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Abstract

A Solar module is rated such that it can yield optimum output under Standard Testing
Conditions (STC). But due to different environmental factors such as temperature, humidity,
wind speed, dust the performance of the module is reduced gradually. Accumulation of dust on
solar PV module is one such natural phenomenon. The short circuit current of PV module is
reduced as deposition of dust causes shading on the panel surface. As a result, the output power
of the module decreases. In this paper, the effect of dust on the performance of the photovoltaic
module has been studied. Two 20 watt mono Si Photovoltaic module is investigated in this
study. Results shows that clean module increase the short circuit current 12.6% from May to
July. On the other hand Dusty module decrease the short circuit current 15.49% from May to

July.

Keywords: Photovoltaic, dust, short circuit current.
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Chapter 1

Introduction

Electricity that is produced around the world is mostly generated from the non-renewable
energy sources. These non —renewable energy sources will be depleted soon in the future due
to the rise in demand. For which the modern world is focusing on renewable sources of energy,
which does less harm to the environment. Solar energy as of till now is proven to be the most
clean form of renewable energy. Besides it is long lasting and uses sunlight for its generation
of electricity. This whole process of conversion from sunlight to electric cell is the PV process
which is easily done by PV cells. PV cells convert solar energy to DC electricity. Edmund
Becquerel, a French scientist in 1839 discovered electricity due to photovoltaic effect but
efficiency was low [14]. The output of Solar cell is proportional to the sunlight intensity. The
application of solar energy has become wider, with the solar photovoltaic industry’s combined
global revenue of US$37 billion in 2008 [15]. Previous studies has found that other
environmental factors such as humidity, temperature, wind-speed, dust etc. plays a vital role
on the efficiency of PV modules. However, the impact of dust on PV panels is neglected by
many. In the present article, an empirical analysis based on a thorough review has been
conducted. The experiment has been carefully analyzed, and the objective of this paper is to
present a review of the impact of dust accumulation on the performance of PV panels from an

empirical viewpoint.



1.1 Background

With the rise in demand for electricity, government of Bangladesh has made it mandatory for
high rise buildings in the metropolitan to have PV system on the topmost roof. As the actual
amount of electricity produced in Bangladesh is less than the demanded electricity, the PV
modules are playing a vital part in decreasing the demand for electricity from national power
grid. The areas which are not under the area of national power grid are mostly dependent on
the PV system now to meet their energy requirements. A land of six seasons, Bangladesh has
higher sunlight intensity directly in summer and transversely in winter. For receiving maximum
solar energy in Bangladesh solar panel is tilted 23.7° (sun’s inclination angle with respect to
the ground surface in Bangladesh)[16]. Bangladesh on an average receives around 3.82-6.43
kwh/m2 of solar irradiation out of which around 47.3% of the energy is received at frequencies
from visible range (0.38<A<0.78mm). Since the early 1960s, scientists have noticed and studied
the reduction of the collectors' performance due to the pollution on a solar cells' surface. Such
studies, at that time, were focused mainly on the thermal cells and the effects of dust
accumulation on the mirror reflectance (Dietz 1963). Sand and soil are among the primary
sources of natural degradation, among other airborne particles, chemical weathering processes,
as well as industrial carbon and other types of dirt. It also restrict the sun light fall onto the

solar panel.

1.2 Literature Review:

A solar panel works throughout the weeks, months and years to provide us with green energy.
During the day time, when the irradiance is higher, the PV modules generate maximum power.
However, other environmental parameters such as humidity, temperature, wind speed and dust
have an effect on the performance of solar cells. Dust have an effect on the performance of

solar cells. Previous studies have shown that dust can reduce solar cells efficiency by about
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20% [17, 18, 21] and in some extreme places such as the desert, the efficiency can be reduced
up to 60% [20]. Moreover, smaller dust particles tend to affect the solar panels more than that
of larger dust particles. Smaller dust particles can pack themselves more closely, affecting the
number of photons reaching the solar cells. [18, 20]. In contrast, under greater radiation the
effect of dust becomes slightly reduced but not negligible [18, 21]. Dust also increase the
temperature of the solar cells which in terms reduces Voc and thus power is reduced [19].
Re-suspension and deposition of dust takes place at the same time. In the short term, the rate
of accumulation of dust is depended on other external factors such as humidity and wind speed.
Accumulation of dust decreases at higher wind speed because re-suspension rate exceeds
deposition rate. When RH exceeds 60%, particle re-suspension rate fell and as a result
accumulation of dust increases. Dust accumulation is more favorable during the night time
when the wind speed is low and RH is higher [23].

In the long term, rainfall plays a vital role in the accumulation of dust on the solar panels.
Research has shown that even 1mm of light rain is enough to clean the panels to an extent
where the panel again operates to its ideal condition [17, 24, 22]. Panel tilt angles also play an
important role in accumulation of dust. An ideal tilt angle can help accumulation of dust to
reduce and transmittance of more photons to the solar cells [22]. A tilt angle can also help to

clean the panels by itself even at a light slower rain [24].

1.3 Scope of the Work

The scope of this work is to study the performance of photovoltaic module under outdoor
condition. The dust impact on photovoltaic module is investigated. All the data of short circuit
current and the dust accumulation are collected under real climate condition. Data from May

to July was collected during the study. Dust sensor is used to investigate the presence of dust



particles around the modules. All the data is analyzed to understand the performance of clean

and dusty module in outdoor condition.

1.4 Objective

The objective of this study is to analyze the performance of the two photovoltaic modules at
high rise buildings in Dhaka city; one is clean and another is dusty during the month of May to
July. This study assesses the output parameter short circuit current to understand by how much
the dust accumulation can impact on the PV module. As the months of May to July are in
summer season, temperature is naturally high. Also wind speed and the rain occur frequently.
Thus dust deposition increase. This study investigates the effect of dust on PV module

performance during the period May to July 2019.

