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ABSTRACT

Effect of Soiling On Solar Panels: In-Field Output Characterization for Cleaning
Cycle and Economic Analysis

Photovoltaics (PV) system is a prominent renewable energy technology that converts
sunlight into electricity. This study investigates the impact of uniform and non-uniform
soiling on the performance of photovoltaic (PV) panels. Soiling refers to the accumulation
of dust on the surface of solar panels. This reduces the amount of sunlight reaching the
solar cells and thus decreases the energy output. Uniform soiling occurs when the dust is
evenly distributed on the surface, while non-uniform soiling occurs when the dust is
unevenly distributed. In this thesis, we have conducted experiments and analyses using two
types of mainstream PV technology (namely, monofacial and bifacial panels) to evaluate
the respective effects of soiling. For uniform soiling conditions, we analyze the (i) tilt-
dependent soiling rate and (ii) the techno-economic analysis under the soiling-cleaning
cycle. Firstly, we developed an empirical soiling rate model that helped us to estimate the
tilt-dependent soiling rate of that particular location. This implies the soiling rate at an
arbitrary tilt can be estimated if we know the soiling rate of only one tilt angle PV panel.
Secondly, we analyzed the energy output revenue of various tilt angle PV panels under
uniform soiling conditions. From this analysis result, we were able to determine the
optimum cleaning cycle for each tilt angle. We also conducted a techno-economic analysis
based on the optimum cleaning cycle condition. Finally, at the optimum cleaning cycle, a
PV panel can generate the maximum revenue. Therefore, the PV power plant should adhere
to the optimum cleaning cycle to maximize its revenue. The PV power plant should follow
the optimum cleaning cycle procedure to maximize its revenue. The study finds that the
soiling rate is inversely proportional to the tilt angle, meaning that higher tilt angles have
lower soiling rates or vice-versa. The study shows that a 30° tilt angle PV panel has
maximum revenue and energy generation in Dhaka. The optimum cleaning cycle ranges
from 4 to 6 days depending on the tilt angle. Furthermore, non-uniform soiling conditions
and partial shading have been analyzed through our designed 1-V scanner. This study aims
to understand the effect of partial shading and non-uniform soiling on PV panels by
conducting various controlled experiments. The experiments show that non-uniform
soiling, such as bird droppings, significantly affects the PV panel output and can cause a
drastic reduction in energy production. Therefore, immediate cleaning intervention is
necessary to mitigate the effect of non-uniform soiling on PV panels. The study in this
thesis is important for PV power plants to maximize their revenue by balancing the revenue
and the net cleaning cost. The study enhances the understanding of soiling physics and its
effect on the solar panel tilt angle for the South Asian region. The study also provides
insights into the effect of uniform and non-uniform soiling on the solar panel energy output
using infield characterization.
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CHAPTER 1
INTRODUCTION

1.1 Background of the Study

Photovoltaics (PV) modules are devices that convert sunlight energy into electrical energy.
Photovoltaic power is becoming more popular today because of its reasonable price and
easy installation. PV panels are also becoming more affordable every year, which is another
reason for their rapid growth. Electricity generation from PV panels is very important for

mankind to transition from conventional energy sources to green energy Sources.

The PV capacity increased from 483.1 GW in 2018 to 580.2 GW in 2019, a 21% growth.
According to the International Energy Agency (IEA), the global PV energy output rose by
773 GW in 2021 compared to 2019, which means a proportional growth (%) of PV capacity
of nearly 25% [1]-[3]. The adoption of PV farms is increasing rapidly on a global scale.
Asia leads the PV production, with China, Japan, and India having PV capacities of 175
GW, 55.5 GW, and 28.6 GW respectively. Europe is the second-largest region for PV
installation, with Germany having 45.9 GW, Italy having 20.12 GW and the UK has 13.4
GW of PV capacity [1].

PV modules use solar cells to convert sunlight into electricity. The amount of sunlight that
reaches the PV module affects its electricity generation. If anything blocks the sunlight (such
as bird droppings or dirt), the PV panel’s energy production will decrease significantly. Over
time, the dirt will accumulate on the PV panel surface. The accumulated dirt prevents the
sunlight from reaching the solar cells, which reduces the PV panel’s electricity output. The
soiling loss of PV panels refers to the decrease in electricity generation caused by the dirt

on the panels.
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Fig. 1.1 Global Maps of (a) GHI [4], and, (b) Soiling rate (%/day) [4]-{7]

Fig-1.1 shows the global maps of Global Horizontal Irradiance (GHI) and also the soiling
rate. Global Horizontal Irradiance is measure the amount of sunlight received by the surface.
High GHI areas have high soiling rates, which increase the soiling loss and reduce the
performance and revenue of the PV power plants. Therefore, mitigating soiling loss is a

major challenge for maintaining maximum revenue in these areas.

1.2 Related Works

The global electricity demand for domestic and industrial purposes has increased due to the
rapid industrialization of the modern world. Various countries plan to add 327.6 GW of
renewable energy to the world’s electricity generation by 2025, with solar energy being the
main source among other renewables [8], [9]. Different environmental parameters (such as
soiling, humidity, and temperature) can affect the electricity generation of PV panels.

Engineers need to consider these factors to maximize the revenue from the PV power plant.

Soiling loss is one of the main elements that greatly reduces PV performance, but it is
sometimes overlooked. Soiling loss is different according to the specific location and sites.
Therefore, the individual site must need to conduct assessments for determining the soiling
rate accurately [9]. Soiling on surfaces can either be uniform or non-uniform. Uniform
soiling loss is the process where dust accumulates on the PV module surface naturally with
time. This, accumulation of dust absorbs, reflects, and resists direct sunlight to enter the PV
module PV cell. By this, the electricity generation of the PV module decreases significantly.

If soiling increases, the power generation will be decreased [10]. The optimal cleaning cycle



can ensure maximum revenue in PV power plants [8]. The optimum cleaning cycle makes
a balance between revenue and cleaning costs in order to maximize revenue for a PV farm.
Soiling rates vary by location and time of year [11]. The tilt angles of PV modules and the
soil band structure also affect the soiling loss rates of PV modules [12], [13]. For instance,
while the Middle East and North America (MENA) locations have good insolation, they are
also highly soil-prone, therefore the cleaning cycle should be 5 to 6 days for maximum

revenue [4].

The majority of earlier research in the literature has taken the uniform soiling impact on the
PV module into account. Most of the prior studies in the literature have been done
considering the uniform soiling effect on the PV module. Different shadowing on PV cells
results from irregular soiling conditions. It causes various shades to appear on PV cells.
Non-uniform soiling (e.g., accumulated edge dust or snow, bird droppings) partially shades
panel cells, causing power loss, hotspots, and even solar cell breakdown in PV panels [14],
[15]. Hot spots led to a temperature difference of nearly 20°c between the soiled and non-
soiled PV modules [8]. Non-uniform soiling takes different types of shapes on the edge of
the PV module [13].PV panels can suffer power loss, hotspots, and even solar cell breakage
due to uneven soiling (e.g., accumulated edge dust or snow, bird droppings). Researchers
discovered irregular soiling on the PV module's right corner, which covered 0.5% of the
surface and resulted in a 9% power drop [8]. Due to the non-uniform soiling condition
described in the literature study, PV plant power output can be decreased by up to 10% [16]-
[19]. A 2 MW system in Southern Spain likewise showed non-uniform losses in current and
power [17]. To comprehend the non-uniform soiling impact, it is necessary to examine

variations in the I-V and P-V properties of the photovoltaic panel [20], [21].

Previous research on partial shadowing suggests that if a single PV module cell is partially
shaded by soil, the PV module's ability to generate power may suffer. The output of several
PV modules can substantially decrease if they get un-uniformly soiled, and
electricity generation cannot be sustained without a cleaning intervention [15]-[19].

In Bangladesh, the summer and winter months are both quite vulnerable to soiling. However,
the wet season brings about a lot of rain, which also has an impact on PV generation. The
combination of these circumstances has not received enough research attention in the

literature. After studying the prior literature, we have realized that to understand the soiling



effect on the PV module for the Bangladesh region, we must do an extensive study because
the soiling rate in this South Asian region fluctuates with the season. To optimize economic
income while balancing cleaning costs, economic analysis of Bangladesh's PV generation
should consider uniform and non-uniform soiling. Cleaning correctly might result in a 4.5%

increase in income as opposed to cleaning every month [4].

1.3 Motivation of the Work

Solar energy is becoming more popular day by day in Bangladesh. People in rural areas
have installed off-grid PV systems on their rooftops. On the other hand, the government and
different private organizations have come forward to invest in solar power plant projects.
Bangladesh has a total of 356.01 MW of off-grid PV energy and 321.41 MW of on-grid PV
energy. The largest PV plant in Bangladesh is located in Mongla Upazila, Bagerhat, with a
capacity of 100 MW. It is operated by the Bangladesh Power Development Board (BPDB)
[22]. Moreover, many private and government agencies are planning to install more PV
power plants in the next year, which will reduce the dependence on fossil fuels for electricity

generation.

The installed power generation capacity of Bangladesh is now over 24,000 MW, supported
by 146 power plants, captive sources, and off-grid sources. Only 776 MW of it, or around
3% of the total amount of power produced, comes from renewable sources. In the future,
the contribution of renewable energy will be increased significantly. In the future, the
Bangladesh government has a goal of generating more than 4100 MW of electricity from
renewable energy sources by 2030. 2,277 MW of the energy will come from solar power,
followed by 1,000 MW from hydropower and 597 MW from wind [23]. In the future
renewable energy will play a vital role in Bangladesh’s power sector and solar energy will
be there as a key factor. The main obstacle to implementing the solar power plant is that it
takes too much land. Therefore, the locations of these solar power plants will be scattered.
Some of the lands may also become infertile or prone to soiling, which makes the PV power

plants in these areas more susceptible to soiling for the PV panels



In Dhaka, Bangladesh, researchers have found that the soiling rate of 0°, 24°, and 90° tilted
panels was 0.0157/day, 0.0078/day, and 0.00081/day, respectively [11]. In this condition,
researchers discovered that a monofacial farm that is cleaned once a month for the described
tilted panel might lose more than 10% of its assessed revenue [9]. Soiling loss reduces the
power generation of PV power plants. As a result, the PV power plant earns less revenue.
Cleaning the PV power plant three times a month at a specific location can increase the

system performance by 12% [24].

Cleaning PV farms requires water, an essential natural resource. According to a journal
article in Renewable and Sustainable Energy Reviews, PV panels use between 0.5 and 20
liters of water per square meter for cleaning. MIT researchers estimate that 10 billion gallons
of water are used annually for this purpose, which could supply up to 2 million people with
water [25]. Bangladesh faces a serious water shortage due to its high population density and
low natural resources. A World Resources Institute report classifies Bangladesh as a country
with high water stress, meaning that water demand sometimes exceeds supply throughout
the year. Most of the photovoltaic fields in Bangladesh are located in rural areas outside of
Dhaka. Using too much water for cleaning could cause water scarcity in these areas, which
would affect their agriculture sector. Therefore, finding an optimal cleaning method for PV
fields is important for the Bangladesh region because it will minimize the usage of water

for the frequent cleaning.

Bangladesh has a lot of soil in the summer and winter seasons, which affects PV generation.
The rainy season also has a negative impact on PV generation. The literature lacks studies
on these scenarios. Most of the previous studies have assumed uniform soiling on the PV
panel. However, non-uniform soiling (such as edge dust, bird droppings, or snow) can
partially shade the panel cells, causing power loss, hotspots, and even solar cell damage.
Previous studies on partial shading show that even a small amount of soil on a single PV
cell can reduce the PV module's power generation. If several PV modules are non-uniformly
soiled, the output can drop significantly until they are cleaned. Therefore, this work also
aims to understand the effect of non-uniform soiling on PV module performance. Partial

shading and non-uniform soiling have similar effects [6].

