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Abstract

Given that electricity produced by photovoltaic (PV) technology is already contributing

to 1% of world electricity demand in a short period of time, proving that the technolog-

ical challenges are surmounted. It is inevitable that this percentage is going to increase

considerably. Solar radiation is abundant in the Sun-belt countries and has huge scope

of PV installations. But some of these countries have low frequency rain which aids in

dust accumulation on PV modules. Occurrence of dust storms and high concentration of

airborne particles that may get accumulated on PV modules can further worsen PV per-

formance. Soiling on PV modules can be a potential showstopper for the PV technology

deployment.

Till now, PV system has been designed for best energy yield by taking into consid-

eration of irradiation and ambient temperature. This thesis discuss two strategies - one

qualitative (Site Soiling Index) and another quantitative (World PV Soiling Loss rate

map) methodology to evaluate the effect of soiling on PV modules at a geographical lo-

cation. In order to understand the spectral and angular loss on PV modules, a outdoor

and indoor characterization techniques are presented.

Spectral and angle of incidence (AOI) losses on naturally soiled crystalline silicon PV

modules installed in Arizona are investigated in this thesis. The test modules designated

as “moderately soiled (3 gm−2)” and “heavily soiled (74.6 gm−2)” showed short-circuit

current (Isc) losses of about 10% and 41%, respectively. The spectral reflectance and

quantum efficiency (QE) losses were also quantitatively determined. In the wavelength

range of 350 – 1100 nm, the average reflectance of moderately and heavily soiled modules

increased (as compared to the clean surface) by 58.4% and 87.2%, respectively. In the

moderately soiled module, the 26.3% (average) reduction in QE is mainly because of 23%

of absorption and 5.5% of reflection in the dust. In the highly soiled module, the 75.3%

(average) reduction in QE is mainly because of 62% of absorption and 31% of reflection
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in the dust particles. It is also seen that the typical critical AOI of 57o for cleaned PV

modules decreased to 38o for the moderately soiled module and 20o for the heavily soiled

module. This influence is crucial for fixed tilt modules as they experience a wide range of

AOI during its daily operation and a significant fraction of energy is generated at higher

AOIs, especially on cloudy days.

Evaluation of soiling loss on photovoltaic modules in a geographical location involves

collecting data from a fielded PV system of that location. This is usually a time consum-

ing and expensive undertaking. Hence we propose collecting dust samples from various

location of interest, preferably from the module surface, and use them as dust samples

so that the soiling experiments can be conducted in laboratory. In this thesis, a low-cost

artificial dust deposition technique is utilized that could be used to deposit dust on a

module surface in a controlled manner which helps in predicting soiling loss associated

with various dust properties including densities, chemical compositions and particle sizes.

The soil samples covering diverse climatic conditions and six different geographic loca-

tions covering entire India were collected and investigated. Soiling loss on a silicon solar

cell with Mumbai dust (17.1%) is about two times that of Jodhpur dust (9.8%) for the

same soil gravimetric density of 3 gm−2. The dust collected from Mumbai showed highest

spectral loss, followed by Pondicherry, Agra, Hanle, Jodhpur and Gurgaon. The worst

affected module technology was amorphous silicon (17.7%) followed by cadmium telluride

(15.7%), crystalline silicon (15.4%) and CIGS (14.5%) for the same density (1.8gm−2) of

dust from Mumbai.

This thesis discusses a novel PV module cleaning system using ambient moisture.

The deliquescent property of salts are used to absorb moisture from the humidity. Clean

water is extracted from the salt solution using a similar principle used in solar still. A

pyramid made of glass is used to separate clean water from the solution. It is shown

that the resultant water is of good quality with very low salinity and chloride values.

A prototype using this technique of capturing water from ambient is developed to clean

PV modules. After spraying water on PV modules, it is usually followed by a wiping,

which is usually done manually or by some robots which uses electricity. A full automated

(without electricity) wiping is achieved by using the superhydrophilic property of TiO2,

which is coated on PV module glass surface.
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Chapter 1

Introduction

1.1 Background

The current energy systems depend heavily on the declining stock of fossil fuels (coal,

oil and natural gas), leaving about 2.7 billion people [1] in the world without access to

adequate electricity, and is, therefore not sustainable economically, socially and environ-

mentally. Moreover, the highly carbon-intensive state of the energy sector throughout the

developing countries is susceptible to large swings in oil prices and also cost billions in

subsidies. Greening the energy sector aims at a renewable and sustainable energy gener-

ation system. Renewable energy technologies is looked upon as the answer to address the

current concerns regarding energy security, the environment and global climate change.

Solar electricity, also known as photovoltaics (PV), has shown since 1970s that the sub-

stantial portion of the world electricity demand can be met without burning fossil fuels or

creating nuclear fission reactions. PV systems can be used for wide range of applications,

scales, climates and geographical locations.

The word ‘photovoltaic’ is a marriage of two words: the Greek word ‘photo’, mean-

ing light, and ‘voltaic’, meaning electricity. Photovoltaic technology (PV) is used to

describe the hardware that converts solar energy into usable electrical energy from light.

Photovoltaic is the direct conversion of light (photons) into electricity (voltage) using

semiconductor materials. All inorganic PV cells have two layers of semi-conductors, one

n-type and another p-type. When light shines on the semi-conductor, the electric field

across the junction between these two layers causes electricity to flow, generating DC

(direct current). Photovoltaic cells are the major constituent of a photovoltaic module. A

1



typical silicon photovoltaic cell produces less than 3 watts at 0.5 volts DC, therefore cells

must be connected in series or parallel configurations to form PV modules to produce

enough power for high-power applications. Modules have peak output powers varying

from few watts to more than 350 watts, depending on the application. If the application

requires output power to range from few hundred watts to megawatt range, modules are

connected in series, parallel or series-parallel configurations to form PV arrays.

PV systems often employ an energy storage mechanism so that when the sun illumi-

nates the PV arrays, the electrical energy is captured and stored. The most commonly

used storage mechanism is rechargeable batteries. This type of PV systems is commonly

known as stand-alone PV systems, off-grid PV systems, or battery based PV systems. It

is also a common practice that the PV systems are connected to the utility grid. Such

systems may deliver excess PV energy to the grid or use the grid as a backup system in

case of insufficient PV generation. This type of PV system which is commonly referred

to as grid connected PV systems is a cost effective solution provided a utility grid is

available.

PV is generally considered to be an expensive method of producing electricity. How-

ever, in remote locations PV is very often the most economical solution to provide the

electricity. The growing PV market all over the world indicates that solar electricity

has entered many areas in which its application is economically viable. Additionally, the

rapidly growing application of photovoltaic in utility grid-connected situations shows that

photovoltaic are very attractive for a large number of people, companies and governments

who want to contribute to the establishment of new and more environmentally friendly

electricity supply systems. In addition to this, many Research and development centres

are working towards reductions of cost envisaging mass production of photovoltaic sys-

tems, leading to further attractiveness of this technology and its extension to other fields

of applications.