1.5 Thesis Organization

This thesis book is later on divided into four sections to better observe the result of our studies.
Chapter 2 describes the theoretical background of this study to give a better understanding that
are the base of this work. In Chapter 3 the experimental setup and sensor setup that was used
to perform this standardized study is explained. Chapter 4 contains the outcome of this study

as result and discussion. Finally Chapter 5 concludes the experimental study.



Chapter 2

Theoretical Background

2.1: Introduction

It is very much necessary to have a depth understanding on the theoretical background of PV
module before carrying out an experiment. Studying on how PV module will give us and idea
on what to expect from the experiment and how it can be done and analyzed effectively. In this
chapter we will focus on the theoretical side of the PV module and how dust could affect the

performance of the PV modules.

2.2: PV cells

PV cells are the building block of a solar system. A PV cell converts solar energy in to electrical
energy. They are made up of silicon semiconductors due to its ideal characteristics. A
semiconductor has a very small band gap. Small amount of energy is required for excitation.
When an electron in the valence band is excited it can easily move to the conduction band due
to small band gap, thus electron can move within the material. If a photon has energy greater
than the band gap (Eg), it will excite an electron to move from the valance band to the
conduction band. However, PV cells are more like a photodiode (p-n junction), where as in
conventional PV cells the top n layer is thin and heavily doped whereas the bottom p layer is
thick and lightly doped. Due to heavily doped n side and lightly doped p layer the depletion
region in PV cells is wider. This means the solar energy has a wider area to generate electron

hole pair and due to the thin n layer more light can reach the depletion region. As a result more



current generation by the PV cells is possible. When a load is connected to a PV cell; current

starts flowing to the electric field in the depletion region [6].
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Figure 2.1: Cross section of a PV cell [2]
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Figure 2.2: Equivalent circuit diagram of PV cells [3]

The figure above is the equivalent circuit diagram of PV cells. In the figure, the notation IsH, Ip
and I, indicates the shunt current, diode current and light current respectively. The notation Rsn
and Rs represents shunt resistance and series resistance respectively [4]. The light current is

due to formation of charge carrier by the incident radiation. The shunt diode represents



recombination of these charge carriers at a high forward-bias voltage (V+IRs) [4]. The shunt
resistor indicated high-current paths through the semiconductor along mechanical defects and

material dislocations [4].

The output current (I) of the PV cell can be expressed as equation [4]

I=1,—1Ip—Isy

(1)

q(V+IRg)) V+IR
=IL_IS(e nKT —1)— S

Rsy

2.3: PV Module

Figure 2.3: Structure of a PV Module [1]

A solar cell can generate a very little amount of electricity but by connecting several PV cells
together, we could generate a useable amount of current. A PV module consists of solar cells
being connected to produce renewable energy. If we look closely we would see that a solar
module is made up of series of PV cells covered by EVA and transparent tempered glass at the

top, the bottom part is covered by EVA and insulating sheets. The edges of a solar module are



protected by light aluminum frame. There is a junction box at the bottom of the module for

connecting wires.

There are two types of popular crystalline module found in the market and they are mono
crystalline PV module and polycrystalline PV module. Mono-crystalline module is made up of
mono-crystalline PV cells and polycrystalline module is made from poly-crystalline PV cells.
Poly-crystalline PV cells are made up of many small silicon crystals that molds into square
wafers [5]. In mono-crystalline solar cells lies a single cell produced from highly purified
silicon. The difference between mono and poly-crystalline PV modules is that mono crystalline
modules have higher efficiency than poly-crystalline PV modules. The cost of Polycrystalline

modules is cheaper than mono crystalline [5].

2.4: Impact of Dust on PV module

The efficiency of a PV module is affected by other environmental factors, Dust is among one
of the factors that can affect performance of PV modules by as much as 20% depending on the
geographical landscape. The dust particles accumulated on the surface of a PV module acts as
a barrier between the solar cell and the sunlight. The accumulated sand particles on a horizontal
glass surface reduce the available area for transmission of photons exponentially. [16] The
Photons from the sunlight bounces back as they came across a dust particle. This causes a drop
in irradiance on the PV cells [8]. A sample of dust can contain particles of different sizes and
shapes. The finer the dust particles the more the less sunlight could reach the solar cells.
Research has shown that bigger dust particles have fewer effects on the solar panel than that of
smaller dust particles. The effects of dust on PV module depend on the shape, composition,
color of the dust particles. However, effects of dust become slightly reduced under higher

irradiation. [Effects of dust on per of PV panels]



Dust particles also increase the temperature on top of the solar module. Thus due to dust
particles the rise in temperature also affects the PV module. Higher module temperature affects

the energy dissipation of photons with energy value higher than semiconductor’s band gap [9].

In addition to energy reduction, some soil patches, dirts block some cells of a PV module but

Figure 2.4: Current flow through shaded cells

not the whole, have a severe effect on PV modules. Figure 2.4 shows a PV module consisting
of 10 cells and with one cell shaded and unable to produce any current. As the figure shows, in
this condition the shaded cell acts as a resistance to current generated from the other cells. This
causes the shaded cell to heat up and leads to a hot spot that can eventually damage the module

[25, 26]

Figure 2.5: Effect of soft shading and hard shading on module performance



There are two types of soil shading on PV modules, namely, hard shading and soft shading.
Hard shading occurs when a solid such as accumulated dust blocks the sunlight in a clear and
definable shape. On the other hand, soft shading takes place when some particles such as smog
in the atmosphere or some dust on the surface of the PV modules reduces the overall intensity
of the solar irradiance which is absorbed by solar cells. Each of these types of shading has a
different effect on the PV modules. Soft shading affects the current of the PV module, but the
voltage remains the same. For hard shading, the performance of the PV module depends on
whether some cells are shaded or all cells of the PV module are shaded. If some cells are
shaded, then as long as the unshaded cells receive some solar irradiance, there will be a current
flow. Fig. 2.5 shows how each type of shading affects the voltage and current of a PV module.