The literature review reveals that the soiling rate in this South Asian region varies with the

seasons. Therefore, we need more research on the location-specific effects of soiling on the



PV module in Bangladesh. We also need to conduct a techno-economic analysis of PV
generation in Bangladesh, considering both uniform and non-uniform soiling. This will help
us optimize the revenue by balancing the cleaning costs. To maximize the power output
from the solar power plant, we should investigate all the natural and unnatural factors that

affect solar panels in Bangladesh.

1.4 Objective with Specific Aims

The objective of the research is the following-
I.  To evaluate the soiling rate of bi-facial and mono-facial PV panels at various tilt
angles.
ii.  To observe variations in PV panel I-V characteristics as a result of non-uniform
soiling.
iii.  To assess the angle dependency of soiling rate concerning PV panel’s tilt angles and
determine the relationship between them through an empirical approach
Iv.  To perform an economic analysis to evaluate losses, costs, and revenue at various

cleaning intervals, considering uniform and non-uniform soiling rates.

1.5 Research Outcomes

This thesis examines how soiling affects PV panels with different tilt and weather conditions,
especially in Bangladesh. It shows how uniform and non-uniform soiling on panels can
reduce the yield significantly. It also evaluates the economic impact of a PV power plant
under different soiling conditions. Moreover, it observes how the soiling rates vary with the
tilt angle of the PV modules in South Asian region. This work also propose a formula to
estimate the soiling rate for any tilt angle by using an empirical approach, based on the
soiling rates measured for different tilt angles of PV panels in the testing site (South Asia

region).

This study designed and implemented an I-V scanner to investigate the effect of non-

uniform soiling and partial shading effect on solar panel. It also performed various



controlled experiments to measure the effect of non-uniform soiling and partial shading
effect. It analyzes how non-uniform soiling can greatly reduce the revenue of a PV power
plant. It also studies how to optimize the revenue by choosing the optimum cleaning cycle

that balances the electricity sold and the net cleaning cost.

1.6 Thesis Organization

This thesis is organized as follows: Chapter 1 introduces the background and motivation of
this study, as well as the objectives and expected outcomes. Chapter 2 reviews the recent
research on uniform soiling scenarios in monofacial and bifacial PV farms and the effects
and assessment methods of non-uniform soiling. Chapter 3 describes the experimental
approach, the tools and the numerical analysis model used in this project. It also explains
the data collection methods used during the experiment. Chapter 4 shows the effects of
uniform soiling on monofacial and bifacial PV setups. It also shows the techno-economic
analysis, the optimal cleaning cycle, the angle dependence of the soiling rate, and the
empirical method. Chapter 5 discusses the design and implementation of the 1-V scanner,
which was used to measure the changes in PV panel 1-V curves due to non-uniform soiling.
It also reports the experiments done to study the effects of partial shading and non-uniform
soiling on PV panel performance. Based on these experiments, chapter 5 also provides an
economic analysis of non-uniform soiling on PV farm production. Chapter 6 summarizes
the main findings and suggests some future work for this field of study. Chapter 7 lists the

references used for the data and literature review.



CHAPTER 2
LITERATURE REVIEW

In the previous chapter, we discussed the rationale and outcomes of this research activity.
We have learned how important it is to analyze the effects of soiling for specific locations.
The main reason for assessing the soiling of each location is that the soiling rates vary
depending on the environmental parameters. Uniform soiling is a natural phenomenon that
PV farms have to deal with. Non-uniform soiling can occur at any time during the cleaning
process or in a few natural conditions such as bird-dropping, strong directional wind, etc.

This situation can significantly reduce the power generation of PV farms.

This chapter will review some of the major and specific contemporary research on soiling

loss analysis and its effect on solar panels to understand the current state of the art.

2.1 PV Panel Uniform Soiling

Solar energy is a prominent source of renewable energy. While monofacial photovoltaic
(PV) panels have been the dominant choice, bifacial PV technology is gaining industry
interest due to improved manufacturing and higher yield. According to ITRPV, bifacial PV
technology is expected to reach 35% of the market share by 2027 [26]. Bifacial panels
collect light from both faces, thereby enhancing the bifacial PV farm output by 10-30% over
monofacial farms [27]. The gain depends on the farm design variables - tilt, fixture height,
spacing, etc. [27], [28], soiling loss is a natural phenomenon that reduces the output of solar
panels over time. It is caused by dust deposition or dirt on the panel surface. The panel
performance can be restored by cleaning interventions such as rain or manual cleaning.
However, cleaning PV panels daily would increase the operational cost and reduce the profit.
Therefore, the cleaning cycle should be optimized to maximize revenue.

The soiling rates of panels vary depending on the location and season. More than half of the
global PV capacity is located in Southeast Asia, Europe, North America, the Middle East,
and North Africa (MENA) regions [29], [30]. These regions within the sunbelt are more
efficient for PV electricity generation but also more dust-prone due to higher soiling losses
[31]. For example, the MENA regions have high solar radiation but also high soiling rates
(SR, a) of 0.5-1%/day. This means that the panels need to be cleaned every 5 to 6 days [4]

for maximized revenue. Soiling is more severe in the summer and winter seasons in South



Asia. However, the panels are naturally cleaned by the heavy and frequent rains in the wet

season. The panel configuration also affects the soiling rates [11], [12].
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Fig. 2.1 Soiling rate measurement using the Fixed Rate Precipitation method [32].

Figure 2.1 shows how the Fixed Rate Precipitation (FRP) method is used to measure the
soiling rate of PV panels. In this experiment, the researchers calculate the soiling rate by
finding the slope of the performance index profile during the longest dry period. They
assume that rainfall events clean the PV panels, so they choose a threshold rainfall amount

that indicates effective cleaning. This rainfall threshold amount is called ‘effective rainfall’.

Most studies on soiling have focused on monofacial panels, but there are few works on
bifacial panels. Bifacial PV panels can capture direct, diffuse, and ground-reflected light,
and they can be installed in different configurations (tilted or vertical). Higher panel tilts
usually reduce soiling [33], [34] (albeit at the cost of lowered light collection). Where there
is a higher possibility of soiling loss and a limited chance to clean the panel, vertical bifacial
installation may be a natural choice [11]. This is however an unwanted scenario—typically
we would tilt the panels optimally for maximum output and revenue [27]. A tilted bifacial
panel has different dust accumulation on the front and rear faces. Experiments in Santiago,
Chile show that the soiling rates on the rear face maybe 10 times lower than on the front
face [35]. Therefore, the cleaning cycle optimization should be done separately for the front

and back surfaces of a bifacial panel.
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Fig. 2.2 Revenue loss in ($ billion) due to soiling solar panel globally.
A 2018 report by PV magazine estimated that global power loss due to soiling on solar
panels was between 3% and 4%, costing about $ 5.40 billion. The researchers projected that
by 2023, the power loss would increase to 4% to 7%, costing about $ 8.13 billion [35], [36].
This means that the revenue loss would grow by almost 51% from 2018 to 2023, as shown
in fig. 2.2. The revenue loss is expected to rise further in the future as the PV capacity

expands worldwide.

2.2 PV Panel Non-uniform Soiling Detection Technique and Analysis

The amount of sunlight that passes through the surface of a solar panel affects how much
electricity it can produce using PV modules. If anything blocks the sunlight, such as bird
droppings or uneven soiling, the power generation efficiency of the PV modules goes down.
The 1-V (current vs. voltage) characteristics curve of a PV module shows how well it can
convert solar energy. The P-V (power vs. voltage) characteristics curve of a PV module
helps to find the maximum power point (MPP). Factors like partial shading, uneven soiling,
and bird droppings change the 1-V characteristics curve of a PV module. These effects can
be analyzed by measuring the changes in the 1-V curve with an I-V scanner. However, |-V
scanners are not widely used in the industry because they are very expensive [21].

Fig. 2.3 Non-uniform soiling on (a) bottom edge, (b) solar panel after dew drop, (c) due to bird-dropping
[36].
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Sometimes, the soiling on the solar panels is not evenly distributed. For example, after
cleaning the PV modules, some soil may remain on the bottom edge. Also, bird droppings
or fog may cause patches of soiling on the panel surface, as shown in fig.2.3. Solar cells of
a PV module are connected in a series consisting of multiple strings. If the bottom solar cell
of any string is covered by the non-uniformly accumulated soil, then it will affect the power
generation efficiency of the PV module. The studies show that the effect of non-uniform
soiling on the PV module is more significant than the effect of uniform soiling [10], [37],
[38]. Soiling usually builds up at the bottom or sometimes at the top of the PV module,
depending on the direction of wind and rain water [17], [39]. Soiling accumulation at the
bottom of PV module covers the surface of the solar cells, the free space of the bottom edge
and frame, which significantly reduces the PV module performance [17]. PV modules with
lower tilt angles are more prone to the soiling accumulation at its bottom edge [19], [38].
Due to the gravity force, the cleaning water are usually not enough to move these dust
particles and these particles tend to accumulate steadily at the bottom edge of the PV module
in different shapes [13]. Portrait or landscape configurations are generally followed to
install the PV module [40]. From the studies, rectangular, triangular and transverse
trapezoidal types of band shapes of accumulated soiling are observed at the bottom edge of
PV module [13]. Partial shading and soiling bands that are created at the bottom edge of the
PV module reduces the transmittance of incoming sunlight into the solar cells, that leads to
a hotspot [41]. This localized overheated hotspot of the PV module also caused by
accumulation of soiling and bird-droppings [42]. Besides, the entire area that is covered by
the non-uniformly distributed accumulated soiling and bird-droppings also showed the high
temperature during the field investigation [13]. These hotspots of the panel may lead to
permanent damage of the PV module. The fixed area that is covered by the accumulated
soiling compared to the non-soiling area may stores some water during the time of cleaning
or raining for a long time on the module surface, that can damage the seal of the PV module
which reduces the service life of the PV panel [43]. Now a days, solar power generation
builders are designing the solar power plant without considering the effect of environmental
factors and power loss of PV module due to the mismatch of the interconnected solar cells
of PV module which is the result of the partial shading [44], [45]. For minimizing the
mismatching of the interconnected solar cell bypass diode is used in the PV module. For 72
cells PV module, each 24 solar cell of that module contains 1 bypass diode [46]. There has
been immense research on PV module under the shading conditions [47]. The temperature

of the hotspot is definitely connected to non-uniform soiling, soil band structure, and non-

11



uniform soiling [48]. The collection of dust at the bottom corners of PV modules can cause

a significant loss in performance [49].
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Fig. 2.4 Effects of (a) uniform soiling, (b) non-uniform soiling, and (c) partial shadings on solar panel [8].

Two Si solar panels installed on the roof of the University of Jaen in southern Spain are
shown in Fig. 2.4 as an illustration of the impacts of uniform and non-uniform soiling. 1-V
and P-V curves of two solar panels under uniform soiling circumstances are shown in
Fig.2.4 (a). Both PV modules' I-V and P-V curves have the same form under uniform soiling
conditions. However, the uncleaned PV module's short circuit current is lower than the clean
PV module's. Due to the consistent soiling state on the uncleaned PV module, there is a
corresponding fall in the maximum power point. The soiled I-V and P-V curves exhibit a
step in the maximum power under non-uniform soiling conditions, as seen in Fig. 2.4 (b).
This is because the shaded cell is activated by the bypass diode. A more complex situation
might result in even more than one knee in the I-V and P-V curves when partial shade occurs

as a result of bird dropping on multiple sub-strings, as seen in Fig. 2.4(c).

If 0.5% of the area on the bottom edge of the panel is covered by soiling, the output of a PV
panel can decrease by 9% [50]. Due to the non-uniform soiling in PV panels, power losses
become 10% greater than short-circuit current losses [19]. Researchers conducted an
experiment in a 2 MW PV plant in southeast Spain and found that non-uniform soiling had
a greater impact on the PV panel than uniform soiling [17]. I1-V scanner is an expensive
device. Therefore, research on the effect of partial shading, non-uniform soiling, and bird-
dropping yet is insufficient.