The global growth of installed PV system has been trending in an exponential manner

for more than two decades. In the year 2014, the total installed capacity was more than

178 GW and the projected capacity for 2015 is 233 GW [2]. Now solar electricity covers

more than 1% of the world electricity demand which is equivalent of 33 large coal fired

power plants of 1GW each. India is currently witnessing a transition in its solar PV

market with its installed capacity crossing above 4GW [3] as of June 2015. Government
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of India has recently revised its National Solar Mission to set an aggressive target of

100GW of installed PV by the year 2022 [4], out of which 40GW is roof-top solar PV and

60GW is ground mounted large grid-connected PV system.

Figure 1.1: World map showing the sunbelt countries of the World [5].

Figure 1.2: World map showing the dust storm frequency, data from 2225 meteorological
stations [6].

The main advantage of PV system is that it uses solar radiation. Solar radiation is

abundant especially at the Sun Belt regions around the equator which is mostly arid and

has abundant sunlight. However, most of these areas exhibit high ambient temperature

and low frequency rain which aids dust accumulation. These two environmental factors
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can be detrimental to the performance of PV systems. Temperature effect of the PV

modules are considered while designing the PV system, whereas the dust accumulation,

referred in this thesis as ”Soiling”, on the PV modules is generally not considered or

put arbitrarily ( 3%) during the design, deployment and operation of the PV system.

Dust inherently stops the sunlight from reaching the PV cells, which can significantly

reduce the power output of PV modules. Only recently has the issue of soiling on PV

modules come to the forefront because of the increased growth of the PV installation

in the sun belt countries, see Figure 1.1 (reproduced from reference [5]). Figure 1.2

(reproduced from reference [6]) shows the dust storm frequency (days/year) estimated

using daily measurement from 2225 meteorological stations from the International Station

Meteorological Climate Summary (ISMCS) data set. Many areas of Sun Belt regions such

as the Middle East, North Africa, Northern India, South America and east part of China

show high frequency of dust storm. Apart from dust storms, domestic pollution also can

significantly contribute to soiling. The PM2.5 and PM10 map of the world, in Figure

1.3 (reproduced from reference [7]) and Figure 1.4 (reproduced from reference [8]) shows

the concentration of particulate matter (PM) smaller than 2.5µm and 10µm respectively

in the atmosphere, and indicates the degree of domestic pollution. In chapter 4 of this

thesis, it is shown that urban places like Mumbai can show almost two times loss in PV

performance due to soiling as compared to arid regions like Jodhpur, India for the same

density of dust accumulation. This is attributed to the particle size distribution of the

dust samples found in these locations. It is seen that large concentration of small particles

in the dust deposited on the PV panels are more detrimental, as a result, the PM2.5 and

PM10 particles can serve as an indicator of the severity of soiling at the geographical

location.

The performance of the PV system is evaluated by the total energy output measured

for a given time period. The energy yield by the PV system is used as a comparison

parameter between different PV technologies, installation methods, tilt and orientations,

and balance of systems. The decisions between various PV system designs greatly depend

on the energy yield. Therefore, soiling is an important parameter which determines the

energy yield from PV modules. Soiling loss on PV module is an environment dependent

parameter that can be a potential showstopper for PV system deployment, simply because

it is not easy to estimate the amount of dust accumulation. The decision to employ any
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Figure 1.3: World map showing the PM2.5 particle concentration (2010) [7].

Figure 1.4: World map showing the PM10 particle concentration (2014)[8].

restorative strategies depends on the financial loss due to reduction in the energy yield

and the cost of implementing these strategies. During the design stage of the PV system,

an annual soiling loss of 3 to 6% is considered. This value can mislead as this is averaged

over dry and rainy days and is usually arbitrarily accounted with no valid data. In this

thesis (Chapter 2, Section 2.3) it is reported that during the span of 100 non-rainy days

the energy loss due to soiling can be above 32% for Mumbai. Energy loss of 50% from PV

system due to soiling has been reported in places like Iraq and Libya [9]. Hence, energy

yield loss due to soiling is an important parameter to be considered, and is dependent on

the geographical location.

The soil layer formed due to dust accumulation on PV modules obstruct the incoming
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radiation and alter the solar spectrum which affects PV cells as they are spectrally de-

pendent devices. Spectral loss due to the soil layer on a fielded PV module is reported in

chapter 3 of this thesis by using combination of outdoor and indoor spectral measurement

techniques.

In the advent of huge growth in the PV installation throughout the world, the environ-

ment in which the PV modules are installed is becoming more important. The question

that usually arises from PV system designers and operators is that how much soiling loss

should be accounted for and how to determine the rate at which dust is accumulated. The

most common practice for determining the soiling loss or the frequency of cleaning PV

modules is to keep two separate set of panels which are monitored separately. One set of

PV modules are cleaned everyday and the other is left to be naturally soiled. From this

experimental setup, PV system operators determine the frequency of cleaning. The rate

of soiling is not uniform throughout the year because of the seasonal variations. Hence,

this systematic experiments will have to run for a minimum of 1 year. Cattle et al. [10]

showed that dust accumulation can vary significantly within a single geographical area

due to single source of dust. This level of detailed study can be very useful for planning

PV system installation but this data took several years to collect. Therefore, a faster

testing and evaluation method would be valuable in locating, designing and installing

PV systems. Specific knowledge of the interaction between the accumulated dust at a

location with the incident light would assist in these predictions. In this thesis, a low-cost

accelerated method is discussed to understand the properties of dust and its interactions

with various PV technologies. PV Engineers are looking for ways to resolve this issue by

developing novel cleaning techniques and anti-soiling coatings. In chapter 5 of this thesis,

we propose a new technique for cleaning of PV modules.

1.2 Outline of Thesis

Soiling loss on PV modules is usually treated as a trivial problem but can be a serious

problem in certain geographical regions as explained in the above section. This thesis

discuss this problem in detail and discusses a novel solution. In the first chapter, we

introduce the context of the problem and how it can be a showstopper for PV technology

deployment.
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The second chapter attempts at understanding the mechanisms involved in the deposi-

tion of dust on PV modules. This chapter identifies and classifies the factors that facilitate

the deposition of dust such as PV module and system characteristics, and geographical

location dependent parameters.

Results of an outdoor PV modules experiment performed in Mumbai to understand

the severity of soiling loss on PV modules is reported in Chapter 3. Soiling loss observed

in Mumbai during the non-monsoon days is about 35-40% in about 100 days. Two

different methods to quickly estimate the extent of soiling loss in a geographical location is

proposed. The first method involves assigning scores to various parameters and calculating

an index called Site Soiling Index. Also, there are lot of independent research centers and

PV power plants conducting experiments to determine the soiling rate at their location.