[25]

In the case of more than one string in a PV array, the current imbalance in one string, which
is as a result of shading, affects the other strings in parallel through the common inverter
connected to the parallel strings. Hard dust on a surface of a PV array with single string will
reduce the voltage of the string, but the inverter will detect this reduction and immediately
regulate it. However, when there is uneven hard dust on different strings in parallel, a voltage
mismatch occurs. In this condition, which is called partial shading, different parallel strings,
which are connected to a common inverter, deliver different voltages to the inverter. This

makes it difficult for the inverter to seek the optimum point of voltage at which the maximum
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power is delivered. Fig. 2.6 presents the voltage—current and voltage—power curves of a PV

array under this condition. [26]

Figure 2.6: The effect of soft shading and hard shading on array performance

2.5: Cause of Dust Accumulation:

The parameters that effects on characterization dust accumulation on solar panels are size,
composition and weight of dust particles, and the geographical location.[27] The geographical

location refers to the buildings, trees, human activity, lakes, climate, etc.

Moreover, the surface of a PV module is an important factor for dust accumulation [27]. Rough
and sticky surface area can increase dust accumulation. The tilt angle of the PV module also
affects accumulation of dust particles. The higher the tilt angle, the less dust accumulation is
studied. Additionally, the altitude at which the modules are set also affects accumulation of

dust. At higher altitude, the wind speed is higher which also effects in dust accumulation.
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Figure 2.7 Causes of Dust Accumulation
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Chapter 3

Experimental Setup

3.1: Introduction

The experiment was based on real data collection without artificially influencing the factors
affecting the PV modules. All the parameters and factors related to the experiment was kept
under natural conditions. It is very crucial to have a proper setup to carry out an effective
experiment. To collect better and more effective set of data, the setup must be done properly
to avoid any error in the experiment. The components used and the outdoor setup for this

experiment will be explained in the following chapter.

3.2: Outdoor Setup

To carry out an experiment under natural conditions, a lot of planning was done before hand.
At first, the location for the experiment to be carried out was selected. To fulfill our objective
we planned to build the setup in a higher rise building. For this, the rooftop of BRAC University
building no. 04 was selected. The building is located in Mohakhali, a very congested and
populated area in Dhaka. The landscape around the building is urban, the building is
surrounded by lakes, slums, playground, fewer trees and other high rise buildings. The building
is a 16 storied building with other taller buildings around it. Setting the experiment at such

location was practical and seems much more ideal for getting more irradiance.

13



Later, two iron frames was constructed in workshop to hold the modules at an optimum tilt

angle of 23.5 degrees.

Figure 3.1: Structure of the iron frame

Figure 3.2: Mono crystalline module tied to the iron frame facing south

The iron frames were then fixed at the rooftop through cementation to make sure the modules
stays fixed and does not get damaged during storm. The iron frames were cemented facing

south direction so that the modules would also face south to obtain as much as sunlight

14



throughout the day. As discussed in the previous chapter the efficiency of mono crystalline PV
modules is better than that of poly crystalline PV modules, using the mono crystalline for the
experiment is of our best interest as the experiment is done in small scale and cost is not a
factor. Two mono crystalline PV were selected and brought. The performances of both the
panels were tested on the same rooftop at BRAC University. It was seen that both the module
was performing relatively same. The details about the performance of the modules are
discussed in the next chapter. The modules were then tied to the iron frame using plastic ties

available in the local market.

Figure 3.3: The outdoor setup of this experiment

Wires were connected to the junction box of both the module. From the two modules, one was
named M1 and the other was named M2. Throughout the whole experiment M1 was set to stay
uncleansed whereas M2 was cleaned before every data collection. To read the short circuit
current two digital multi-meters were used. Beforehand, the multi-meters were checked to see
if both were showing the same results. A dust sensor was used to take dust density reading in
the air. The sensor was set around the modules. A brief discussion about this dust sensor is

discussed in the later part of this chapter.
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3.3: Dust Sensor

The dust sensor used in this experiment is known as Sharp GP2Y1014AUOF dust sensor. This
is an analog sensor and is available at various electronic components supplier. This sensor
works by light scattering principle. Inside the sensor there is an LED emitter and photo detector.
There is a hole in the sensor through which air passes [11]. The sensor measures the amount
of dust particles passing through the hole using light scattering. The more the dust particle
passes through the sensor, the higher the voltage output. The dust density can then be figured
out by using linear relation from the voltage output [11]. The sharp dust sensor can detect
particles as small as 0.5 microgram. It has a sensing capacity of less than 1 second. Unlike its
previous version the accuracy of this sensor is found out to be as good as +/- 15% with

sensitivity of 0.5+/- 0.075V per 100 microgram per meter cube change [11].

Figure3.4: Dust sensor [12]

16



3.4: Dust Sensor Setup

The sharp dust sensor is an analog device and it also need an input voltage of 5V to operate.
As aresult, a circuit is needed to supply power to the sensor, Using Arduino Uno we formed a
circuit which can give 5V input to the dust sensor as well convert the analog data to an
understandable output. The equation to convert voltage to dust density is put in the code. The
output pin configuration is as follows, the first output pin represents V-Led , the second pin is
Led Gnd, the third pin is Led, the four pin is S-Gnd, Fifth pin is for Vo and the last pin is for
Vcc [13]. The circuit setup using Arduino Uno is shown in the figure below. The Arduino Uno
in the circuit is powered by a Laptop using data cable. The sensor was set in close range besides

the module. The sensor was fixed at a height equal to the center of the modules from the base.

