident solar radiation on the module. The incident short-fall of approximately 38 %)

radiation on the module is determined from the product

of solar irradiance and module effectine area. The The profile of efficiencies calculated from data for the
efficiency for the period of study is 0.865 @r 8.65%) period of study is shown in Figure 10. The \alues
this falls short of the efficiency calculated from the approximate range is from 6.2% to 9.8 %.

= 60

g Vo= ()[R | =

g 40 V' AV} u; )

a R2=10.9027

© o 20 =

& , —

@ 0 '

o~

§ 0 100 200 300 400 500
Incident solar radiation on module /W

Figure 9: Plot of PN\/module maximum @r peak)power against incident solar radiation on module for the period of
study
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Figure 10: Plot of P\Anodule efficiencies for the period of the study

CONCLUSION

The performance of mono-crystalline photowwltaic
module was studied under enxironmental situation
during the dry season at Akoka/Lagos. The effect of
temperature on the performance of the module was
obser\ed. The shortfall in the efficiency of the module
with respect to that calculated using the manufacturer’s
specification is approximately 38 %. This \alue appears
significant enough to necessitate some form of
inter\ention like the type carried out by Singh and
Kumar @018 ) Another option would probably be to go
for more stable technology such the polycrystalline
modules suggested by Nadia et. al. @020) The outlook
for generation of electrical energy from the Sun using
photowltaics remains promising as efforts are
continually made to reduce the cost per peak Watt such
as can bring it closer to being a competitine technology
for energy generation.
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