The second method involves creation of a web platform that consolidate all these results

in an easily accessible interactive resource. This web platform can serve as a source of

data for PV designers and operators who are installing a PV system near these research

centers or power plants.

The fourth chapter looks into how the solar cell is affected by the soil layer on a

PV module in terms of Quantum Efficiency. This study also shows what part of the

spectrum is being absorbed, reflected and/or scattered by the soil layer. It is known and

well understood that angle of incident sun ray with respect to normal of the PV module

surface should be as small as possible (angle of incidence should be ideally zero degrees)

in order to minimize reflection loss. This loss is determined by the PV module top cover,

usually glass, and the air interface. But when the PV modules are soiled, the Angle Of

Incidence (AOI) characteristics changes and is discussed in detail in this chapter.

Dust or soot from the air pollution causes significant loss in the PV modules. Evalu-

ating the performance loss of photovoltaic modules in a location involves collecting data

from an existing PV system. This is usually a time consuming and a costly affair. In

chapter five, we propose collection of dust from an area, preferably from the module

surface and use it as dust sample. Here a low-cost artificial dust deposition technique

is introduced that could be used to predict the soiling loss associated with various dust

densities. This approach produced uniform soil coatings of various densities. Using the

collected dust, dust of varying densities was deposited which showed short-circuit current

loss ranging from 4% to 49%. Dust from different parts of India was deposited using this

7



technique. Spectral loss studies were done on these dust samples.

An indigenous PV module cleaning system is developed and discussed in chapter six.

This chapter also discusses coupling this design with the self-cleaning coating developed

in the lab.

Chapter 7 summarizes the findings of this thesis. Future directions for research in this

area are discussed in chapter 8.
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Chapter 2

Understanding Soiling on

Photovoltaic Module

In the previous chapter, the importance of considering soiling on PV modules installed

in different geographical locations were discussed. In this chapter, a literature review is

done to understand the dust and its various types, followed by mechanism involved in dust

accumulations on PV modules, referred to in this thesis as ”soiling mechanisms/process

of soiling”. There are many literature discussing various factors involved in aiding soiling

on PV modules. All these factors are classified into two categories, viz. PV module and

system characteristics, and geographical location effects.

2.1 Understanding the Soiling Mechanism

Particles of various sizes and constituents are present all around us in great abundance.

Particles found in the atmosphere, in general, is of less than 500µm in diameter [11]

which is about 10 times the diameter of human hair. These particles can be a mixture of

various constituents such as pollen, fibers, metals, metal oxides, hydrocarbons, and organic

matter [12]. Atmospheric particles are generated through various mechanisms such as

mechanical abrasions, chemical reactions, and combustion processes. The particle size,

constituents and shape can vary throughout different geographical locations of the world.

Moreover, the deposition mechanism and the deposition rates can vary dramatically with

geographical locations.
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Table 2.1: Earlier classification of particles found in the atmosphere by Bagnold[13].

Particles Size (mm) Rate of Fall (m/s)
Pebbles, etc 1mm and above 10 and above

Sand 0.02 to 1 0.01 to 10
Dust 0.001 to 0.02 0.0001 to 0.01

Thin Smoke/Haze 10−6 to 10−4 Do not fall

Table 2.2: Classification of sediments based on particle size distribution [14].

Diameter (µm) Sediment Type
0 - 4 Clay
4 - 8 Very Fine Silt
8 - 16 Fine Silt
16 -31 Medium Silt
31 - 63 Coarse Silt
63 - 125 Very Fine Grained
125 - 250 Fine Grained
250 - 500 Medium Grained
500 - 1000 Coarse Grained

2.1.1 Size Distribution of Dust Particles

An earlier study (1954) by Bagnold in his book titled ”The physics of blown sand and

desert dunes” [13] has classified particles found in the atmosphere as shown in the table

2.1. Particle size range from pebbles, of large size, through sand grains to dust and to

very small particles that form thin smoke and hazes. Each type of these particles has

their rate at which they will fall on any given surface. The small particles which form

thin smoke and haze are suspended in the atmosphere and do not fall. As the particle size

increases, the rate of fall of these particles increases. In this thesis, all these atmospheric

particles collectively will be referred to as ”dust particles”.

In a recent review paper by Blott et al. [14] published in the Journal of the Interna-

tional Association of Sedimentologists, they have classified dust particles into sediment

types based on particle size distributions (see 2.2). Particle sizes of less than 4µm are

known as clay, particles of size between 4 to 63 µm are silt and the larger particles of

63 to 1000 µm are known as grained or sand. Each of these sediment types are further

classified as very fine, fine, medium and coarse. The sediment types that will be used in

this thesis is as shown in table 2.2.
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2.1.2 Various Sources of Dust

Dust’s origin may be natural, or a consequence of human activities. Dust particles as they

are formed are known as primary particles. Particles that originate due to atmospheric

conversion processes are known as secondary particles. Primary particles are introduced

into the atmosphere in solid or liquid form, while secondary particles are results of gas-

to-particle conversion of emitted precursors.

Aeolian process is the dominant source of dust in the atmosphere where wind assisted

emission, transport and deposition of sand and dust takes place. This process takes places

whenever there is winds of sufficient speeds and availability of dust particles. The natural

particles arises from erosion of rocks, sandstorms or deserts, from forest fires, grain of

pollen and volcanic activity. According to NASA Goddard Space Flight Centre [15],

satellite image shows that every year 64 million tons of airborne dust particle arrive in

North American airspace from foreign sources (such from African continent) and this is

as much as they are produced domestically. Atmospheric dust concentration can range

from 30 µg m−3 for remote and rural locations, to 170 µg m−3 for polluted urban areas,

and can be as high as 100,000 µg m−3 in sand storms [16].

Grained or coarse particles originate from mechanical processes, including grinding,

breaking and wear of material, transportation, and dust re-suspension, and contain largely

earth crust compounds. Small or fine particles are from combustion, photochemical pro-

cesses, and gas-to-particle conversion. They contain soot, organic compounds, sulfates

and nitrates, as well as trace metals and other toxins. Some events such as forest fires,

generate particles with broad size distributions inclusive of coarse and fine particles. In

most cases, coarse and fine particles are results of different generation events. According

to Buekens et al. [16], there is little correlation between the number of particles and mass

of coarse and fine dust. Coarse and fine particles have different chemical composition and

origins, and are transported and removed by different mechanisms.

Another important factor controlling dust emission at the source areas is the vegetation

cycle. The dust storm frequency is highest in desert/bare ground [17]. It is inversely

correlated with the leaf area index, which describes the density of the vegetation. The

emissions of dust are correlated with the vegetation types of the areas considered.
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Table 2.3: Most common outdoor dust particle sources and its characteristic elements
[18].