Figure 3.5: Circuit connection of the dust sensor

17



Figure 3.6 Circuit diagram of Dust Sensor [13]
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Chapter: 04

Result and Discussion

4.1 Introduction:

The following chapter presents the real data that we have obtained from the outdoor setup
mentioned at previous chapter. This data was collected at various days during the months of

May, June and July. The first set of data was taken one week after the panels were setup.

4.2 Performance test of PV modules:

1.4 T T T T

0.8

CURRENT

0.6

04 r

— M1

— — M2

0 1 1 1
0 5 10 15 20 25

VOLTAGE

Figure 4.1: I-V curve of two PV modules

For comparative analysis it is necessary to have modules that have the same I-V characteristics.
In the previous chapter, it was mentioned that two mono crystalline module is used in the

experimental setup. However, before setting the modules in the experiment, the performance
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of the modules is tested to see if they provide the same results under the same conditions. In
the Figure 4.1, the I-V curve of both the mono crystalline PV modules is presented under
outdoor testing condition in a sunny day 2" May, 2019 at 12pm. By visually looking at the
graph, it can be understood that both the modules show the same degree of performance. The
short circuit current for both the module is approximately the same. In the graph, as voltage
increases both the module relatively same change in current. In contrast, the little bit difference

seen in the graph is too small to take into consideration.

4.3 Day wise data analysis:

9th May, 2019:

1.2 56—

— — M2(CLEAN)

720 ' ‘
12 13 14 15

Local Time (GMT +6)

Figure 4.2: Isc and Dust Density VS Time at 9th May 2019

The Figure 4.2 presents data collected on 9th May 2019. The top figure shows short circuit
current of dusty (M1) and clean (M2) and dust density from the sensor for a time period of
three hours. The data were taken from 12 pm to 3 pm. The bottom Figure presents dust density
corresponding to that particular time period. In the figure we can observe that there is
comparatively steady reading of short circuit current of M1 and M2 from 12pm till 1:40pm. At

about 12:50pm there is an instant drop of short circuit current for both M1 and M2. At 12:50pm,
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M1 experiences drop of short circuit current by 35% and for M2 the deterioration in short
circuit current is by about 24.5% from that of previous reading. During the data collection it
was observed that deterioration at 12:50pm was due to shade by clouds over that location. At
the later part of the day, the short circuit current for both M1 and M2 remained low due to

cloudy weather.

The readings from the dust sensor that is being used will not instantly show any relation with
the short circuit current of the modules but by looking at the dust sensor reading we would gain
an understanding of the presence of dust around the modules in the given time frame. If we
look at the reading from the dust sensor it can observed that the dust density in the air remains
very random throughout the whole period. The dust sensor also experiences fall in reading at
around 1:30 pm. At some points there is a rise in dust density due to build-up of wind speed,

such as during 13:40pm and 2:30 pm.

14" May, 2019:

The figure 4.3 shows data collected on 14th May 2019. The night before the 14th May there

was a shower of rain and it can be predicted the rainfall had some effect on the accumulation

ISC Vs Time

1.5

LM2(CLELAN)

Dust g/c®

10 10.5 11 11.5 12 12.5 13 13.5 14 14.5 15
Local Time (GMT +6)

Figure 4.3: Isc and Dust Density VS Time at 14th May 2019
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of dust on the modules. The figure presents short circuit current for a period of four and a half
an hour. The data were taken from 10:30 am to 3 pm. This Figure also presents dust density
corresponding to that particular time period. In the figure we can observe that there is a
relatively steady reading of short circuit current of M1 and M2 from 10:30am till 12am. At
about 12:15pm there is an instant drop of short circuit current for both M1 and M2. At 12:15pm,
M1 experiences drop of short circuit current by 67.3% and for M2 the fall in short circuit
current was by about 51.6%. During the data collection it was observed that deterioration was
cause of cloud shading. Later, both the module again reach to a higher value of 0.94 ampere
and 1.224 ampere respectively for M1 and M2 at 12:30. Moreover, readings from both the PV
module M 1 and M2 keep on fluctuating throughout the rest of the day this is due to movement

and build-up of cloud on the horizon.

If we take a look at the reading from the dust sensor for 14th May 2019, it can observe that the
dust density in the air remains very random for the chosen time frame. The dust sensor also
experiences lowest reading at around 11:50 pm. The reading from dust sensor kept fluctuating
until 1:30 pm; from then on the dust density stays relatively steady till the end of the time
frame.

2374 May, 2019:

Isc (A)

— — M2(CLEAN)

Dust (p,g/cmg)
3
N
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1 12 13 14 15

Local Time (GMT +6)

Figure 4.4: Isc and Dust Density VS Time at 23rd May, 2019
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The figure 4.4 shows data collected on 23rd May 2019. The day was sunny and we recorded
some high readings in short circuit current for the modules during the month of May. However,
the later part of the time frame we observed cloudy atmosphere. The figure presents short
circuit current and dust density for a period of four and a half an hour. The data were taken
from 10:30 am to 3 pm. In the figure we can observe some high reading at beginning of the
time period. At 10:45am the reading for M2 reaches as high as 1.25 ampere and for M1 (dirty
panel) is was 1.03ampere. At about 11am there is an instant drop of short circuit current for
both M1 and M2. At 11am, M1 experiences drop of short circuit current by 45.6% and for M2
the deterioration in short circuit current was by about 36.8% from that of previous reading..
During the data collection it was observed that deterioration was cause of cloud shading. Later,
both the module again reaches to a higher value of 1.07 ampere and 1.29 ampere respectively
for M1 and M2 at 11:15 am and stays quite stable until 11:45am, where short circuit current
again falls. From 12am till 1:30 pm the short circuit current remains relatively stable for both
the M1 and M2. The later part of the period we recorded some lower readings due to slightly

cloudy weather.