12



2.3 Research Work Based on Research Gaps

Previous studies have examined the effects of soiling and the economic benefits of

optimizing the cleaning cycle for monofacial panels. To analyze how soiling affects a

bifacial panel depending on its tilt, it is necessary to measure the soiling rate and use a model

for the cleaning cycle analysis.

In this study, we measured the output of both monofacial and bifacial panels that
were clean and unclean at different tilt angles and compared their performance ratio
to determine the soiling rates in Dhaka, Bangladesh, a South Asian city.

We developed a model to estimate the revenue depending on the cleaning cycle. We
used the output of the clean panels and the soiling rates from our experiment to
predict the revenue for different cleaning cycles for monofacial panels at 0°, 10°,
20°, 30°, 60° and 90° tilts and for bifacial panels at 0°, 20° and 30°.

This study presents a simple IV scanner that can measure the changes in the 1-V
characteristics curve of a PV module under real operating conditions. The designed
IV scanner is relatively cheaper, simpler, and more effective than other devices. All
the components of this IV scanner are commercially available, which makes it

convenient, economical, and efficient for industrial use.

The aim of this experiment is to study the effect of partial or non-uniform shading
on PV modules due to soiling at the bottom edge of PV modules or bird droppings.
This is a controlled experiment where different solar cells are randomly selected and
covered with different percentages of their area to measure the effect of shading on
the I-V and P-V curves of the solar panel. The experimental results are explained in
detail and the relationship between the power generated by the PV module and the

percentage of coverage area is also shown.
The study of this thesis discusses how the power generated by PV modules is

affected by the percentage of shade covering the area, as well as the conditions of

soiling and bird droppings. This kind of partial shade is different from the more

13



Vi.

common row-to-row shading, and it should be carefully managed to avoid sub-
optimal solar farm operations. However, there seems to be a lack of research on how
partial shade caused by non-uniform soiling and bird droppings affects the efficiency
of PV module power generation. Non-uniform soiling can severely reduce the output
of PV modules. It can also significantly lower the revenue of PV power plants. Even
if the PV panels are cleaned regularly, the power generation may not increase due to

uneven soiling.

In this study, we conducted various selective controlled experiments. Then we
evaluated the techno-economic analysis of the effect of non-uniform soiling on
different cleaning cycles. We also addressed the economic analysis of the

performance ratio reduction factor of the PV panel at the end of this study.
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CHAPTER 3
EXPERIMENTAL AND ANALYSIS METHODOLOGY

This chapter describes the experimental setup we used to measure the soiling rates of PV
panels with different tilt angles. We compared the soiling rates of monofacial and bifacial
PV panels. We used a data logger that we developed in-house to save the data in a cloud
server every 2 minutes. The experiment lasted for 4 months (December to March) in 2022.
At the end of this chapter, we will present the methodology and the equations that we used
for numerical analysis. We will also propose an equation to calculate the revenue for bifacial
PV panels. This chapter builds on the previous chapter, where we discussed the economic
analysis of PV fields with uniform and non-uniform soiling. We also reviewed the previous
work on measuring the soiling analysis on PV panels with different tilt angles in Chapter 2.

3.1 Experimental Procedures
3.1.1 Testing Site Location

We chose to conduct our research on the East West University, Bangladesh, a multi-storied
building in Dhaka city on top of the 8" floor. Before choosing this site, various shadowing

effects that may affect the experiment were carefully evaluated.

Test Site Test Site

Fig. 3.1 Areal view of testing site (a) top view, (b) side view.

Fig. 3.1(a), and (b) shows the top view of the testing site, the yellow side view indicating
the experimental setup of the testing site for both bi-facial and mono-facial PV panels.
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3.1.2 PV Panel Frame Design and Setup Layout

For this study, we must design the PV panel frame according to our specifications, with
various tilt angles. There will be three (3) PV modules for each angle in the frame, which
will be cleaned daily, weekly, and monthly, accordingly.

Fig. 3.2 PV module adjustable frame design front view (Monofacial Setup).

The frame has the flexibility that we can change the tilt angle of each frame according to
our requirements. The mechanical design is very unique and reliable. The frame design is
seen in Fig.3.2, above. Fig-3.3 represents the mechanical design of the bi-facial PV panel

experimental setup.
Front 7
Panel
<= Rear Panel

Fig. 3.3 PV module adjustable frame design front view (Bi facial Setup).
The dimension of both frames is 7' x3'. For the bi-facial PV panel experiment, we have

used two back-to-back panels to mimic a bifacial panel—this way, we could assess the

output of each of the faces.

3.1.3 PV Panel Arrangement and Cleaning Cycle

Fig.3.4 illustrates the experimental setup layout of the mono-facial PV panel experimental
setup top view and side view respectively. In this study, we analyzed six distinct tilt PV
panels (i.e., (6 angles) x (3 cleaning cycles) =18 panels) for mono-facial PV soiling
experimental setup: 0°, 10°, 20°, 30°, 60°, and 90°. We picked six tilt angles for the mono-
facial PV soiling experimental setup to better understand the soiling mechanics on the PV
module surface. We have chosen two cleaning cycles for the mono-facial PV panel
experimental setup. Cleaning cycle 1 which is denoted as C1, where the PV panel was
cleaned weekly, these PV panels we indicated as weekly cleaned panel or WC panel.
Cleaning cycle 2 which is represented as C2, where the PV panel was cleaned monthly,
these PV panels we indicated as monthly cleaned panel or MC panel.
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Fig. 3.4 Monofacial PV panel experimental setup layout (a) top view, (b) side view.
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Fig.3.5 illustrates the experimental setup layout of the bi-facial PV panel experimental setup
top view and side view consecutively. For the bi-facial PV panel experimental setup we
used three different tilts. For the bi-facial PV soiling experiment: 0°, 20°, and 30° (12 panels)
are chosen. In South Asia, bi-facial panels are typically set at 20° to 30°. We additionally
chose 0° for the bi-facial PV module to better understand soiling effects, which will aid us
in future studies. For this experiment, we have chosen an irregular cleaning cycle where the
soiled bi-facial PV panel front and rear sides were cleaned randomly. Reference PV panels
for both experimental setups had been cleaned very carefully using soft clothing material.
During the cleaning process, only water was used to clean the heavily soiled panel. The time
of cleaning the reference panel was 9.00 am. The reference panel in the thesis is denoted as

the everyday cleaned panel or daily cleaned panel.
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Fig. 3.5 Bi-facial PV panel experimental setup layout (a) top view, (b) side view.

3.2 Data Transmission Component (Data Logger)

For collecting the PV panel output from the field we had to develop a data logger. The main
purpose of using this system is to collect data continuously. For ensuring the availability of
data this system also able to save data locally and upload the collected the in the cloud

storage.

3.2.1 Data Transmission Technique

All of the panels’ outputs, as well as the surrounding conditions data, must be monitored
continuously every 2-3 minutes for our research. A data logging system will be introduced
to collect data from the site every two minutes. We used a data logger system that we
developed in-house for this purpose. In Fig.3.6, we can see the datalogger collects the output
of the PV panels and then uploads the output through the ThingSpeak cloud server. Then
by using MATLAB code we downloaded the output data and have done further analysis.

18



ks

:

\

~

Q',

S AN

PV setup Data-logger collect the data All the transmitted data save
and transmit the data Live in the cloud storage

Fig. 3.6 Data Acquisition through Cloud Server.

3.2.2 Data Logger in PCB

The system was first tested in the breadboard before being deployed on-site for outdoor
measurements with a PCB-designed data logger circuit (Fig.3.7 (a)). The datalogger circuit
Arduino, analog pin received the analog output from the PV panels through the load circuit.
Fig.3.7 (b), shows the load circuit of the datalogger whose main component is 1€ ceramic
resistance. The load circuit positive terminal is connected to the PV module’s positive
terminal and the negative terminal of the PV module is connected to the load circuit negative
terminal. We used a 1Q ceramic resistance as a load because we can calculate the short
circuit current of the PV module approximately by using Ohm’s law, V=IR. If R = 1Q, then
V=I. So, the voltage we measured is close to the short circuit current of the PV module.
Fig.3.7 (c), represents the connection of the PV modules with the load circuit and the data
logger which is in house condition. This data logger has been developed in a collaboration
with Khan SLR group Research Assistant Jabir Bin Jahangir.

s ae] 88 e sk se ekl Bn" e

Fig. 3.7 Datalogger (a) PCB design setup, (b) Load circuit, and (c) Datalogger in house setup.
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3.3 PV Module Connection

During the research work we observed the soiling effect for both monofacial and bifacial
experimental setup. For bifacial panel we used to PV module back to back that represents
as bifacial PV panel. The PV module connection with load circuit with both monofcial and

bifacial panels are different.

3.3.1 Monofacial PV Panel Connection

The Monofacial PV panel setup has six tilt angles. Each tilt angle has three PV modules.
Each tilt angle has two cleaning cycles. Fig.3.8, shows the connection for monofacial PV
panel. Where, DC, WC, and MC mean daily, weekly, and monthly clean panels. In this
connection, all modules ground is connected together along with the datalogger
microcontroller ground. PV modules (+ve) terminal wire then connected to datalogger ADC.
Here, in the load circuit, 1 Ohm ceramic resistance has been used. According to the Ohms
law, V=IR, where, we know R = 1Q, therefore, we got V=I (approximately), therefore, the
voltage that we are measuring using the datalogger is actually the short-circuit current (Isc).
Table 3.1 shows the technical parameters of the PV panel that has been used in the

experiment.
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Fig. 3.8 PV Modules Connection for monofacial PV panel Experimental Setup.
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Table 3.1 Electrical Parameter for Monofacial PV Panel Specification

Items Symbols | Values
Maximum power Prnax 20 W
Operating voltage Vmp 18V
Operating current Imp 118 A
Open circuit voltage Voc 2101V
Short circuit current Isc 1.22 A

3.3.2 Bifacial PV Panel Connection

The bifacial PV panel setup has three tilt angles. Each tilt angle has two PV modules. Each
tilt angle has two cleaning cycles. Fig.3.9, shows the connection for the bifacial PV panel.
In order to measure the output of each face, we used two back-to-back panels to model a
bifacial panel for the bi-facial PV panel experiment. The significance of this model is that
we can assess each panel’s soiling rate individually. Since both panels have the same
efficiency so we can compare their output based on their performance. Where, FP means
front panel and RP means rear panel. Table 3.2 shows the technical parameters of the PV

panel that has been used in the experiment.

Table 3.2 Electrical Parameter for Bifacial PV Panel Specification

Items Symbols | Values
Maximum power Prmax 30 W
Operating voltage Vmp 172V
Operating current Imp 1.74 A
Open circuit voltage Voc [216V
Short circuit current Isc 193 A
Front Panel
TT T Front panel+ Relar Panel
(T T 11] 1 1
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Fig. 3.9 PV Modules Connection for bifacial PV panel Experimental Setup.
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3.4 Experimental Setup in Testing Site

Fig.3.10 shows the experimental setup of the mono-facial PV panel experimental setup.
There is a total of six different tilt angles PV modules settled down in the southern face
consecutively. Fig.3.11 (a) illustrates the experimental setup of the bi-facial PV panel
experimental setup. There are three distinct tilt angles PV module settle in the southern face.
Fig.3.11 (b) represents the way of making bi-facial PV panels by using two different PV
modules. By this, we can easily assess the generated energy of the front and rear PV panels

separately.

Da)talof’f&

" " Circuit' Housing

Fig. 3.11 Experimental setup of, (a) bi-facial PV panels, (b) bifacial PV modules.
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3.5 Cleaning Procedure to Mitigate the Soiling

Soiled panel output can be retrieved by cleaning the PV panel immediately. Cleaning
intervention on PV panels can minimize the soiling effect. The cleaning procedure of PV
farms can be categorized into two types-(1) natural cleaning procedure, and (2) artificial

cleaning procedure.