Source of Dust Characteristic Elements Emitted
Road Transport

Motor Vehicle emissions Br, Pb, Ba, Mn, Cl, Zn, V, Ni, Se, Sb, As
Engine Wear Fe, Al
Catalytic Converters Rare earths, Pt
Tyre Wear ZnO, Carbon Black
Road Side Dusts Al, Si, K, Ca, Ti, Fe, and Zn

Industrial Facilities
Oil Fired Power Plants V, Ni
Coal Combustion Se, As, Cr, Co, Cu, Al, S, P, Ga
Oil Refineries V
Nonferrous Metal Smelters As, Sb, Cu, Zn, Pb, Cd, Hg
Iron and Steel Mills Zn, Pb
Copper Refinery Cu, Zn

Waste Incineration Zn, Pb, Cu, Cd, Hg,K
Mineral and Material Processing Si, Al, Ca, Mg, K, Sc, Fe, Mn
Sea Spray Na, Cl, S, K
Resuspended Soil Si, Al, Ca, Mg, Fe, Ti, Sr, Mn, Sc

2.1.3 Composition of Dust Particles

Elemental composition has been used by Schwela et al. to identify common sources

of dust particles, as shown in table 2.3 (reproduced from [18]). Kazmerski et al. [19]

had have reported elemental composition of dust particles from PV modules deployed

in Egypt. The area from where the dust was collected in Egypt has a large cement

industry and therefore showed elements associated with cement such as Sulphur, Calcium,

Silicon, Oxygen, Aluminum, Potassium, Sodium and Iron. Since cement is an important

constituent in buildings, these elements are expected in all Urban areas. This paper has

also shown that minerals that are commonly found in dust particles deposited on PV

modules installed in Libya, Iraq and Saudi Arabia are Quartz, Calcite, Chlorite, Gypsum

and Dolomite. A similar study has been done for dust particles found in various parts of

India, which will be discussed later in the thesis.

Dominant minerals in arid soils are illite, kaolinite, smectite, calcite, quartz, feldspar,

hematite and gypsum. Phyllosilicates (illite, kaolinite and smectite) makes up the largest

chemical weathering minerals in sedimentary rocks [20]. The crust of the earth constitutes

approximately 90 percent of phyllosilicates and tectosilicates (quartz and feldspar).
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2.1.4 Processes of Soiling

The understanding and eventual control of dust deposition on PV modules surface will

significantly depend on understanding the processes involved in dust accumulation (or

soiling). The soiling process involves the following steps:

1. Dust transportation

2. Initial adhesion

3. Changes in initial adhesion mechanisms

4. Alterations on the surface

5. Restorative methods

Figure 2.1: Process involved in soiling or dust deposition on surfaces such as PV modules.

2.1.4.1 Transportation of Dust Particles

The process of delivering the dust to the surface of PV module is mainly due to wind,

known as Aeolian process. The uptake of the airborne particles from the ground depends

on the near-surface dynamics [21]. This is controlled by the wind speed, wetness and

texture of soil. The transportation of the particles occur in several modes, as shown in

Figure 2.2 (reproduced from reference [13]), which depend mainly on wind speed and

particle size. As the wind speed increases, sand particles of approximately 70 to 500 µm

are moved, lifted and hop along a surface in a process called saltation. These particles can

mobilize particles of wide range of sizes by predominantly ejecting them from soil surface

due to impacts of the saltating particles. After ejection, dust particles tend to enter into

short-term (20 to 70 µm) or long-term suspension (< 20 µm). Dust particles in long-

term suspension can remain in the atmosphere for several weeks and can be transported

thousands of kilometers from their point of origin [22]. Due to the impact of saltating
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particles, it can also mobilize larger particles (>500 µm). These large particles can roll

or slide along the surface, or after a short hop of less than a centimeter can settle back

to the soil in a mode of transport known as creep. Even though these four modes are

defined separately, they are not discrete, each mode morphs continuously into the next

with wind speed and particle sizes.

Figure 2.2: Schematic of different modes of aeolian transport of particles [13].

2.1.4.2 Initial Adhesion Mechanisms

The initial adhesion will depend on the properties of surface and dust particle, its compo-

sition, chemistry, degree of smoothness or roughness, electrical properties (conductivity

and charge), orientation, optical properties, hardness/softness, temperature, mechanical

motion and to its micro or nano characteristics [11]. Large particles are mainly impacted

by gravitational and inertial effects, while the smaller particles interact largely due to

inter-particle forces. Some of the most common dust deposition mechanisms are as fol-

lows [23]:

1. Gravitational Settlement - For the coarse particles in the atmosphere, effect of grav-

ity becomes dominant than other effects. Diameter, density, shape are the important

parameters which will decide the falling rate through air.

2. Brownian Motion - This applies to very small particles in which the forces are

no longer balanced on all sides, resulting in the particles undergoing random and

irregular movements.
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3. Eddy Diffusion – Dust particles are also under the influence of turbulent airflow.

The flux of these particles to the laminar region near a surface gives the particles a

high probability of being deposited on that surface. The eddy force acting on the

surface imparts sufficient force to a particle to bring to a plain surface where there

are no force to take it away from the surface.

4. Electric charge and states – Dust particles can gain charge in number of ways,

including induced charge in movement. When these particles come in contact with

an opposite charge particle or surface, it gets attracted to it.

5. Coalescence – In situation where there are large number of dust particles, collisions

between particles can occur and these particles can cause particles to coagulate to

form larger particles. This process can lead to large particles that they fall out of

suspension.

2.1.4.3 Changes in Initial Adhesion Mechanisms

The adhesion mechanisms tend to change with time due to the influence of the environ-

ment. Cuddihy et al. [24] explained four soiling mechanics that can change the adhesion

mechanisms between deposited dust particles and the surface.

1. Cementation by water soluble particles - Dust particle in the atmosphere contains

both inorganic and organic particulates that contain water soluble and insoluble

salts. At high humidity or during the morning dew, particles on the surface form

droplets of salt solutions that can retain water insoluble particles. This mixture

when dried from the heat of the sun, the precipitated salt acts as a cement to

anchor insoluble particles to the surface. Repetitive cycles of dew formation and

evaporation and high relative humidity resulted in a gradual buildup of cemented

layers, as illustrated in fig 2.3 (reproduced from [11]).

2. Organic Deposition - In certain ambient conditions, an ultrathin layer of organic

deposition tend to coat the surface before the initial adhesion or deposition of dust.

This makes removing salt deposit more difficult, and in turn, necessitating to more

frequent cleaning using combinations of surfactant and detergent solutions to remove

the organic layer.
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Figure 2.3: Cementation by water soluble particles [11].

3. Surface Tension - Surface tension forces can produce large forces and internal pres-

sure within water droplets. This can attract water soluble salts which facilitates

cementation process.