If we take a look at the reading from the dust sensor for 23rd May 2019, it can observed that
the dust density in the air remains very random for the chosen time fame. At some points such
as at 11am and 1:45pm till 3pm it was observed that the reading dust density is higher. The
cause for this can be explained as the wind speed suddenly increased due to the spontaneity of

the weather and presence of clouds on the horizon.
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12 June, 2019:
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Figure 4.5: Isc and Dust Density VS Time at 12 June, 2019

The figure 4.5 shows data collected on 12th June 2019. The day was sunny and we recorded
relatively constant short circuit current for a long period. In the figure, the short circuit current
and dust density are graphed for a period of four hour. The data were taken from 10:30 am to
2:30 pm. The short circuit current for both the module showed quite a stable pattern. At 1:30pm
there is drop in the short circuit current for both M1 and M2. The drop in Isc was about 65%
for both the module. Other than that throughout the time period the short circuit current showed
relatively stable pattern for both the module, for M1 it maintained a range from 0.89 - 1.03
ampere and for M2 the range was 0.96 - 1.21 ampere. By having a look at the readings from
the dust sensor for 12 June 2019, it can observed that the dust density in the air shows little
spontaneity for the chosen time fame. On that date the pattern in dust density indicates a rise
in dust particle as the day progresses. The highest reading in dust density was observed at 1:30

on that day.
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20 June, 2019:

The figure 4.6 shows data collected on 20th June 2019. The weather was hazy and as a result

Isc (A)

Local Time(GMT+6)

Figure 4.6: Isc VS Time at 20 June, 2019
we observed low short circuit readings on that day in comparison to the previous days. In the
figure, the short circuit current is plotted for a period of four hour. The data were taken from
10:30 am till 2 pm. In general, if we look at the graph, the short circuit current seems to be
relatively decreasing as the day progresses. At 12:30pm there is a sudden rise in the short circuit
current for both M1 and M2. For M1 the rise in Isc was about 31% and for M2 the rise in short
circuit current was 27% from their previous reading. The rise was due to an increase in sunlight
intensity. Other than that throughout the time period the short circuit current showed relatively

steady decline in short circuit current for both M1 and M2.
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10" July, 2019:
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Figure 4.7: Isc VS Time at 10th July, 2019

The figure 4.7 shows data collected on 10th July 2019. The weather was very cloudy and thus
the short circuit current that we obtained showed a pattern of lowest readings every recorded
in our whole experiment. In the figure, the short circuit current and is plotted for a period of
four hour. The data were taken from 10:30 am till 1 pm. As the sky was clouded, the irradiance
on the modules were low. As a result the reading came out to be very low. The dirty module
M1 kept fluctuating from a range of 0.33 - 0.56 ampere and clean module M2 maintained a
range of 0.35 - 0.60. Though at the beginning the reading kept on rising steadily at the
beginning but after 11:30 am the reading started declining and maintained relatively steady

state from 12am till 1pm.
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17 July, 2019:
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Figure 4.8: Isc VS Time at 17 July, 2019

The figure 4.8 shows data collected on 17th July 2019. The weather was mostly sunny and at
sometimes the sky was partially cloudy. In the figure, the short circuit current is plotted for a
period of three hour. The data were taken from 11 am till 2 pm. If we look at the graph, the
short circuit current readings shows less fluctuation and a steady decline as day progresses
except for 11:15 am and 12:15 am, when the sky was partially cloudy. At around 11:15 am the
drop in short circuit current was 68.8% and 60.5% in comparison to their previous reading for
M1 and M2 respectively. At 12:15 pm the drop in reading was 51.1% and 40.5% compare to
their previous reading for M1 and M2 respectively. At the later part of the day it was observed

that the short circuit current was declining for both the module due to lower irradiance.
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18" July, 2019:
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Figure 4.9: Isc and dust density VS Time at 18 July, 2019

The figure 4.9 shows data collected on 18th July 2019. The weather was mostly cloudy and at
some moments there were few drops of rain at around 12:30pm. In the figure, the short circuit
current is plotted for a period of three and a half an hour. The data were taken from 10:30 am
till 2 pm. The short circuit reading were very low but steady. There wasn't much fluctuation in
the reading readings. At 1:30 as the clouds cleared and the irradiance increased, there was an
instant rise in short circuit current. For M1 the rise in readings was about 146% and for M2 it

was about 90.5%. The short circuit current remained a relatively steady pattern for the rest of

the time period.

If we take a look at the reading from the dust sensor for 18th July 2019, it can observed that

the dust density reading slowly increases except there is a peak reading at 1:00am

28



21st July, 2019:
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Figure. 4.10: Isc VS Time at 21st July 2019

The figure 4.10 shows data collected on 21st July 2019. The weather was sometimes cloudy
and sometimes sunny. The readings were collected for a period of three and a half hours. The
data were taken from 10:30 am till 2 pm. From the beginning, the short circuit reading was
low. However, at 12am the reading increases as the clouds cleared. The rise in short circuit
current was approximately 240% for both the module. Again, short circuit current drops to a
lower reading at 1:00am. Due to the spontaneity of the weather, the reading shows a pattern of

fluctuation in the chosen time period.
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4.4 Month wise data comparison

To have a better understanding about the effects of dust on the PV panels and come up to a
conclusion, it is important to have a month wise comparison of the data for both cleaned and
dirty module (M1 and M2). To have a more fair comparison, a single sunny day from the
months of May, June and July is picked and the data collected were compared. The short circuit

current of the modules for the date 23rd May, 12th June and 17th July is selected to be

compared. The data were plotted at every half an hour interval.
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Figure 4.11: Month wise Short circuit current of clean module (M2)

In the figure above, Short circuit current readings from the clean module (M2) is shown. As
the days were different, so does the weather and thus the short circuit currents for the chosen
dates shows different characteristics. However, by ignoring the extreme points in that graph
and having a general look at the graph, a characteristic pattern can be seen. If we ignored the

fluctuation at 11:30am for the data of 23"May;, it can be concluded that the least amount of

short circuit current of M2 was collected on 23rd May in comparison to other months.
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Later on, we take a look at the data from 12 June. The short circuit current for a sunny day in
June shows some fluctuation from 1pm - 2pm. If the readings at those points is ignored. it can
be concluded that the short circuit current on 12 June is higher than the month of May but lower

than the month of July.