Natural cleaning procedures are rainfall, wind, and gravity effect. Rainfall is a very good
type of natural cleaning procedure. Light rainfall is not enough to clean the soiled PV panel.
Sometimes light rainfall can be the cause of decreasing PV panel performance [51].
However, heavy rainfall or moderate rainfall can clean the soiled PV panel clearly to retrieve
soiled panel performance. There is also a significant relationship between the PV panel tilt
angle and rainfall for cleaning the soiled PV panel. On the other hand, low wind speed also
can cause dust accumulation on the PV panel surface [52]. The good thing about the natural
cleaning procedure is that it does not add any extra cost for the cleaning procedure. But the
drawback is that the natural cleaning procedure is not planned and scheduled.

3.5.1 Manual Cleaning

The manual cleaning procedure of PV panel is a conventional procedure of PV panel
cleaning method. Manual cleaning has good cleaning results. Using manual cleaning
process difficult dust accumulation for example non-uniform soiling, bird-droppings can be
removed easily. The manual cleaning is actually human aid cleaning with brush and water.
Manual cleaning cost varies from region to region. Also vast PV installed capacity will cost

very high expense due to the manual cleaning procedure.

3.5.2 Automated Cleaning Procedure

Automated cleaning or machine cleaning procedure are mechanized approaches to clean the
soil PV panel with the help of robotic equipment. Now a days, water based automatic
cleaning process are used but it needs more water than the manual cleaning procedure.
Mechanized automated cleaning approaches need energy consuming devices which also
need regular maintenance, which add another cost [53]. So technically behind and having
water scarcity regions PV farm are not likely to adopt automated cleaning procedure. In
south Asian region most of the PV power plant adapt manual cleaning procedure instead of

automated cleaning procedure.
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After justifying the prior literature regarding the PV panels cleaning intervention, we likely
to adopt manual cleaning procedure (soft cloth and water) for cleaning the PV panels of our
infield experimental setup.

3.6 Methodology of Analysis
3.6.1 Measurements and Integrated Input/output Data

From January 1, 2022, to March 26, 2022, we collected and saved panel short circuit data
every 2 minutes for 6 distinct tilts and 3 separate cleaning cycles at each tilt (a total of 6x3
= 18 panels). The following are the three cleaning cycles that were chosen:

1) Cleaning every day (EC)

2) Cleaning intervention once a week (WC)

3) Cleaning intervention once a month (MC)

Similarly, we have collected data for a bi-facial PV setup for 3 distinct tilts and 1 cleaning

cycle at each tilt (a total of 3x4 =12 panels).

3.6.2 Performance Ratio (PR)
A data logging system was used to measure short circuit currents (Is.) from the each module,
every two minutes. The Is¢ values are mapped to maximum power point output P, and
then integrated to obtain the daily energy yield E(t). For a front (F)-facing panel at tilt 3,
we represent the daily energy as Elgg) and EIEF ) for clean and unclean cases respectively. We

define Performance Ratio (PR) as the ratio of the daily output of a soiled (unclean) panel to

that of a clean panel as follows:

Daily energy of soiled panel, E[gF) (t) (3.1)

PRL(t) =
d Daily energy of clean panel, E ﬁ(g) (t)

For the bi-facial PV panels experiment, the performance ratio (PR/’,?) of the back (B)-facing

panels are similarly calculated.
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3.6.3 Soiling Rates (SR)

To calculate the soiling rate ag (/day) between cleaning interventions, we fit the PR (t)

data with the empirical soiling loss model: A exp(—agpt).

3.6.4 Revenue and Cleaning Cycle Calculation

The mean daily cash-inflow from a panel is R x Eg. Here R is the tariff rate, and the mean

daily energy produced is

1
m Z[E[gp)(t) + E[gB) (t)], for bifacial (3.2)
Eﬁ _ days
1
Z[ Elgp)(t)] , for monofacial
Ndays

These panels have their corresponding soiling rates az. The earned revenue would be
calculated by subtracting the cleaning costs from the cash-inflow cash we can find the rated

revenue R X Ep, by considering the soiling-free (clean) panel outputs.

With a cleaning cycle of ¢t days, we can numerically predict the mean daily revenue from

monofacial the pans follows [4]:

_ 1 c 1 (3.3)
mono __ ) _ = - -
ReVB = REﬁO x| 1 > algtc R E(F) tc
BO
Here, E[gg) is the mean daily energy output of a soiling-free panel (front-facing) and C is the

cost for each cleaning cycle. Typically, we expect minimal soiling on the back-faces of a
bifacial panel [35]. Therefore, outputs from the clean and unclean back-faces are equal

FB) _ (B
Ey” = Ego.

Eq. (3.3) for bifacial panels:

Finally, as we expect almost no cleaning costs at back faces, we can expand

+ RE® (34)

Bo

: _ 1
Revb! = RE[E’? x| 1- Eaﬁtc -

() t.
R Eg, tc
We optimize the cleaning cycle by numerically maximizing Revg versus t.. Note that,

ag, Eé?, and ELE’? are calculated from our experimental measurements. In Egs. (3.3) and

(3.4), we use R in USD/kWh, C in USD/Wp, ag in /day, and Eg, in kWh/Wp.
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Using the soiling rates for each panel tilt, we have the economic analysis. We will calculate
the losses at different cleaning cycles for soiling rates at each tilt. By balancing the

electricity sold and cleaning costs we can maximize the revenue.

3.6.5 Revenue Analysis Considering Whole Year

If we multiply the full year energy (kWh) with tariff rate and deduct the total cleaning cycle

cost then we can calculate the whole year revenue for the particular tilt angle PV panels.
R, = Efullyear XR— Ndays X C (3.5)

Here, Er11 yeqr IS the energy of full year that has been produced by the specific PV panel
in (kwWh), R is the tarrif rate in US-C (US-Cent), N,y is the number of cleaning

intervention done and C represents the cleaning cost of each cleaning intervention.
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CHAPTER 4
RESULT ANALYSIS AND DISCUSSION

This chapter presents the analysis of the experimental data. First, we calculate the soiling
rates of monofacial and bifacial panels. We use the monofacial soiling rates for the
economic analysis of the monofacial setup, and the bifacial soiling rates for the economic
analysis of the bifacial setup. Next, we examine the angle dependence of soiling rates and
establish an empirical relationship. Then, we conduct the economic analysis of both PV
panel setups and determine the optimum cleaning cycle for each tilt angle to maximize the

revenue. Finally, we compare the revenue for different cleaning cycles.

4.1 Analysis of Mono-Facial PV Panels

4.1.1 Evaluating the Soiling Rate of Monthly Cleaned PV Panels at Various Tilt
Angles

The experiment has been conducted in winter from 1%, January 2022, and 26" March 2022.
During the experiment, one mono-facial configuration was cleaned daily. The other two sets
cleaning cyclel named (C1) have been cleaned once a week, and cleaning cycle 2 named

(C2) cleaned once a month.

The performance ratio (PR) of a monthly cleaned panel of mono facial setup 0°, 10°, 20°,
30°, 60°, and 90° tilt angle PV panel is represented in Fig.4.1. Here, we can see a dashed
blue line indicates the rainfall event on the testing site. We found that the soiled panel
became clean and produced the same output as the clean panel after a sufficient rainfall
event. However, if the rain was too light, the solar panel did not get cleaned effectively.
The green dashed line represents the manual cleaning event that has been done at the
beginning of January, and February. Fig.4.1 shows that the performance ratio of PV panels

almost linearly decreased over time.

27



0 Degree Monthly Clean panel Soiling rate 10 Degree Monthly Clean panel Soiling rate 20 Degree Monthly Clean panel Sailing rate

19 |1 i 1 I [ 1K did
) < %
b “&tﬁ ml%d’ e & 4 RRAQD Y g x ‘é‘i’o"%‘
xR II b2, O N T T S " W oy Q‘%“
& ST &") ||6 X\‘) S g1 R ugn Oo%'o 1 k\\) g ‘%y ||;; ||m 2>
209 Bu ug R v Boe Ayolutin R&n %3 509 Rl ||§Q:%” %2,
T R em RN ) v | FA%wlin Tgn PRCEE 2y Spuem H Ml Yo
2 Jl'po&l?._”.ll T e 2 |21 wugm T ‘5% 2 @ Qugm g ! 2
S wi1s%un ¥ % | g S gnEm I v & o om 2N Y
£0872 1 gag ¥ o] 508 =1 @ m I o %% 1 wom I o
g T 1 o 5 1o I % % ' 1 a
3 T J g O Ionon I % Q Ioou o H
1 1 I
071 i I ] 07 1 n_ in 1 J 07. 1 i :
Jan 01 Jan 29 Feb 26 Mar 26 Jan 01 Jan 29 Feb 26 Mar 26 Jan 01 Jan 29 Feb 26 Mar 26
022 2022 2022
30 Degree Monthly Clean panel Smllng rate 60 Degree Monthly Clean panel Soiling rate 90 Degree Monthly Clean panel Soiling rate
o T 1 fo ® 1g ] 1 1 Tigs 111 T °
[ |7‘ || " g, || X £ob o b°<ﬁlugx’3 I Q 1° |I?UII °o°°|| S °
a \\ :!Fa s B\ 19PP, & % & 5 1 1§ e o5 %% q
2 ?%, ""F %" E: “ "% 2 1 I3 ":to \-\%\o‘%’f“’@ ?9 5099 ¢° "oTJ & °° ‘;@ 070
5 ! %:ﬂ:u " K:@ 0B pog poaZm \ FiEY, %{;@%&I@ B3R a=0¥y  ©5-g°
‘;! R \ E = a - ’
° A oJI ] || % 7 © a | UM % =1l LR Pl il 1] ®
o 0.9 :;l ||O n %ﬂo” QB ° 5 \\_Ol ?I nd I %en QE’ 2 %098% IO«:J IL% ] 1 o
g R ugm " % Eggl BSUzmM  ®n e E canam 0" .
5 I BN " e 5 nR " o £ E g nn 1" o
g | mom I % 8 PR n o £OTE 13w "
oY | nom 1 @ 1 o 1 o 1R o "
n 1 1 [ 1 1 9
I 1] 0.85 I 10 1 0.96. i 1
Jan 01 Jan 29 Feb 26 Mar 26 Jan 01 Jan 29 Feb 26 Mar 26 Jan 01 Jan 29 Feb 26 Mar 26
2022 2022 2022

Fig. 4.1 Soiling rates between cleaning cycles and rainfall of mono-facial monthly clean PV panels.
Table 4.1 Monthly Cleaned Panel Soiling Rate (%)

Date Jan Jan Jan Avg. Feb March
(1to11) | (12t023) | (27t031) | OfJan | (610 19) | (1to 26)
Tilt Angle (B)
0 1.39 0.89 1.07 1.1167 1.16 1.12
10 1.17 1.01 1.04 1.0733 1.03 1.11
20 0.98 0.92 0.91 0.9367 0.90 1.01
30 0.82 0.79 0.80 0.8033 0.76 0.91
60 0.43 0.42 0.18 0.3433 0.56 0.43
90 0.014 0.015 0.019 |0.0160 0.00 0.04

In table-4.1, the soiling rate of the monthly clean panel has mentioned. In the case of January
month, there had been rained on the 11", 24" 25" and 26" of January. Therefore, we
calculated the soiling rate for that month at a 3-time window, and for determining the soiling
rate for January, we averaged the soiling rates for January. For February month 1% to 5%,
and the 20" to 26™ date there was a rain event that occurred. Therefore, in calculating the
soiling rate for February, we skipped the rainy day data. For March, we have calculated the

whole month’s soiling rate from the 1% to the 26" of March.
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4.1.2 Evaluating the Soiling Rate of Weekly Cleaned PV Panels at Various Tilt

Angles

Fig.4.2 mentions the soiling rate of the weekly clean panel of 0°, 10°, 20°, 30°, 60°, and 90°

tilt angles. These panels had been cleaned every week. In the fig.4.2. dashed blue line

indicates the rainfall event on the testing site. The green dashed line represents the manual

cleaning event that has been done every week of January, February, and March. Fig.4.2

shows the same trend as Fig.4.1, therefore for further calculation of economic analysis, we

will consider only the soiling rate of the monthly clean panel.
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Fig. 4.2 Soiling rates between cleaning cycles and rainfall of mono-facial weekly clean PV panels.
Table 4.2 Weekly Cleaned Panel Soiling Rate (%)

Date 0 10 20 Degree | 30 Degree | 60 Degree | 90 Degree
Degree | Degree
Jan (1t0 8) 1.21 0.96 0.83 0.66 0.40 0.06
Jan (12t0 17) 1.02 1.13 0.97 0.76 0.42 0.28
Jan (27 to 31) 0.96 1.001 0.89 0.71 0.40 0.04
Jan Average 1.063 1.030 0.897 0.710 0.407 0.127
Feb (5 to 10) 1.27 1.23 0.995 1 0.50 0.00
Feb (12 to 17) 1.39 1.17 1.07 0.94 0.57 0.00
Feb (20 to 24) 1.48 0.72 0.59 0.56 0.51 0.00
Feb Average 1.38 1.04 0.885 0.833 0.527 0.00
Mar (1 to 8) 1.002 0.89 0.84 0.73 0.50 0.098
Mar (9 to 16) 1.04 0.94 0.92 0.81 0.58 0.00
Mar (20 to 1.54 1.53 1.41 1.24 0.86 0.00
24)
Mar Average | 1.194 1.120 1.057 0.927 0.647 0.0327
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The table-4.2 shows the soiling rate of the weekly clean panel 0°, 10°, 20°, 30°, 60°, and 90°
tilt angles. For this set of PV panels, the cleaning intervention was taken once every week.
Between each cleaning intervention, we calculated the soiling rate. After that for each month
soiling rate has been calculated by averaging of specific tilt angle soiling rate.