4. Particle Energetics - The energetics of particles, and therefore particle-particle at-

traction increases with decreasing particle size below 10 µm. The attractive forces

are considered to be van der Waals’ forces. Cuddihy showed through an experiment

that the wind speeds of upto 150 m/s are not effective in removing these small

particles.

2.1.4.4 Alterations on the Surface

The adhesion mechanisms can alter the surface by means of weathering or leading to

more accumulation. Weathering of soda-lime glass, most common glazing material in PV

modules, is schematically illustrated in Figure 2.4 (reproduced from [24]). The result of

glass weathering is the formation and deposition of water soluble sodium salts on the

surface. This can lead to further soiling due to cementation and weathering of glass. Any

of the soiling mechanics explained in the above section can aid in further soiling that leads

to more accumulation of dust, thereby changing the surface characteristics.

2.1.4.5 Restorative Methods

Rain and manual water cleaning are well known cleaning or restorative methods for PV

modules. Rain can compound the problem of soiling if the duration is brief and the

intensity is light. In light rains, the rain droplets can collect airborne particulate matter
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Figure 2.4: Weathering of soda-lime glass [24].

and deposit high concentrations of residue when striking the surface of the PV modules.

If the rain does not persist to wash off this residue, when dried, large spots will populate

the surface. Similarly, if the panels are cleaned using water and is not dried immediately,

the residual water droplets can attract more dust particulates on to the surface of PV

modules.

2.2 Factors that Affect Soiling on PV Modules

There are various factors that can contribute to energy loss due to soiling. They can be

broadly classified into two main categories,viz. PV module and system characteristics,

and the effect of the environment.

2.2.1 PV Module and System Characteristics

Solar PV system are generally expected to be designed for maximum energy yield. As a

result, PV module and system characteristics are fixed and some of these characteristics

can aid in soiling loss, especially if regular cleaning regimes are not followed. Given the

advantage of PV system that it can be placed in any open-shade free area, roof-top systems

are placed in inaccessible area which hinders regular cleaning. Some of the characteristics

that can contribute to soiling loss are given below:

• Tilt angle

• Orientation

• Glazing surface characteristics
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• PV technology

• PV module cell configuration

2.2.1.1 Tilt Angle

PV modules are installed in a fixed tilt or on solar trackers. Solar trackers are expensive

and need regular maintenance, as a result, most PV systems are mounted on fixed tilts

(tilt angle is calculated based on the latitude of the location). The fixed tilt angle is

similar to the latitude angle of the place of installation. There are also PV power plants

which have manual tracking based on the seasons. The seasonal tracking is usually 2 or

3 tilts per year. For Mumbai, the seasonal tilt angles are approximately 0 degree during

June and July, nearly latitude angle (19o) for the months of March and September, and

largest tilt angle of approximately 45o for December and January.

Depending on the PV system design, the tilt angles of the PV modules can change.

Negash et al. [25] has done a systematic study to show the PV energy loss due to dust

for different tilt angles such as 0, 5, 11.6, 15, 21.5, 25, 30 and 35 degrees. The loss was

highest for 0 degree tilt angle at 33.5% and decreased gradually till 25 degrees to 14.5%.

At 30 degree tilt angle, the energy loss slightly increased to 17.8% and then decreased

again to 14.9% at tilt angle of 35 degree. This unexpected increase in soiling loss, not

addressed in the paper, may be due to increased non-unifomity in the dust distribution

throughout the PV panel surface. Qasem et al. [26] had shown that at 30 degree tilt

angle the non-uniformity in the dust distribution at the top, middle and bottom section

of the module is the highest at 4.4% as compared to less than 2% and 1% at 0 and 15

degree tilt respectively. Cano et al. [27] through their experiment concluded that the 0

degree tilt angle showed the highest loss. It can be observed from the study by Negash

et al. and Cano et al. that beyond 15 degree tilt angle, the soiling loss decreases but

not very significantly. Hence, it can be stated that for fixed tilt PV system installed in

a dusty environment and at locations of latitude angle less than 15 degree, the optimum

tilt angle would be 15 degree. Similar consideration have to be made for seasonal tilt PV

systems where the tilt would be less than 15 degree.
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2.2.1.2 Orientation

In the northern hemisphere, all PV system should be oriented to the south direction

for maximum energy yield. For the southern hemisphere, the PV modules should face

north looking towards the equator. This is done so that the PV panels face the sun

most of the time. Elminir et al. [28] studied the dependence of dust deposition with

module orientation and tilt angle. In this study, they observed that the glass samples

oriented North-East (NE) accumulated greater dust than any other orientation. They

attributed this to the influence of the more prevalent NE winds, which were bringing the

emissions from the local cement factories. Goosens et al. [29] through his wind tunnel

experiment concluded that wind direction and PV module orientation significantly impact

dust deposition.

2.2.1.3 Glazing Surface Characteristics

The surface of glazing material on PV module determine distribution of dust. Textured

surfaces tend to trap dust particles in the voids and thereby forming non-uniform depo-

sition of dust. Non-uniform soiling is more detrimental to the PV module performance

that uniform soiling. This is because the PV cells in the modules are connected in series

and the cell that is seeing heaviest soiling will regulate the current flowing through the

PV module. Tony et al. [30] compared the soiling behavior of textured and non-textured

solar glass. They observed that the textured glass exhibited a greater variation in soiling

pattern compared to flat glass and as a result, high pressure water spraying was used to

clean the textured PV modules in addition to manual cleaning. However, the flat glass PV

module showed no further improvement with an additional high pressure water cleaning.

2.2.1.4 PV Technology

Qasem et al. [26] showed that soiling reduces the PV output by attenuating irradiance in

a spectrally dependent manner. The effect was not the same magnitude for all types of

PV technology because the spectral transmittance of the soil layer affects various spectral

response curves differently. Most dust types studied by Qasem, showed higher spectral loss

around the 450 - 500nm range compared to the other wavelength range. As a result,the

soiling effect was worse for the PV modules with wider bandgap absorbers like a-Si and
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CdTe, which showed 33% reduction in photocurrent when a concentration of 4.25 mg/cm2

of dust was applied. In comparison, c-Si and CIGS technologies showed 28.6% and 28.5%

reductions at the same dust density.

2.2.1.5 PV Module Cell Configuration

PV cells in c-Si PV modules are usually 5 or 6 inch squares which are connected in

series, whereas thin film PV cells are thin strips of approximately 1000 mm x 4 mm.