Moreover, we focus on the readings from 12 June. The short circuit current for a sunny day in
July shows less fluctuation during the whole time period. From the graph, a conclusion can be

made that the short circuit current on 17 July was higher than the month of May and June.

From the figure, we observed that from May to July the short circuit current of the module M2
increases as the month progresses. It can be said that the rise in short circuit current is due to
increase in irradiance. The reason for the rise in irradiance is assumed due to the position of

the sun in the sky during the season of summer and Monsoon.
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Figure 4.12: Month wise Short circuit current of dusty module (M1)

The figure 4.12 presents, short circuit current readings from the dusty module (M1) is shown.

Each graph represents individual days, thus the short circuit currents for the chosen date’s
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shows different characteristics. However, by ignoring the fluctuating points in the graph and
having a general look at the graph, a characteristic pattern can be seen. If we ignored the
extreme points at 11am for the data of 23rd May, it can be concluded that the highest amount

of short circuit current for M1 was collected on 23 May in comparison to other months.

Additionally, when we visually look at the data from 12 June. The short circuit current for a
sunny day in June shows some fluctuation from 1pm - 2pm. If the readings at 1:30pm to 2 pm
is ignored. It can be concluded that the short circuit current on 12 June is lower than the month

of May but greater than the month of July.

Lastly, we focus on the data from 12thJune. The short circuit current for July shows little
fluctuation during the whole time frame. From the graph, we observe that the short circuit

current on 17 July was lower than the other months of May and June.

4.5 Percentage Comparison:

Figure 4.13: Percentage comparison of short circuit current
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The figure 4.13 shows the change in percentage for both cleaned and dirty module (M2 and
M1) the change in percentage is calculated for the readings of 12th June and 17th July in
reference to the reading from 23rd May. For dirty module (M1), the short circuit current shows
decrease in readings by 4.22% on 12th June and 15.49% on 17th July. On the other hand, the
short circuit current for the cleaned module (M2) indicates an increase in readings by 6.80%

on 12th June and 12.60% on 17th July.

From the figure, we observed that from May to July the short circuit current of the cleaned
module M2 increases as the month progresses. The reason due to this increase is considered
due to the increase in irradiance. Moreover, by distinguishing the short circuit current reading
for the dusty module (M1) from May to July, the short circuit current of the module M1
decreases as the month progresses. Thus, it can be concluded that the drop in short circuit
current is due to an increase in dust accumulation as the dust was the only factor that was
controlled in this experiment. As dust accumulation on the dusty module (M1) increased, the

short circuit current for the module (M1) also decreases.
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Chapter: 05

Conclusions

This paper focuses on the impact of dust accumulation that reduces the short circuit current of
a photovoltaic module that has been investigated from April to July 2019 in Dhaka,
Bangladesh. Results show that both the cloud cover and the dust accumulation onto the surface
of the solar module have a great impact on PV solar performance. The effect of dust
accumulation has a long-term effect. The overall analysis has been illustrated by experimental
data which have been collected under outdoor environmental conditions. The dust increases

the temperature of the affected cells, decreases the irradiance thus affects the output parameter.

In the study, it has been also shown that the relative differences in PV module performance
parameters between the cases where the modules were dusty and the cases where they are
cleaned can be higher under the same environmental condition. In this study we have seen that
the short circuit current of clean module shows increasing values in June and July with respect
to May. It shows increase in short circuit current 6.6% in 12" June and 12.6 % in 17 July with
respect to 23" May. On the other hand dusty module over this three months shows 4.22%
decrease in short circuit current in 12® June and 15.49% in 17™ July with respect to the short
circuit current of 23" May. The irradiation increases from the month of May to July as well as
the short circuit current of clean module. But dust can affect the module which shows decrease

in short circuit current.

For the dust accumulation effect, it reflects the incoming solar radiation reaching the solar
module resulting hence to decrease the energy output of the module. So it is very worthy to
clean the module every day in order to minimize the loss due to dust accumulation especially

in a dusty environment. In perspective, this study should be conducted further to perform the
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effect of dust with different types of cell technologies in order to see which of these
technologies is more suitable for the area of study. We highly recommend also perform the
measurement for all the months in order to know in which of the months the module is more
affected by dust accumulation. Also perform the measurements at different geographical points
might improve the results of this work. It is expected that this study is going to be highly

beneficial for design engineers responsible for PV system design and implementation.

Future works

Present work focuses on the effect of dust mostly during summer season. Future work would
focus on the effect of dust in different seasons, for the whole year. In the future dust impact
can also be analyzed at different elevations and different locations. Dust mapping on the surface
of PV module can also be studied to get a better understanding on the pattern of dust
accumulation. A comprehensive cleaning plan and procedure should be developed to optimize

module output.
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Appendix A.