4.2 Rainfall Data during the Experiment

Figure 4.3 shows the rainfall events that occurred during the experiment period. The data
covers the months of January to March 2022, which is normally a dry season. However,
there were some rainfall events, especially in January, when the amount of rainfall was high.

The rainfall decreased gradually in February and March.
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Fig. 4.3 Rainfall Data of January to March 2022.
The effect of rainfall on the cleaning performance of the PV panel was investigated. The

results showed that there was a threshold value of rainfall intensity that ensured effective

cleaning of the panel. Below this threshold, the panel remained dirty after the rainfall event.

4.3 Observing Angle Dependence of Different Tilt Angles Soiling Rate

Fig.4.4, shows the angle dependence of different tilt angles (0°, 10°, 20°, 30°, 60°, and 90°)
monthly clean PV panel soiling rates for the January, February, and March months. The
dashed violate line shows the average of the soling rate for these three different months. The
average soiling rates are 1.13, 1.07, 0.95, 0.82, 0.44, and 0.019%/day respectively. It also
shows the angle dependence of different tilt angles (0°, 10°, 20°, 30°, 60°, and 90°) weekly

clean PV panel soiling rates for the mentioned months. WC and MC panel also shows the
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same. The soiling rate for weekly clean panels is,1.21,1.06,0.95,0.82,0.53,0.9053%/day
which shows an almost similar soiling rate as monthly clean panels soiling rates. Fig.4.4,
indicates that the soiling rate of PV panels proportionally depends on the tilt angles. For
lower tilt angles, the soiling rate is high for higher tilt angles the soiling rate is less which is

expected.

MC and WC panel Soiling rate vs. tilt angle
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Fig. 4.4 Angle dependence of different PV panels soiling rates of monthly and weekly cleaned panel.

Here we can see that soiling rates between two different cleaning cycles are almost the same.
Interestingly, we observed that the soling rate of 0° weekly clean panel is higher than the
monthly clean panel. But the soiling rate of 10°, 20°, and 30° panels are the same. After that,
for 60° and 90¢ tilt angle PV panels, the soiling rates of the weekly clean panel is higher
than the monthly clean panel. Since the differences in soiling rates between the two different
cleaning cycles are very less, therefore, evaluating of the techno-economic analysis we

considered the average soiling rates of the monthly clean panels.
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4.4 Empirical Approach of Angle Dependence of Soiling Rate

From the experimental result, we observed that the angle dependence of PV panel tilt angles
and soiling rates were almost linear. Therefore, we avarage the monthly cleaned (MC) Panel

soiling rate and then fitted the curve linearly. From this curve we got a straight line equation.
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Fig. 4.5 Angle dependence of PV panels tilt angle relationship with soiling rate through an empirical

approach.

Fig.4.5, shows that the fitted curve is straight line. From this curve we can easily derive an
equation.

The linear model of angle dependence of PV panels tilt angle with soiling rates:

Coefficients
P;= -0.01263; P2=1.18; B = PV panel tilt angle

Figure 4.5 shows the relationship between the soiling rate and the tilt angle of the PV panels,
based on an empirical approach. The figure shows a linear fit of the average soiling rate,
which follows a decreasing trend. The equation of the fit can be used to estimate the soiling
rate for any specific location, where SR is a function of . To do this, we need to know the
soiling rate for the 0° tilt angle first. Then we can use equation (4.1) with the values of P1
and P2 to predict the soiling rate for other tilt angles of PV panels. Equation (4.1) can be

applied to our experiment location or Bangladesh to determine the soiling rate.
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Eqgn.4.1, shows the straight line equation, y = mx + c. We can also generalize the eqn.4.1

as the following eqn.4.2,

(SRg) = a(0) x (1 — :%) +a(90) (4.2)

This equation allows us to calculate the soiling rate for any tilt angle of PV panels for a
specific location if we know the soiling rate for the 0° and 90° tilt angles. In most cases,
from our experiment, we observed that the soiling loss for the 90° tilted PV panel was zero.

Therefore, we can set the value of a(90) to zero.

4.5 Optimum Cleaning Cycle of Different Tilt Angle

For the numerical analysis with varying cleaning cycles, we use the mean soiling rates
(averages over the fitting intervals) for each tilt 8. Fig. 4.6 illustrates the revenue versus
cleaning cycle for both mono facial PV panels. We set cleaning cost, € =5000 BDT/MW,
and tariff rate, R = 8.50 BDT/kWh. These are average values for Asia estimated from Ref.

(F)\alues in

[4]. The plots in Fig. 3 are obtained using experimentally measured ag, and E/;o

EQs. (3.2) and (3.3). The cleaning cycle t. discussed here is for the front face.

Table 4.3 Techno-Economic Analysis Summary of Monofacial PV setup

Panel tilt, | Clean panel output | Soiling rate, Optimum tc
B (W-h/Wp) a(%l/day) (Days)
0° 3.68 1.13 4
10° 4.08 1.07 4
20° 4.39 0.95 4
30° 4.53 0.82 4
60° 4.05 0.44 6
90° 2.79 0.019 >30

From the experiment, we assessed the energy production and soiling rate of the panels at
various tilt angles. Following that, we numerically estimated the optimum cleaning cycle
for each tilt angle using these data. As listed in Table-4.3, the optimum cleaning cycles for
B =0°, 10°,20°,30°,60°, and 90° tilted panels are 4, 4,4,4,6, and >30 days respectively.
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Fig. 4.6 Relationship between revenue and cleaning cycle of different tilt angles monofacial PV panel.

According to Fig.4.5, the solar panels that are optimally cleaned and tilted at 30° generated
the highest revenue. We can also observe that the PV panel with a 90° tilt angle has the
longest optimal cleaning cycle, which is more than 30 days. This is because the vertical
position of the PV panel minimizes the soiling loss. Therefore, the 90° tilted PV panel

requires less frequent cleaning than the other tilt angles.

4.6 Energy Generation Comparison between Different Tilt Angles

Fig.4.7 shows the energy output of different tilt angles of the PV panels. The 30° tilted PV
panel had the highest energy output, which was suitable for this location (23.7685° N,
90.4255° E). The figure also shows that the daily cleaned panel had the highest energy
output for each tilt angle, followed by the weekly cleaned panel and then the monthly
cleaned panel. This was due to the effect of soiling, which accumulated more on the monthly
cleaned panel than on the weekly cleaned panel.
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Fig. 4.7 Energy generation of PV panel in different tilt angles.
The daily cleaned panel was free of soiling and had the highest energy output for each tilt
angle. The weekly and monthly cleaned panels were cleaned once a week and once a month,
respectively. Therefore, the weekly cleaned panel had less soiling accumulation than the

monthly cleaned panel and generated more energy.

However, for the 60° and 90° tilted panels, there was a slight difference between the weekly
and monthly cleaned panels due to the higher tilt angle. Also, there was a technical issue
with the 60° tilted PV weekly cleaned panel during the experiment, which resulted in higher

energy output than the monthly cleaned panel.

4.7 Revenue Analysis for Monofacial PV Experimental Setup

During the economic analysis we considered four set of PV panel. Soiling less PV panel,
daily, weekly, and monthly cleaned PV panel. We consider there no soil accumulates on
soiling less PV panel. The total duration of the experiment from 1% January, 2023 to 26"
March, 2023, total 84 days.
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Fig. 4.8 Revenue comparison of soiling less, daily, weekly and monthly cleaned panel.

Figure 4.8 shows the mean daily revenues of the different PV panels during the experiment.
The soiling-less PV panel had the highest revenue because it did not incur any cleaning
costs. The revenue was calculated by multiplying the energy output and the tariff rate per
kWh. The daily cleaned panels had lower revenue than the weekly and monthly cleaned
panels because they required more cleaning interventions. The monthly cleaned panels had
higher revenue than the daily cleaned panels because they only needed three cleaning
interventions during the experiment, one at the beginning of each month. The weekly
cleaned panels had the highest revenue among the cleaned panels because they were cleaned
optimally. As shown in section 4.5, the optimum cleaning frequency for each tilt angle was
4 to 6 days, which was close to the weekly cleaning schedule. The weekly cleaned panels
were cleaned 12 times in three months.

It is interesting to note that the daily cleaned panel, which had the highest energy output in
Figure 4.7, had lower revenue than the weekly and monthly cleaned panels because of the
high cleaning cost. The monthly cleaned panel, which had the lowest cleaning cost, had
lower revenue than the weekly cleaned panel because of the high soiling accumulation.
Therefore, for a PV farm, only the optimally cleaned PV panels can maximize the revenue
by balancing the revenue and cleaning cost. Fig.4.8 shows that the 30° tilted PV panel had
higher revenue than the other tilted PV panels for all cleaning schedules.

It should be noted that the revenue calculations for the weekly cleaned panels did not
consider the rainfall events, while the monthly cleaned panels experienced several rainfall

events in the same month. However, the weekly cleaned panels still had higher revenue than
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the monthly cleaned panels. This suggests that the rainfall events during the experiment

were not enough to offset the cleaning costs.

4.8 Analysis of Bifacial PV Panels

4.8.1 Evaluating the Soiling Rate of Bi-Facial PV Panels at VVarious Tilt Angles

This experiment has been conducted in winter from 12" December 2021 to 14" February
2022. During the experiment, one set of bifacial panel configurations have been cleaned
daily. The other set (unclean panels) was left outdoors to accumulate dust. There were five
rain events during the experimentation when the unclean panels were naturally cleaned fully

or partially. Additionally, these ‘unclean panels’ were manually cleaned on 1% February
2022.

The performance ratio (PRg (t)) of the front faces of the 0°, 20°, and 30° tilted unclean PV

panels are shown in Fig. 4.9. Some of the data from 15 January to 20 January 2022 are
missing due the data logger downtime. In these figures, the solid vertical lines indicate rain

and dashed vertical lines indicate manual cleaning. The soiling rate (SR, ag) of a panel has

been determined from the slope of PR‘ﬁD between two cleaning interventions (rain or manual

cleaning).
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Fig. 4.9 Soiling rates between cleaning cycles and rainfall (a) 0-degree tilt angle, (b) 20-degree tilt angle, and
(c) 30-degree tilt angle.