C-Si PV modules have usually 60 or 72 cells in series whereas thin film PV modules have

approximately 100 cells in series. Thin film PV modules with PV cells perpendicular to

ground are usually installed in portrait mode as shown in Figure 2.5(a) to avoid one entire

cell being shaded due to nearby structure or due to accumulated dust at the bottom. It

is quite difficult for a single cell in c-Si PV module (either in the portrait or landscape

installation mode) to be soiled because of its cell dimension and configuration, see Figure

2.5(b). Since thin film modules like a-Si or CdTe are always installed in Portrait mode

and if there is non-uniform soiling (assuming high density at the bottom of the module), a

very small percentage of single cell gets affected due to soil layer since every cell stretches

from top to bottom. But in the case of c-Si PV module, either in portrait or landscape

mode (assuming no bypass diode), significant portion of the cell gets shaded as it has

larger fraction of the cell exposed to the soil layer. As a result, a non-uniform shading

may affect the c-Si PV module more than thin-film PV modules. If there are 3 bypass

diodes in a module and it is installed in landscape mode, one of the bypass diodes may

kick-in, as a result the PV module will function at two-third of its capacity.

2.2.2 Environmental Effects

Soiling on PV modules surface is very dependent on the environmental and geographical

location. This parameter can also change with time. There are many site dependent

factors that influence the dust settlement on PV module surface which is shown below:

• Height of installation

• Average wind speed

• Occurrence of dew
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(a) Thin film PV module installation mode -, Portrait (Left) and
Landscape (Right).

(b) c-Si PV module 60 cell configuration in landscape mode.

Figure 2.5: PV module cell configuration for (a) thin-film and (b) c-Si PV modules.
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• Airborne dust concentration

• Location and distance of source

• Probability of dust storm

• Dust particle size distribution

2.2.2.1 Height of Installation

Quang et al. [31] studied the vertical dust particle concentration profiles around urban

office buildings in Australia. They showed that the PM2.5 particles are highest below 5

meters from the ground level. This was mainly due to vehicular traffic. A different study

by McGowan et al. [32] showed the vertical distribution of PM10 dust concentrations.

The trend was similar to the earlier study, where the PM10 concentration was highest

below 5 meters (approximately 125 µg m−3), which then decreases to 95 µg m−3 at around

100 meters. These two studies shows that height of PV installation may contribute to the

amount of soiling on its surface.

2.2.2.2 Airborne Dust Concentration

Particulate matter less than 10 micrometers (PM10) or less than 2.5 micrometers (PM2.5)

in diameter are the most commonly measured parameter to estimate the airborne dust

concentration. Boyle et al. [33] studied the ambient concentration of PM10 particles

collected at the same time as naturally accumulated dust on PV modules. The result show

that PM10 particles are partially related to the mass of dust accumulated. Kazmerski

et al. [19] showed that the dust particle size distribution found on PV module surface

and airborne dust particle are different. Nevertheless, the PM2.5 and PM10 particles can

serve as a fairly good estimate of concentration of dust in the ambient that can settle on

the PV module surface.

2.2.2.3 Average Wind Speed

Wind velocity has an important impact on PV module performance. Goosens et al. [29]

have done extensive wind tunnel experiments to understand the effect of wind velocity

and airborne dust concentration on PV performance. High wind speeds lead to high
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dust accumulation on PV module, leading to sharp decrease in performance. In cases of

low wind speeds, dust accumulation is smaller which result in less drop in performance.

Their study also showed that wind also has an impact on the sedimentological structure

of the dust coating on the module surface: light transmittance is higher in soil layer

created in high wind speed than in soil layer created in low wind speed, resulting in larger

performance drops during high winds. Even though the light transmittance was higher

in many areas, high wind speed created non-uniform soiling. Since the cells in c-Si PV

modules are in series, the cell which sees maximum soiling determines the current flowing

out of the PV modules. Their experiments also indicated that the former effect is much

more important than the latter, so in general the drop in PV module performance due to

dust accumulation is greater in high wind speed.

From the experiment of Goosens et al., we can conclude that an average wind speed

of less than 0.55m/s (or 2 km/hr) is favorable wind speed which produce less dust accu-

mulation. Average wind speeds of above 1.67 m/s (or 6 km/hr) tend to bring heavy dust

accumulation provided there is presence of high concentration of airborne dust concen-

tration.

2.2.2.4 Probability of Dust Storm

Major dust storms occur when prolonged drought causes the soil surface to lose moisture

and there is a co-occurrence of strong winds. This allows the mass entrainment of fine

particles into the air through suspension. Dust storms can be hundreds of kilometers

wide and up to a kilometer high. Although the occurrence of dust storms are quite

rare, its frequency is increasing due to climate change. The effect of dust storms on PV

modules are quite severe as these storms deposit huge amount of dust on PV modules, as

shown in Figure 2.6 (reproduced from [34]). The regions in the world that are susceptible

to dust storms, according to United Nations Convention to Combat Climate Change

(UNCCD) [35], are the Northwest China, Canada’s Prairie region, Dust bowl regions

of USA, Sahelian regions of Africa, Southern Australia, Central Asia, and Middle-east

countries.

23



Figure 2.6: Dust accumulation on PV modules after a dust storm [34].

2.2.2.5 Distance of Domestic Dust Source

For large ground mounted PV systems, the most common domestic dust source are the

dust emitted from the road (paved or unpaved) or highways, emissions from vehicular

traffic and nearby vegetation. However, in the urban areas, the main source of dust is

vehicular traffic, constructions, households and industrial emissions. Sioutas et al. [36]

had studied the concentration of Black carbon particles with distance from highway. The

measurements done at a distance of 10 m, 20 m, 30 m, 90 m, 150 m and 300 m yielded

dust densities of 22, 18, 11, 7, 6.5 and 6 µg m−3 respectively.

2.2.2.6 Occurrence of Dew

The mean seasonal fraction of days in the world during which the formation of dew occurs

on a surface, as shown in Figure 2.7 ,was studied by Vuollekoski et al. [37]. The regions

shown in blue colour have high daily occurrences of dew formation. Apart from very warm

and dry deserts, the meteorological conditions on almost all continental areas favor the

formation of dew. The lack of dew formation is generally caused by inefficient nocturnal

cooling of the surface as a result of high incoming long-wave radiation, which occurs due

to a high cloud fraction and high humidity in the atmosphere (although high humidity

at surface level favors dew formation). The lack of oceanic dew formation is probably

caused by higher wind speeds and the weaker diurnal cycle in air temperature, denser

average cloud cover and higher humidity compared to land areas, resulting in amplified

long-wave radiation downwards, and therefore weaker cooling. The above study shows

that all installed PV modules are susceptible to dew formation, thereby, increasing the

chance of attracting dust on module surface.
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Figure 2.7: Seasonal occurrence of dew as a fraction of days [37]. DJF (Decem-
ber,January,February), MAM (March, April, May), JJA (June, July, August), and SON
(September, October, November).