Mat lab code of Day wise data analysis
%9th May 2019/Isc vs time
subplot(2,1,1);

T=[12 12.2512.50 12.75 13 13.16 13.33 13.50 13.66 13.83 14 14.16 14.33 14.50 14.66 14.83
15];

Isc=[1.07 1.07 1.03 1.04 1.02 1 1.03 .99 .97 .63 .9 .84 .8 .68 .76 .72 .73];%m1
Isc2=[1.18 1.14 1.08 1.12 1.07 1.06 1.07 1.05 1.047 .79 .95 .9 .62 .61 .79 .74 .75];%m2
plot(T,Isc,'blacko’,T,Isc,'black-")

hold on

plot (T,Isc2,'black*', T,Isc2,'black--")

hold on

title('ISC Vs Time')

xlabel('Local Time(GMT+6)")

ylabel('Isc (A)")

legend({",'M1',",'M2(CLEAN)'},'Location’,'southwest")

subplot(2,1,2);

T=[12 12.25 12.50 12.75 13 13.16 13.33 13.50 13.66 13.83 14 14.16 14.33 14.50 14.66 14.83
15];

D=[736.54 734.96 732.95 738.17 729.50 727.87 730.82 734.94 748.84 741.04 742.09 741.46
740.72 744.08 743.19 735.22 740.06 ;

p = polyfit(T,D,1);
plot(T,D,black+',T,D,'black-")
hold on

title('Dust Vs Time")
xlabel("Time")

ylabel('Dust')

legend({'Dust density(ug/cm3)'},'Location’,'northwest')
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%14th May 2019/Isc vs time
subplot(2,1,1);

T=[10.50 10.75 11 11.25 11.50 11.75 12 12.25 12.50 12.75 13 13.25 13.50 13.75 14 14.25
14.50 14.75 15 ;

Isc=[.89 .94 .96 1 .96 .96 1.01 .33 .94 .42 .7 1.12 .66 1.01 .35 1.04 .73 .37 .63 ];%m]l

Isc2=[1.03 1.107 1.134 1.167 1.130 1.162 1.178 .57 1.224 .76 1.03 .46 1.11 1.18 .57 .67 .96
18 .87];%m?2

plot(T,Isc,'blacko’, T,Isc,'black-")

hold on

plot (T,Isc2,'black*', T,Isc2,'black--")

hold on

title('ISC Vs Time')

xlabel('Local Time(GMT+6)")

ylabel('Isc (A)")
legend({",'M1',",'M2(CLEAN)'},'Location’,'southwest")
subplot(2,1,2);

T=[10.5010.75 11 11.25 11.50 11.75 12 12.25 12.50 12.75 13 13.25 13.50 13.75 14 14.25
14.50 14.75 15];

D=[749.21 745.29 748.05 744.4 742.35 738.26 743.5 742.62 743.62 746.28 739.86 741.88
744.74 745.33 744.66 743.52 745 745.46 744.67];

plot(T,D,'black+',T,D,'black-")
hold on

title('Dust Vs Time")
xlabel("Time")

ylabel('Dust')

legend({'Dust density(ug/cm3)'},'Location’,'northwest')

40



%23rd May 2019/Isc vs time
subplot(2,1,1);

T=[10.50 10.75 11 11.25 11.50 11.75 12 12.25 12.50 12.75 13 13.50 13.75 14 14.25 14.50
14.75 15 ];

Isc=[0.96 1.03 .56 1.07 1.08 .59 1.065 1.03 1.04 1.05 1.026 .96 .892 .444 .67 .561 .82 .68
];%ml

Isc2=[1.27 1.25.791.291.27 .79 1.03 1.01 1.01 1 1 1 .93 .49 .8 .56 .88 .69];%m?2
plot(T,Isc,'blacko’, T,Isc,'black-")

hold on

plot (T,Isc2,'black*', T,Isc2,'black--")

hold on

title('ISC Vs Time')

xlabel('Local Time(GMT+6)")

ylabel('Isc (A)")

legend({",'M1',",'M2(CLEAN)'},'Location’,'northeast')

subplot(2,1,2);

T=[10.50 10.75 11 11.25 11.50 11.75 12 12.50 12.75 13 13.75 14 14.25 14.50 14.75 15];

D=[753 753.3 754.63 753.75 751.16 748.42 749.14 751.48 748.46 751.73 752.39 754.55
753.13 753.75 752.45 750.6];

plot(T,D,'black+',T,D,'black-")
hold on

title('Dust Vs Time")
xlabel("Time")

ylabel('Dust')

legend({'Dust density(ug/cm3)'},'Location’,'northwest')

%12th June 2019/Isc vs time

subplot(2,1,1);

T=[10.50 11 11.50 12 12.50 13 13.50 14 14.50];
Isc=[.89.991.03 1.02 .91 .35 .82 1 ];%ml

41



Isc2=[.96 1.07 1.11 1.10 1.01 1.21 .42 1.09 1.10];%m?2
plot(T,Isc,'blacko’,T,Isc,'black-")

hold on

plot (T,Isc2,'black*', T,Isc2,'black--")

hold on

title('ISC Vs Time')

xlabel('Local Time(GMT+6)")

ylabel('Isc (A)")
legend({",'M1',",'M2(CLEAN)'},'Location','southwest")
subplot(2,1,2);

T=[10.50 11 11.50 12 12.50 13 13.50 14 14.50 ];
D=[742.6 739.89 740.53 747.93 748.4 746.3 750.03 749.34 748.6];
plot(T,D,'black+',T,D,black-")

hold on

title('Dust Vs Time")

xlabel("Time")

ylabel('Dust')

legend({'Dust density(ug/cm3)'},'Location’,'northwest')

%20™ June 2019/Isc vs time

T=[10.50 11 11.50 12 12.50 13 13.50 14];
Isc=[1.03 .97 .67 .84 1.10 .72 .75 .68 ];%ml1
Isc2=[1.11 1.05 .72 .92 1.17 .7 .8 .69];%m2
plot(T,Isc,'blacko’,T,Isc,'black-")

hold on

plot (T,Isc2,'black™', T,Isc2,'black--")

hold on

title('ISC Vs Time')

xlabel('Local Time(GMT+6)")
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ylabel('Isc (A)")
legend({",'M1',", M2(CLEAN)'},'Location','northeast")