Fig. 4.9 shows that the performance ratio of PV panels almost linearly decreased with
respect to time. Therefore, the accumulation of soiling on PV panels decreases the PV
panel’s generation proportionally. On the 11" of January 2022, rainfall completely cleaned
the uncleaned panels. Therefore, a good amount of rain can clean the uncleaned panel
properly, and cleaning expenditures can be avoided on such days. We observe that the

soiling rates vary within a few weeks. Finally, as expected, the soiling rate is higher at lower
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tilt angles. We calculated the performance ratio PRE for the back-facing panels as well (not

presented here). We observed no degradation in the mean PRE indicating no measurable

soiling on the back faces.

4.8.2 Optimum Cleaning Cycle of Bifacial PV Panels

For the numerical analysis with varying cleaning cycles, we use the mean soiling rates
(averages over the fitting intervals) for each tilt 8. Fig. 4.10 illustrates the revenue versus
cleaning cycle for both monofacial and bifacial PV panels. We set cleaning cost, C =0.03
USD/kWp, and tariff rate, R = 0.0895 USD/kWh. These are average values for Asia

estimated from Ref. [4]. The plots in Fig. 4.10 are obtained using experimentally

measured ag, E[gg), and E[Sl;) values in Egs. (3.2) and (3.4).

0 degree Revenue vs. Cleaning Cycle 20 degree Revenue vs. Cleaning Cycle 30 degree Revenue vs. Cleaning Cycle
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Fig. 4.10 Relationship between revenue and cleaning cycle, (a) 0-degree tilt angle, (b) 20-degree tilt angle,
and (c) 30-degree tilt angle.
As discussed earlier, the soiling effect on the rear side of bifacial panels is zero. The cleaning
cycle t. discussed here is for the front face. As listed in Table I, the optimum cleaning
cycles for g =0°, 20°, and 30° tilted panels are 5, 5, and 6 days respectively. From Fig.

4.10, we also see that optimally cleaned, 20° tilted panels may yield the highest revenue.

We found that the optimum cleaning cycle for bifacial PV panels is the same as for
monofacial PV panels. This is because bifacial PV panels only experience soiling on the
front side. So they need to be cleaned as often as monofacial PV panels. However, we
suggest that the rear side of bifacial PV panels should be cleaned once a month to prevent
cementation.
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Fig. 4.10 indicates that, compared to monthly cleaning, optimal cleaning can increase the
revenue by 5.5-8% (or 7.5-10%) for bifacial (or mono facial) panels. We also observe a 27-

34% increase in revenue for bifacial compared to mono facials.

Table 4.4 Techno-Economic Analysis Summary of Bifacial PV setup

Panel tilt, 3 |Clean panel output (W-h/Wp)|Soiling rate,| Optimum t.
% & | a (%/day) (Days)
Front, Eﬁ0 Back, E,@o
0° 2.62 0.837 1.058 5
20° 3.203 0.823 0.753 5
30° 3.23 0.837 0.687 6

Table-4.4 also presents the clean bifacial panel output. Depending on the tilt, the back face
can collect a fraction of diffuse sunlight and the albedo. The back-face light collection will
be determined by the view factor from the panel face to the sky and the ground [54]. For
sufficiently elevated standalone panels, the back-face collection during Dec.-Feb. in Dhaka
is predicted to be comparable for 0°, 20°, and 30° tilts [55]. This is consistent with our
measurements. We measured the energy output and soiling rate of the panels at different tilt
angles from the experiment. Then we used these data to estimate the optimal cleaning cycle
for each tilt angle numerically. We found that for 0°, 20°, and 30° tilts the optimum cleaning
cycle is 5 to 6 days.

4.9 Revenue Analysis for Bifacial PV Experimental Setup

During this set of experiment we have considered 3 set of cleaning cycle, always cleaned,
uncleaned and optimally cleaned. Fig.4.11, shows the mean daily revenues of the different

PV panels during the experiment.

39



0.04

o
o
@

1) Rear Panel

Front Panel

SL = Soiling Less Panel
UC = Uncleaned Panel
0.01} {OC = Optimally Cleaned Panel

Revenue(USD-¢/Wp)

0

SLUCOC SLUCOC sLucoc

0-Degree 20-Degree  30-Degree
Tilt Angle

Fig. 4.11 Revenue comparison of uncleaned and optimally cleaned panel.
As expected, the soiling less panel (SL) panels yield higher than the unclean (UC) panels.
These are calculated from the energy production measured in the experiments. The revenue
from the optimally cleaned (OC) panels is also shown here. Note that, the numerical
calculations for OC panels neglect rainfall, whereas the measured UC panels had 5 rain
events. Even then the revenue from OC panels is higher than that of UC. This indicates that
the few rainfall events during the experiment did not have a strong enough impact to

overweigh the cleaning costs.

40



CHAPTER 5
NON-UNIFORM SOILING ECONOMIC ANALYSIS

Soiling can degrade the performance of photovoltaic (PV) panels over time. Some cleaning
techniques may not remove the dust and particle evenly, causing partial or non-uniform
shading on the PV panel. This can reduce the output power and lifetime of the panel,
affecting the economics of the PV farm. We developed a simple 1-V scanner to measure the
changes in the 1-V and P-V curves of the PV panel under different shading scenarios. We
used controlled experiments to emulate and analyze the effects of bird-droppings and

uneven soiling on the PV panel surface.

This chapter investigates the impact of partial or non-uniform shading on PV panels due to
soiling or bird droppings. We use the maximum power point (MPP) of the PV panels to
compare their performance under different shading scenarios. We show how soiling bands
or bird droppings on the panel edges can reduce the output of the panel array and suggest
ways to optimize solar farm operation. We also design a simple and portable 1-V scanner to

measure the changes in the I-V characteristics of a PV module in real-time.

Implemented I-V scanner is made of locally available components and is cost-effective and
convenient for research and evaluation purposes. The experiment involves covering
different percentages of the area of random solar cells to simulate the effect of shading on
the panel's I-V and power curves. We explain and correlate the relationship between the
panel's power output and the shading coverage area in relation to soiling and bird-dropping
conditions. This type of shading is different from row-to-row shading and should be

carefully considered for an optimal solar farm operation.
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5.1 1V Scanner Design Concept

In the 1-V scanner design, we use an n-channel MOSFET (IRF540) as a non-linear variable
load. The basic concept is that, for the different gate to source voltage (Vas), the I-V curve
of the MOSFET will change. This gives an electronically controllable, varying load for the
panel. The change of I-V curve of the MOSFET will intersect at different operating points
of the PV module I-V curve. Therefore, a collection of intersecting points of MOSFET and
PV module I-V curve can be measured to capture the I-V characteristics curve of the PV

module.

PV panel I-V Curve MOSEET I-V Curve

Fig. 5.1: I-V characteristics curve of MOSFET and PV module and I-V curves intersecting point.
Fig. 5.1 shows a schematic I-V characteristics curve of the MOSFET when the gate to source
voltage (Ves) is increased. Fig. 22 also indicates the 1-V characteristics of a PV panel. When
the MOSFET is used as a non-linear load for the PV panel, the I-V characteristics curve of
the MOSFET intersects the specific operating points of PV module |-V characteristics as
illustrated in figure. These intersecting or operating points can then be read automatically to
form the module I-V characteristics.

5.2 PV Module Connection

We use 30 W PV modules (model number: SLP030-12, from Solarland) in our experiment.
Each PV module has 36 solar cells interconnected in series in two strings. For conducting
the experimental setup, two 30 W PV modules are connected in series. Each of the modules
has 2 bypass diodes—our panel setup is therefore a 4 bypass-diode system. Fig. 5.2 (a), and
(b) presents two PV modules connected in series containing 4 strings of solar cells. Each
string contains one bypass diode for mitigating the effect of partial shadings. In table-5.1
we can see the technical specification of the PV modules that has been used during the

experiment.
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PV module 1 PV module 2

String#1 String#2 ~ String#3 String#4

Fig. 5.2 (a) Connection of PV modules, (b) bypass diode connection in PV modules.

Table 5.1: Electrical Parameters of PV Module Specifications

Items Symbols | Values
Maximum power Pmax | 30W
Operating voltage Vmp 172V
Operating current Imp 174 A
Open circuit voltage Voc [216V
Short circuit current Isc 1.93A

5.3 1-V Scanner Circuit Diagram

PV module

Drain
IRF540  Source
R2=2kQ

MOSFET Gae | °2W1Q
R1 =16 kQ
(GND) /MA

0] S * I
(GND)
Triangular Wave Generator \ Data logger '—-) IV

Fig. 5.3. I-V scanner schematic circuit diagram.

SV |
Triangular
Wave

Fig.5.3 represents the circuit diagram of the designed I-V scanner. For switching the
MOSFET IRF540, a triangular wave of 5V peak is provided to the MOSFET gate terminal
from the triangular wave generator. The triangular control signal ensures that the panel I-V
is automatically and repeatedly scanned. The triangular wave peak voltage is 5V and its
time period is 2s. The drain terminal of the MOSFET is connected to the positive (+)
terminal of the PV module. A voltage divider is used with a divider ratio of 8:1 between the

PV module terminals. To ensure this ratio, R2= 2kQ and Ri= 16kQ are chosen.

The main purpose of this voltage divider is to limit the data logger input to the analog pin
of Arduino Mega within 5 V. Since the open circuit voltage of the series connected PV

module is around 40 V, therefore, this 8:1 voltage divider ratio scales the voltage reading of
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the PV module to 5 V. PV module voltage reading (V) is taken from the middle of the
divider resistor R1 and Rz2. During the acquisition of PV module voltage (V), the measured
value is appropriately rescaled (multiplied by 9). Here, the source terminal of the MOSFET
is connected to the ground through the 1Q ceramic resistance, which reads the current (1) of

the PV module through another analog pin of the data logger.

The current (1) and voltage (V) values are simultaneously measured to read each operating
point. After multiple scans (multiple periods of the control triangular wave), we obtain a

full 1-V characteristic of the panel.

5.4  Experimental Methodology

To test partial shading conditions, we artificially cover parts of the cells in the panel setup
and observe the 1-V and power outputs. PV module 2 was not covered, but different cells
within PV module 1 were systematically covered (partially shaded) for observing the
changes in I-V characteristics curve of the PV panel setup. Table-5.2 summarizes the
description of conducted experiments (labeled A, B, C, D, and E). Fig.5.4 (a) shows a solar
cell area cover (%) that is used during the experiment. Here, 0% (no shading), 25%, 50%,

75%, or 100% area were covered (using black cello tape) on a cell.

Table 5.2 Description of the Conducted Partial Shading Experiment

expAl |String 1, one cell 25% cover
expA2 |String 1, another cell 25% cover
expBl |0% Cover

expB2 |String 1, one cell 25% cover
Experiment B expB3 |String 1, one cell 50% cover
expB4 |String 1, one cell 75% cover
expB5 |String 1, one cell 100% cover
expCl |String 2, one cell 25% cover
expC2 |String 2, one cell 50% cover
expC3 |String 2, one cell 75% cover
expC4 |String 2, one cell 100% cover
expD1 |String 1, one cell 25% cover
expD2 |String 1, one cell 50% cover
expD3 |String 1, one cell 75% cover
expD4 |String 1, one cell 100% cover
Experiment E expE |String 1,2,3; 25,50, 75% cover

Experiment A

Experiment C
(String 1, randomly one cell 25% fixed
cover)

Experiment D
(String 1, randomly one cell 25% fixed
cover)
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Fig. 5.4(b) represents experiment B where one solar cell is picked randomly (within PV
module 1, string 1) to test its change in 1-V curve under 0%, 25%, 50%, 75%, and 100%

area-cover conditions.

Fig. 5.4(c) illustrates the experiment C, where one solar cell (from PV module 1, string 1)
was 25% covered, and another random cell (from module 1, string 2) was randomly covered
from 25% to 100%.