2.2.2.7 Module Dust Particle Size Distribution

Kazmerski et al. [19] showed that the particle size distribution of dust on module surface

is different from airborne dust for a study done in Saudi Arabia. The airborne particle

size distribution showed a higher concentration peaking at approximately 80 µm whereas

the module dust showed a peak at 15 µm. The chapter four of this thesis will show that

higher amount of clay sediments (of size less than 4 µm) are more detrimental to PV

module performance than grained particles of size greater than 100 µm.

As a result knowledge of the particle size distribution on module surface is important.

Compared to other parameters the measurement of this is non-trivial and would require

laboratory measurements.

2.3 Conclusion

It can been from the above sections, that there are many PV system and environmental

parameters that aid in the process of soiling. Hence, it can be difficult to estimate or

predict the rate at which soiling occurs on panels deployed in a geographical location.
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Also, it is important to understand the effect of soiling on a PV module.

The impact of soiling is usually judged by the amount of energy lost by the PV

module. But in order to develop mitigation strategies, it is important to understand the

spectral and angular losses associated with soiling on a PV modules. In this thesis, a

combination of outdoor and indoor technique is developed to understand the spectral loss

on PV modules with various soil gravimetric densities. It is also important to understand

the effect of soiling due to module’s orientation with respect to incident sunlight. The

angular loss study can be fully done outdoor. Both these studies will be important if a

preventive or restorative mitigation strategy have to be devised.

The rate at which dust accumulates on PV modules may not be same throughout the

year due to the various environmental factors. Hence, it poses a challenge to estimate

an optimum cleaning frequency for a given location. It may be expensive to setup a test

station which determines the soiling rate. In this thesis, we discuss two methodologies to

estimate the soiling rate.
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Chapter 3

Effect and Strategies for Quick

Estimation of Soiling on PV Modules

In the earlier chapter, the process of soiling and various factors that affect soiling on PV

System are discussed. In this chapter, we understand the impact of soiling on PV modules

and how we can estimate it. There are various methods to accurately measure the soiling

rate on PV modules. Various research groups around the world use mainly 3 parameters

viz. using short-circuit current, maximum power and daily energy. A comparison of soiling

loss calculated using these parameters are done by means of actual field measurements

carried out at the NCPRE Photovoltaic Module Monitoring (PVMM) station in Mumbai.

All methods currently available are time consuming and expensive methods to estimate

soiling rate. Two methods are proposed to quickly estimate the severity of soiling and

suggest cleaning frequency. The first method relies on data of the PV system itself and

site specific information whereas the second method involves creation of a platform that

reports measured soiling rates as reported by different groups in the world.

3.1 Impact of Soiling on PV Modules Installed in

Mumbai

In this section, performance loss of different PV module technologies due to dust accu-

mulation installed in an urban location like Mumbai is studied.
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Figure 3.1: Soiling station installed in Mumbai, having 2 modules of each PV module
technologies, such as monocrystalline silicon (mono c-Si), multi-crystalline silicon (multi
c-Si), amorphous silicon (a-Si) and CIGS.

3.1.1 Experimental Setup

The experimental setup is located in the campus of IIT Bombay, Mumbai. Mumbai is

the most populous urban city in India with a population above 20 million people. In a

big city like Mumbai, there are many activities that can generate dust around the city

such as thermal power plants, unpaved and paved road dust, construction, landfill open

burning, vehicular pollution and industries. In the campus, the main source of dust is the

constructions, that can produce high density of cement related particles in the dust. The

setup is located on a rooftop approximately 22 meters above the ground. Two similar PV

modules of different technologies, viz. mono-crystalline silicon modules, multi-crystalline

silicon modules, CIGS modules (cell and frame construction), and amorphous silicon

modules (a-Si) have been kept at tilt angle of 19 degrees (same as the latitude angle) as

shown in Figure 3.1. Out of the two modules of each technology, one is cleaned every

day and other is left for natural soiling. A multi-channel I-V curve tracer (Daystar MT5

3200) is connected to the individual modules to measure the I-V curves every 10 minutes.

The measurements were done on non-monsoon months from February to June 2013 and

2015. Monitoring of the a-Si module started late in the month of April. The soiling loss

(SL) is calculated as per the equation given below:
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SL(%) = (1 − Xsoiled

Xcleaned

) × 100 (3.1)

where X - Isc or Pmax or daily energy (kWh).

The solar noon is the time when the sun crosses the meridian and is at the highest

elevation in the sky, which is at 12 o’clock apparent solar time. The solar noon of a

location depends on the longitude and date. The Isc and Pmax values obtained at solar

noon are considered for the SL calculation. Temperature correction of these parameters is

not done since both modules gave very similar I-V characteristics initially and had similar

temperature coefficients. Any temperature difference between these two modules, will be

mainly due to dust accumulation.

Soiling loss calculated based on Isc measurement is the widely used parameter for

these calculations as it is a simple measurement. Gostein et al. [38] showed that even

though Isc based calculation is simple but only approximates true power loss in case of

uniform soiling. Their experiments showed that Isc measurements can severely over- or

under-estimate true power loss for non-uniform soiling on c-Si PV modules.

3.1.2 Results - Soiling Rate Observed in Mumbai

Figure 3.2 show the soiling loss calculated based on the Isc, Pmax and daily energy. In

all the three graphs, the SL of the mono c-Si (0.36%/day) and the multi c-Si modules

(0.35%/day) show similar soiling rate. This is expected since both these technologies have

similar spectral response.

For c-Si technology, the cumulative SL over 97 days based on Isc (37%) was higher than

cumulative SL based on Pmax (34%). The a-Si technology showed soiling rate of 0.36% per

day similar to the c-Si technology. For a-Si module, the soiling rate and cumulative soiling

loss (17%) calculated from the Isc and Pmax are identical. The cumulative SL of the CIGS

module was less by 6% as compared to c-Si modules. The CIGS module was made from

CIGS polycrystalline solar cell using technology from Global Solar Energy, USA. The

comparatively higher performance in CIGS module maybe due to a the use of smoother

solar glass whereas solar glass used in c-Si modules where slightly textured. Soiling on PV

modules may lead to change in temperature of the PV module and as a result, both type

of technologies can behave differently because of their different temperature coefficients.
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(a)

(b)

(c)

Figure 3.2: Soiling loss calculated based on Isc, Pmax and daily energy (97 non-monsoon
day data) for the year 2013.

The cumulative SL and the soiling rate based on daily energy generation is high in all

technologies as the AOI loss due to the soiled layer significantly influences the energy

output [39] during morning and evening hours.
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(a)

(b)

Figure 3.3: Soiling rate observed in Mumbai for the non-monsoon month of February to
June for the year (a)2013 (Data interval - 10 days) and (b)2015 (Data interval - 20 days).