%10th July 2019/Isc vs time

T=[10.50 10.75 11 11.25 11.50 11.75 12 12.25 12.50 12.75 13];
Isc=[.35 .33 .49 .55 .56 .46 .36 .38 .40 .35 .37 ];%ml1
Isc2=[.37 .35 .54 .59 .60 .49 .40 .41 .43 .42 .41];%m?2
plot(T,Isc,'blacko’,T,Isc,'black- ")

hold on

plot (T,Isc2,'black™', T,Isc2,'black--")

hold on

title('ISC Vs Time')

xlabel('Local Time(GMT+6)")

ylabel('Isc (A)")
legend({",'M1',",'M2(CLEAN)'},'Location’,'northwest')

%17 July 2019/Isc vs time

T=[1111.2511.50 11.75 12.0 12.25 12.50 12.75 13.25 13.75 14 |;
Isc=[0.9 .28 .95 .91 .90 .44 .82 .79 .81 .69 .60 ];%ml
Isc2=[1.14 .451.16 1.16 1.16 .69 1.09 1.05 1.05 .98 .95];%m?2
plot(T,Isc,'blacko’,T,Isc,'black-")

hold on

plot (T,Isc2,'black™', T,Isc2,'black--")

hold on

title('ISC Vs Time')

xlabel('Local Time(GMT+6)")

ylabel('Isc (A)")
legend({",'M1',",'M2(CLEAN)'},'Location','southeast")
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%18th July 2019/Isc vs time

subplot(2,1,1);

T=[1111.50 12 12.50 12.75 13 13.50 13.75 13.91 14];
Isc=[.42 .4 .38 .38 .36 .37 .91 .9 .99 1.07 ];%ml
Isc2=[.55 .51 .47 .45 .52 .53 1.01 1.05 1.03 1.1];%m?2
plot(T,Isc,'blacko’,T,Isc,'black-")

hold on

plot (T,Isc2,'black™', T,Isc2,'black--")

hold on

title('ISC Vs Time')

xlabel('Local Time(GMT+6)")

ylabel('Isc (A)")
legend({",'M1',",'M2(CLEAN)'},'Location’,'northwest')
subplot(2,1,2);

T=[1111.50 12 12.50 13 13.50 14 |;

D=[724.6 723.9 725.3 724.94 735 727.83 728.03];
plot(T,D,'black+',T,D,'black-")

hold on

title('Dust Vs Time")

xlabel("Time")

ylabel('Dust')

legend({'Dust density(ug/cm3)'},'Location’,'northwest')

%21st July 2019/Isc vs time

T=[10.50 11 11.50 12 12.50 13 13.50 14];
Isc=[.41 .26 .351.191.19 .27 1.11 .88 ];%m1
Isc2=[.3 .27 .37 1.26 1.27 .26 1.19 .95];%m2
plot(T,Isc,'blacko’, T,Isc,'black-")

hold on

plot (T,Isc2,'black™', T,Isc2,'black--")
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hold on

title('ISC Vs Time")

xlabel('Local Time(GMT+6)")

ylabel('Isc (A)")
legend({",'M1',",'M2(CLEAN)'},'Location','northwest')

Mat Lab of Month wise data

Clean module

T=[1111.50 12 12.50 13 13.50 14];

Isca=[.791.27 1.03 1.01 1 1 .49 ];%m2may14
Iscb=[1.07 1.11 1.10 1.01 1.21 .42 1.09 ];%m2june
Iscc=[1.14 1.16 1.16 1.09 1.05 .98 .95];%m2july17
plot(T,Isca,'blacko’, T,Isca,'black-")

hold on

plot(T,Iscb,'black™', T,Iscb,'black--")

hold on

plot (T,Iscc,'black+',T,Iscc,'black-.")

hold on

title('ISC of clean module Vs Time')

xlabel('Local Time(GMT+6)")

ylabel('Isc (AMPERE)")

legend({",'Isc of clean module for May'",",'Isc of clean module for June',",'Isc of clean module
for July'},'Location','southwest')

Dirty module

T=[11 11.50 12 12.50 13 13.50 14 ];

Isca=[.56 1.08 1.065 1.04 1.026 .96 .444];%13may
Iscb=[.99 1.03 1.02 .9 1 .35 .82];%]12june
Iscc=[0.9 .95 .90 .82 .81 .70 .60 ];%julyl7
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plot(T,Isca,'blacko’, T,Isca, black-")
hold on

plot(T,Iscb,'black™', T,Iscb,'black--")
hold on

plot (T,Iscc,'black+',T,Iscc,'black-.")
hold on

title('ISC of Dirty module Vs Time')
xlabel('Local Time(GMT+6)")
ylabel('Isc (A)")

1 na UL

legend({",'Isc of dirty module for May',",'Isc of dirty module for June',",'Isc of dirty module
for July'},'Location’,'southwest')

Mat lab code for I-V curve of PV module

% Date 02/05/2019

I=[1.251.26 1.25 1.04 .76 .63 .52 .40 .31 .33 .28 .25 .24 .21 0],

V=[0.83.313.06 17.37 18.63 19.03 19.33 19.52 19.58 19.67 19.78 19.85 19.89 19.92 20.2];
plot(V.,L,'T)%M1

hold on;

12=[1.3 1.28 1.07 .74 .59 .52 .47 .40 .35 .32 .3 .28 0];

V2=[0.77.96.7 18.3 18.9 19.18 19.32 19.39 19.18 19.23 19.34 19.53 20.16 |;
plot(Vm,Im,'b")%M2

hold on;
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