Fig. 5.4(d) visualizes experiment D which shows one solar cell was 25% covered and
another solar cell was covered from 25% to 100% — in experiment D, both the cells are
within the same string (i.e., in PV module string 1). Fig-4.4(e) and (f) represent the
experimental setup of the I-V scanner and an experimental example of expC4 which

describes in table-5.2.

variations
\

Cover (%) variation of a solar cell
25% cover 50% cover

T(1), cover(%)

1l
1

75% cover 100% cover

String#1 String#2 String#3 String#4
(@) g g () g g

Fixed
T(F), cover(%)
Fixed

N
~

Variations
T(1), cover(%)
Variations

T(1), cover(%) T(F), cover(%)

String#1 String#2 ~ String#3 String#4 String#1 String#2 (d)String#3 String#4

(e)

Fig. 5.4: (a) Individual solar cell cover (%) variation have been defined here. Various experiment conditions are
shown: (b) experiment B: solar cell cover (%) variations in string 1, (c) experiment C: stringl fixed 25% cover,
string2 individual cell cover (%) variations, (d) experiment D: stringl fixed 25% cover, stringl another cell cover
(%) variations. (e) Experimental setup of I-V scanner. (f) Example of the conducted experiment, i.e. expC4 of table-
1.
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5.4.1 Experimental Data Analysis from Reading Data

I-V curve measurements for all the experiments listed in table-Il have been done outdoors
under natural lighting conditions. All the relevant measured 1-V and the corresponding
calculated P-V are shown in Fig. 5.5. As expected, in experiments A, B and D, the I-V has
an additional step triggered by one of the bypass diodes due to shading on the same string.
I-V curve in experiment C shows two additional steps correlated to activation of two
separate bypass diodes in different strings. These results, however, cannot be compared as
the sunlight intensity was different from one I-V reading to the other. We, therefore compare

normalized I-V and P-V characteristics as discussed in the next section.
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Fig. 5.5. (a) I-V curve of experiment A (a cell of stringl, 25% cover; another cell of string 1, 25% cover), (b)
P-V curve of experiment A, (c) I-V curve of experiment B (string 1 cell 0%, 25%, 50%, 75% and 100% cover
variation), (d) P-V curve of experiment B, (e) I-V curve of experiment C (string 1, a cell 25% fixed cover,
string 2 another randomly picked cell, 0%, 25%, 50%, 75%,and 100% cover variation), (f) P-V curve of
experiment C, (g) ) I-V curve of experiment D (string 1, a cell 25% fixed cover, string 1 another randomly
picked cell, 0%, 25%, 50%, 75%, and 100% cover variation), (h) P-V curve of experiment D.
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5.5 Normalized Experimental Data Analysis

For appropriate comparison of the PV panel under different shading coverage conditions,
the experimental data are normalized. On a given 1-V measurement, both the voltage and
current have been normalized to the maximum (i.e., open circuit) voltage and the maximum

current (i.e., short circuit), respectively.

Fig. 5.6(a) shows that the I-V curves from experiment A. We see here that the I-V
characteristics overlap. Similarly in Fig. 5.6(b), the P-V curves of two experiments expAl
and expAz2 overlap. The overlapped curves in Fig. 5.6(a) and (b) indicates that we expect
the same relative lowering of output due to the same shadow coverage, irrespective of the
position of the cell. Fig. 5.6(c) shows the normalized I-V curve of experiment B where, one
solar cell has 25%, 50%, 75%, and 100% cover in string 1. Therefore, the bypass diode is
triggered at lower voltages to maintain the same short circuit current. For 0% cover
condition, we find the maximum power output as shown in Fig. 5.6(d). Fig. 5.6(d) represents
the normalized power output for cell shading area coverage varied from 25% to 100%. It is
observed that maximum power (Pmax) decreases when shading changes as 0%, 25%, and
50%. The Pmax value does not change for 50%-100% shading due to the activation of the
bypass diode at the maximum power point (MPP).

Fig. 5.6(e) shows the I-V curve characteristics for all the cases of experiment C (string 1
solar cell fixed 25% cover, and another cell coverage varied from 25% to 50%, 75%, and
100%). Therefore, in all cases, string 1 bypass diode triggered at 25% of current. For exp-
C1 (25%+25% shading) it seems that the coverage of the same amount area of two strings
has the same impact as in exp-B with 25% shadow. From exp-C2, exp-C3, and exp-C4, it is
seen that the string-2 bypass diode triggered again for 50%, 75%, and 100% coverage of the
solar cell of string 2, respectively. As string-1 is also 25% shaded, the bypass diode activated
MPP will also see ~25% lowered Pmax, as observed in Fig. 5.6(f). Fig. 5.6(g) and (h)
illustrates the 1-V and P-V characteristics of experiment D.
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Fig. 5.6. (a) Normalized I-V curve of experiment A (a cell of stringl, 25% cover; another cell of string 1, 25%
cover), (b) Normalized P-V curve of experiment A, (c)
0%, 25%, 50%, 75% and 100% cover variation), (d) Normalized P-V curve of experiment B, () Normalized
I-V curve of experiment C (string 1, a cell 25% fixed cover, string 2 another randomly picked cell, 0%, 25%,
50%, 75% and 100% cover variation), (f) Normalized P-V curve of experiment C, (g) Normalized I-V curve
of experiment D (string 1, a cell 25% fixed cover, string

Normalized I-V curve of experiment B (string 1 cell

1 another randomly picked cell, 0%, 25%, 50%, 75%

and 100% cover variation), (h) Normalized P-V curve of experiment D.

In this experiment, one cell is 25% shaded, while shading on another cell in the same string
is varied. Being under the same bypass diode, the effect of shading in two cells is dominated
by the higher shadow coverage. That is why, experiment D shows identical trends as
experiment B. Interestingly, we observe that the current is non-zero even when we fully
cover the cell (100% coverage). This is mainly due to the following two factors: (1) the

black-tape used for shading is not perfectly opaque, and (2) light scattering within the panel

contributes to diffuse light collection from adjacent cell positions.
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5.6 MPP Comparison of Experiment B, C, and D

Fig.5.7 indicates the comparison of maximum power (Pmax) of experiments B, C, and D. For
experiment B, from PV modulel stringl, solar cell area coverage varies as 0%, 25%, 50%,
75%, and 100%. For 0% coverage, the power of the PV panel is the maximum. We observe
that, up to 50% of shading, the power monotonically decreased with the percentage of
shading on the solar cell. For 50% or higher cell shading Pmax does not change.

Normalized MPP comparison of experiment B, C, and D
0.8

0.74 Experiment B

0.6}
Experiment D

Normalized Power

0.5¢ .
Experiment C

0.4

0 25 50 75 100
Solar cell area cover, fy(cen) (%)

Fig. 5.7. Maximum Power Point comparison of experiment B, C, and D.

This is because the shaded string is bypassed under these high shading scenarios. This was
also seen in Fig. 5.6 (P-V plots) where the MPP peak shifts to a lower voltage due to
activation of bypass diodes. Experiment B and D are approximately the same due to shading
on a single string, as explained in the previous subsection. For the plot for experiment C,
however, we see that the Pmax Saturates at a lower value (for shading >50%). In this case
(i.e., exp-C), after the MPP is restricted by the bypass diode, the current is also lowered at
the second string due to 25% shading. That is why, the normalized power for shading of

50% or more is lower in experiment C compared to experiments B or D.

5.7 Multiple String Coverage of PV modules

Fig. 5.8(a) shows the I-V curve of experiment E where string 1 one cell was 25% covered,
string 2 was 50% covered, and string 3 was 75% covered, therefore stringl diode triggered
at almost 25% current, string2 diode triggered at almost 50% current, string3 diode triggered
at almost 75% current. Fig. 5.8 (b) shows the P-V curve of experiment E. Here, the middle
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one among the three peaks is the MPP, where all the shading effect considerations are
combined.
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Fig. 5.8: Experiment E (a) normalized I-V curve, (b) normalized P-V curve.

5.8 Correlation with Non-Uniform Soiling and Bird-dropping

Prior literature shows that there can be three types of soiling band shape at the bottom edge
of a solar panel, such as: triangular, rectangular, and transverse trapezoid [13]. Fig. 5.9(a)
represents the triangular soiling band-shape which mostly covers a cell from string 1, and
partially covers a cell from string 2. Fig. 5.9(b) presents the rectangular soiling band shape
which covers the bottom edge of both cells of the two strings. Fig. 5.9(c) illustrates a
transverse trapezoidal soiling band. Such soiling bands can remain on panels even after
cleaning, especially when machine-cleaning is used. All these three scenarios can be related
to our experiment-C. As we have explained earlier, the output of the system can be
drastically suppressed only with partial shading of a few cells—therefore the effectiveness
of cleaning should be carefully reevaluated if such soiling bands persist.

Bird-dropping can randomly shade different cells on the panel [56]. Fig. 5.9(d) represents
the bird-dropping in PV panels in different strings in different portions. Effects of low to
heavy bird dropping rates on panel output can therefore be correlated to all our experimental
results. A combined soiling and bird-dropping scenario equivalent to our experiment-E can

drastically suppress output—the desired operating output then cannot be retained until a
proper cleaning intervention.
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Fig. 5.9.: Soiling band schematic diagram (a) triangular, (b) rectangular, (c) transverse trapezoidal, (d) bird-
dropping schematic diagram on PV panel.

5.9 Economic Analysis of Non-uniform Soiling

Non-uniform soiling drastically decreases the power generation of PV panels. Different
events are responsible for the non-uniform soiling on PV panels for example bird droppings,
sand storms, or snowfall. We analyzed the revenue losses due to the non-uniform soiling in
a PV power plant. The designed I-V scanner has been used to observe the changes in the I-
V characteristics curve of PV panels due to non-uniform soiling and shading conditions. A
correlation has been done with the various shadowing condition like the bottom edge soiling
condition of PV panels or bird-dropping. In a PV power plant, non-uniform soiling may
occur at the edge of PV panels after cleaning intervention. Considering these, scenarios we
conducted an economic analysis for determining the effect of non-uniform soiling on the
revenue of PV power plants. Finally, the relations between the cleaning cycle, performance
loss factor, and solar cell area coverage with respect to revenue have been also discussed in
this section.
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5.10 Revenue Analysis for Non-uniform Soiling

In case of uniform soiling on modules, the performance ratio, PR (unclean to clean panel
output ratio) decreases daily due to dust accumulation. After a cleaning intervention, PR
immediately resets to unity. The temporal characteristics of PR is saw-tooth-like with
periodic cleaning—this is shown in Fig.5.10 (a). Clearly, PR is not always equal to 1 — this
indicates unavoidable energy loss for any cleaning cycle t. (>1). The cleaning cycle and its
costs are chosen to maximize revenue [20]. The revenue under uniform soiling with a

cleaning cycle of t, can be written as [20]:
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Fig. 5.10. Performance ratio versus cleaning cycle (a) without non-uniform soiling, (b) with non-uniform
soiling conditions (edge soiling due to machine or manual cleaning), and (c) with non-uniform soiling
conditions (bird-droppings, snowfall, sand storm )

c 1

1
ReVU = REO [1 — Eatc — R_EO E (51)
Here, R is the tariff rate, a is the soiling rate, E, is the mean daily rated (i.e., clean panel)

energy output, C is the cleaning cost, and ¢t is the cleaning cycle.

Consider a scenario where there is always some accumulated dust (e.g., as shown in Fig.
5.10(b)) at the edges. In this case, after inefficient machine cleaning, the PR does not return
to unity, see Fig. 5.10(b). We define this residual loss through the “Performance Loss (PL)
Factor”,y. With time, the module will continuously accumulate uniform dust with no
reduction in PR until the rest of the module area reaches soiling-loss comparable to that at
the edges. Therefore, after each inefficient cleaning cycle, the PR reaches(1 —y). The
additional loss per cycle is marked are the shaded triangular area. The corresponding mean
daily loss in PR related to this triangular area is (y?/2a). A similar loss may occur due to a

sudden soiling band formation due to wind, or bird dropping (see Fig. 5.10(c)).
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For the uniform soiling, the PR can decrease by ~at. at the end of a cleaning cycle.
Therefore, if y > at,, the uniform soiling on the panel area never reaches the edge-soiling
loss of y. In such a case, the performance ratio always remains at PR = y showing no effect
or signature of cleaning. Finally, the revenue under combined uniform and non-uniform

soiling with the cleaning cycle of t. can be written as:

REoll—latc_ii_ﬁ y<atc
Revay = 2 RE, tc 2a|’
RE, (1—y—i1) .y > at (5.2)
0 RE, t, ’ ¢

The term (C/REt.) accounts for the loss in revenue due to panel cleaning at each cleaning

cycle.

Finally, the performance loss factor y can be related to the solar cell area cover fraction
(faccewy) from Fig.5.7. The fractional loss in ‘Normalized power’ with increasing fuceip) IS

equivalent to y. Therefore, a second-order polynomial fit gives:

facewy = —=5v* +3.2y (5.3)
Equations (5.2) and (5.3) relate the revenue (Revyy) to the solar cell area cover fraction

(fa(cew) due to non-uniform soiling in presence of constant uniform soiling (rate: a).

Fig. 5.11 and 5.12 show the normalized revenue and the revenue is the presence of uniform
non-uniform soiling. Normalized revenue is the dust-affected revenue normalized to the
soiling-free revenue of a solar farm. The revenue, of course, considers the reduction in cash-
inflow due to costs incurred by periodic panel cleaning. In our calculations, we assume
values relevant to South Asia: R = 0.0895 USD/kWh, E, =.1123 kWh/day, C =
0.03 USD/kWh/Wp, a0.8%/day [4], [11].
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Fig. 5.11. Relationship between (a) normalized revenue and decreasing factor of performance ratio (y) (b)
normalized revenue and covered area (%) due to non-uniform soiling.
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With, facceury = 0 (i.e., y = 0), there is no non-uniform soiling. However, as shown in Fig.
5.11, due to natural uniform soil accumulation the normalized revenue f5 is 97%, 94%, and
88% for cleaning cycles of t, =7, 15, and 30 days, respectively. This means we will lose
3%, 6%, and 12% of the rated clean-panel revenue during these cleaning cycles—it is
impossible to reduce the revenue loss to zero in presence of soiling [4]. The corresponding
revenue values are shown in fig. 5.12. With increased non-uniform soiling (e.g., due to

inefficient cleaning), f4c..y > 0 and the revenue decreases further (as explained in eqgn.

(5.3)).
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Fig. 5.12. Relationship between (a) revenue and decreasing factor of performance ratio (y) (b) revenue and
covered area (%) due to non-uniform soiling.

The non-uniform soiling, i.e., fiey > 0 can have a strong reduction in revenue.
Interestingly, for f4ceiy > 25% cleaning cycles of 7 and 15 days result in similarly reduced
revenues—the loss is >10%. This extraordinarily high loss will persist unless the panels and
their edges are appropriately cleaned. In the unlikely case when fy ;i) > 45%, tc =7, 15,

or 30 days result in the same >20% loss in revenue.
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CHAPTER 6
CONCLUSIONS

This chapter summarizes the research work on the techno-economic analysis of uniform and
non-uniform soiling for both mono-facial and bifacial setups. It also discusses the
limitations of the research work and the future work that can be done to further explore this
field.

6.1 Monofacial PV Setup Experiment

In this research, we had experimented in three months January, February, and March of 2022.
We determined the soiling rate for monofacial panels tilted at 0°, 10°, 20°, 30°,60°, and 90°.
To determine the performance ratio and soiling rates in South Asia, we experimentally
assess the outputs of clean and weekly clean, and monthly clean panels at these tilts (Dhaka,
Bangladesh). Finally, we used these average soiling rates to evaluate the economic analysis
for these monofacial PV panels. We also showed the revenue comparison among always
clean, weekly clean, and monthly clean. The most interesting part is that from the soiling
average we have linearly fitted the curve and determined a formula, by using which we can

predict the soiling rate of a specific location.

The average soiling rates for monthly clean panel are 1.13, 1.07, 0.95, 0.82, 0.44, and
0.019%/day respectively. The corresponding predicted optimal cleaning cycles are 4,
4,4,4,6, and 30 days. During the economic analysis, we found that 30° weekly clean panel
shows the maximum revenue during the experimental period. For all tilt angles weekly clean

panel shows the maximum revenue than the monthly clean panel.

6.2 Bifacial PV Setup Experiment

In this work, we have presented a techno-economic analysis of the effect of soiling on
monofacial and bifacial panels tilted at 0°,20°, and 30°. We experimentally measure the
outputs of clean and unclean panels at these tilts to calculate the performance ratio and
soiling rates in South Asia (Dhaka, Bangladesh). We finally present a model and its
predictions of cleaning cycle-dependent revenue. In winter, we experimentally observe
soiling rates of 1.058, 0.753, and 0.687 %/day at the front faces of the 0°, 20°, and 30° tilted
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bifacial panel setup, respectively. The corresponding predicted optimal cleaning cycles are
5,5, and 6 days. The soiling on the back faces was negligible. Our numerical analysis shows
that optimal cleaning increases the revenue by 5.5-8% (or 7.5-10%) for bifacial (or

monofacial) panels compared to monthly cleaning.

Finally, the unclean (UC) panels underwent five rain events (natural cleaning) within the
two-month experiment. Yet, the optimally cleaned (OC) panels are predicted to have higher

revenue (cash-inflow minus costs) even with the higher net cleaning expenditures.

6.3 Non-uniform soiling and Economic Analysis
6.3.1 Designing I-V Scanner and Conducting Experiment

We have presented a simple design of an I-V scanner along with its implementation
technique in this paper. Using this I-V scanner, we measured and analyzed the effects of
partial shading on a 4-bypass diode PV panel system. The partial shading experiments were
designed to understand the effects in the case of soil accumulation on panel edges or bird
droppings. Such partial shading conditions are fundamentally different from the more
commonly studied row-to-row shadings. Through our experiments, we have observed and
explained how output can degrade with partial shading on single or multiple cells within the
same string. In such cases, only one bypass diode may be active at MPP at high shading.
Shading on only a few cells (e.g., in the case of bird droppings) in multiple strings can

drastically reduce output.

Finally, the maximum output power correlation with the solar cell coverage area (%) is also
shown to better understand the effect of non-uniformly accumulated soiling on the bottom
edge solar cell PV module. More importantly, such soiling bands may remain after machine
cleaning—therefore, the large panel arrays may continue to underperform even after
cleaning. Based on the understanding of this paper, the edge soiling and bird-dropping cases

should be more carefully addressed in a large array of panels in solar farms.
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6.4 Summary of Techno-Economic Analysis under Uniform Soiling Conditions

We did the economic analysis in two parts: (a) Techno-economic analysis using data from

the experiment, and (b) Revenue and cleaning cycle prediction using numerical analysis.

We did the economic analysis for both monofacial and bifacial PV setups. The techno-
economic analysis showed that the soiling free panel had the highest revenue because we
did not deduct the cleaning cost from the revenue. The soiling free panel and the daily
cleaned panel produced the same amount of energy, but the daily cleaned panel had the
lowest revenue because of the high cleaning cost. The daily cleaned panel also had lower
revenue than the weekly and monthly cleaned panels. In reality, a soiling free panel is not
possible, so we cannot get the maximum revenue by cleaning the PV panel every day. On
the other hand, if we clean the PV panel once a month, we will lose revenue because of the
energy loss due to soiling. Therefore, there is an optimum cleaning cycle that balances

between revenue and cleaning cost.

The numerical analysis showed that for PV panels with tilt angles from 0° to 60°, the
optimum cleaning cycle is 4 to 6 days. The experiment results also showed that for a 7-day
cleaning cycle, we got more revenue than for a daily or a monthly cleaning cycle. So, to get
the maximum revenue from a PV power plant, we can conclude that the optimum cleaning

cycle is the best option.

6.5 Summary of Techno-Economic Analysis under Non-uniform Soiling Conditions

We modeled a numerical analysis for evaluating techno-economic analysis where the non-
uniform soiling conditions are considered. The relationship of revenue between the
performance loss factor and area cover (%) due to non-uniform soiling is also shown in this
study.

During the experiment, we found the |-V characteristics curve of a PV panel changes
abruptly concerning the different shadowing conditions. In a string of a PV panel when
around 50% shadow occurred then the bypass diode of that string is triggered therefore then
the output power does not change even if the area coverage increases. We have found that
the cleaning cycle has a significant influence on the non-uniform soiling effect. In uniform

soiling conditions for 7 days cleaning cycle, the normalized revenue becomes 97%, and for
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the cleaning cycle of 15 and 30 days, the revenue becomes 94% and 88% respectively.
Surprisingly for cleaning cycles 7 and 15 days, if the area of non-uniform soiling on a solar
cell is greater than 25% then the decrease of revenue for both cleaning cycle become the
same. For cleaning cycles of 7, 15, and 30 days, the revenue decrease for all cleaning cycles
is the same if the non-uniform soiling area on a solar cell exceeds 45%.Therefore, in these
rated cleaning cycles it is impossible to avoid the effect of non-uniform soiling on the PV
panels. From the study, we found the lower the cleaning cycle the lower the loss due to non-
uniform soiling. Non-uniform soiling on PV panels can reduce the power generation of a
PV panel drastically. The effect of non-uniform soiling cannot be mitigated until the
cleaning intervention is performed. Therefore, when engineers design the PV power plant,
should address the condition of non-uniform soiling in PV panels on different cleaning

cycles for ensuring maximum revenue.

6.6 Implications of this Thesis

The aim of this thesis is to measure the soiling rate, determine the optimum cleaning cycle
for different tilt angles of solar panels. This study also examines the impact of uniform and
non-uniform soiling on solar panel performance. This study can help the PV power plants
in Bangladesh to maximize their revenue by balancing revenue and net cleaning cost. We
propose the optimum cleaning cycle for various tilt angles and suggest that PV power plants
follow it to ensure maximum revenue. We developed and built a low-cost and portable I-V
scanner that can be easily used by PV power plants to detect non-uniform soiling conditions
of solar panels. This thesis can help PV power plants to reduce the energy loss due to
uniform and non-uniform soiling. If PV power plant can generate electricity efficiently and
profitably, then this result can attract more investment in sustainable energy sector. This can
help to meet the country’s energy demand and reduce the reliance on fossil fuels. Installing
more PV power plants and using them efficiently to generate electricity can help to address

the energy crisis in this country.
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6.7 Limitations of the Research Work

No research work is perfect and this thesis paper is no exception. It is the result of many

months of hard work, research and analysis. We achieved all the objectives of this research,

but we also faced some limitations during the experiments. We mention them in the

following section.

6.8

A full year data and its analysis would have given a more comprehensive
understanding of soiling-cleaning in Bangladesh. Due to limited time and resource,
we only focused on the dry season. Nonetheless, the estimation from the dry season
is a very good estimate of soiling and cleaning in our country as the panels would
stay clean in the rainy season due to regular rainfall.

We conducted the experiment for only one location, it would have been good if we
could conduct the experiment for multiple locations.

It would have been fine if we could assess the air quality index data of site for
analyzing the economic analysis. But we got a basic idea about the weather pattern
and soiling physics for our location.

We understood there are lots of scopes to investigate the effect of Non-uniform
soiling conditions on solar panels. We could not perform the statistical analysis of
the PV panel performance due to non-uniform soiling, because of our limited time
and resources.

Future Work of the Research

The research we did definitely provides a comprehensive picture of the soiling effect on PV

panels. With these scenarios, which account for both non-uniform and uniform soiling

events, we are delighted with our results. Where each analysis is compared to previous

research. However, we proposed some further work for the project that we would carry out

if we ever had enough resources.

In the future, for a better understanding the soiling physics, one can observe the angle
dependence of the soiling rate more accurately by considering the data reading in
every hour or minute by minute.

One can also try to conduct the experiment in different locations of Bangladesh.

For observing the non-uniform soiling more clearly large PV panels (300-watt) for

the purpose of the experiment can be used.
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