Similar experiment was repeated for the year 2015, it was found that the soiling rate

for the month of February was high at 0.49% per day and then reduced to about 0.39% per

day (see fig 3.3(b)). A similar high soiling rate for the month of February in 2013 can also

be seen in fig 3.3(a). Figure 3.3(b) shows discontinuity between the two slopes because of

irregular rain showers during that time. In conclusion, it can be seen that in a place like

Mumbai, the soiling rate is consistently above 0.32% per day for the non-monsoon days.
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3.2 Strategies for Quick Estimation of PV Module

Soiling Rate

It has been shown in the earlier sections and through literature [40] that the soiling on

PV modules is not same in all geographical locations. There are various methods [27]

[38] [41] to estimate the soiling rate or soiling loss at a given location. Cano et al. [27]

build a test station containing 10 mini-modules at different tilt angles. The objective of

his experiment was to find the soiling rate for various tilt angles. The soiling rate was

measured by logging the short-circuit current. Gostein et al. [38] and Lee et al. [41]

logged I-V curve and module temperature of commercially available PV modules (1 soiled

and 1 cleaned automatically daily), and then studied the temperature corrected Isc and

Pmax. All techniques mentioned are hardware intensive, expensive, time consuming, and

require systematic experiment to be conducted. In this section, two methods are proposed

to quickly estimate soiling rate at a given location. These methods mentioned may not

provide very accurate information but serves a starting point for PV system maintenance

team to follow.

3.2.1 Site Soiling Index

In section 2.2, various parameters that affect soiling on PV modules are listed. All these

values are measured quantity, and can be obtained from various sources such as meteorol-

ogy data, site information, PV module data sheet and PV system characteristics. Some

of the parameters are tilt angle, module direction, glazing material characteristics, PV

technology, PV cell configuration, height of installation, average wind speed and direction,

airborne dust concentration, dust storm frequency, distance of domestic dust sources, oc-

currence of dew, and dust particle size distribution. Any of these parameters have been

individually studied by various research groups. In order to do a quick estimation of the

impact of soiling on PV module, a qualitative method is proposed. This includes assign-

ing weightages (W) to various identified parameters. Weightages can be assigned as high

(3), medium/moderate (2) and low (1) chance of occurrence. Since all parameters will

not have the same effect on the PV performance, each parameters needs to be assigned a

severity value (S). The severity value is either 1 or 2, ’1’ indicates less severe and ’2’ means

crucial parameter. A preliminary guide to assign weightage values to the various param-
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eters is shown in table 3.1. One may argue about limiting the ranges of weightages and

severity to 3 and 2 respectively. This maybe debated by various stake holders and more

research maybe done to come to a consensus. The methodology presented here would

serve as a starting point for these discussions. Some parameters need referring to weather

station data and other non-trivial sources. Hence, another term “ Certainty Factor (CF)”

is proposed. CF evaluates the confidence level of the user who assigns the weightage to

each parameter. CF can be assigned as either 1 (some assumptions are made, based on

faraway weather station or NASA weather data) or 2 (highly certain, based on actual

measurement from the installation site). Using the terms weightage (W), severity (S) and

certainty factor (CF), an index called “ Site Soiling Index (SSI)” is proposed as:

SiteSoilingIndex, SSI =
ΣW × S × CF

ΣWmax × S × CFmax

(3.2)

SSI can be defined as a normalized index that shows the severity of soiling for a

geographical location given its PV system characteristics and microclimate that aids in

determining the cleaning frequency. SSI may be defined monthly or seasonally for a site

as there maybe variations in the environmental parameters. For example, SSI values of

PV systems located at IIT Bombay campus, Mumbai and Arizona State University Mesa

Campus, Arizona are calculated as shown in table 3.2. IIT Bombay has an SSI for the

non-monsoon days (February - May) calculated as 0.64 @ CF of 79% (0.77@CF=100%).

Similarly, Arizona state university (ASU) Mesa campus has an SSI of 0.54 @ CF of 79%

(0.61 @CF =100%). These two SSI values indicate that the cleaning frequency for PV

system in IIT Bombay should be much higher as compared to a system located at ASU.

Measured soiling rate for PV system installed in IIT Bombay is 0.35% per day whereas

the system in ASU showed a soiling rate of 0.06% per day. It maybe noted that SSI

index does not reflect 6 times soiling rate effect of IIT site compared to ASU site. This

shows that there is more scope for improvement, one way to maybe resolve this, is to

increase the weightage ranges of some parameters like airborne concentration and source

of dust. Moreover, each of these parameters needs to be carefully studied to improve the

methodology. The certainty factor is similar and high in both cases, because most of the

weightages assigned were based on actual measurements. It should be also noted that

rain is not considered here intentionally because it is assumed that there will be no soiling

loss during rainy days. Hence, SSI maybe valid for only non-rainy months. As this work

33



Table 3.1: Reference table to determine Site Soiling Index (SSI). Source of the data are
denoted as PS- PV System characteristics, PM - Module Data Sheet, WD - Weather data,
SI- Site information, and LM - Lab Measurement.

Parameter
Criteriaon for Low, Medium and High Chances

Source
High (3) Medium (2) Low(1)

Module Positioning
Tilt angle (Fixed
Tilt)

For tilt angle less than 15
deg

For tilt angle between
15 deg and 45 deg

For tilt angle close to
90 deg (For BIPV)

(60 to 90 deg)

PS

Module and Wind
Direction

Module and Wind direction
(approximately throughout

the month/year) in
opposite direction, helping
dust accumulation leading

to non-uniform soiling

Module and Wind
direction

(approximately
throughout the

month/year) in same
direction with minor
variation to the west

or east

Module and Wind
direction

(approximately
throughout the

month/year) in same
direction

PS,
WD

Surface of PV module
glazing material

Textures or ridges that aid
in trapping dust

Minor textures on the
glass surface

Surface that is
treated to reduce the

amount of dust
settling on it

(anti-soiling coating)

PM

PV Technology a-Si CdTe CIGS or any c-Si PM
PV Cell configuration Series connected cells with

one complete cell at the
bottom of the module

Series connected cell,
with one cell have

presence at both top
and bottom of the

PV module

Parallel connected
cells

PM

Environmental/Geographical Location Effect
Height of installation Ground Mounted (Distance

from ground to middle of
the panel is 5 meter or less)

If the panels are
mounted on the roof

of a building of height
between 5 and 50

meters

If the panels are
mounted on the roof
of a very tall building

(above 50 meters)

SI

Average Wind Speed Above 6 km/hr (1.67 m/s) 2 to 6 km/hr Less than 2 km/hr
(0.55 m/s)

WD

Average daily
Airborne dust
concentration (PM2.5
and PM10)

Above 170 µg/m3 30 to 170 µg/m3 Less than 30 µg/m3 WD

Occurrence of Dew
(mean fraction of
days)

More than 180 occurrences
per year (>50%)

40-180 occurrences in
a year

Less than 40
occurrences in a year

(<10%)

WD

Distance of nearest
dust source of
continuous emission

less than 10 m (Highways,
factories, etc)

10 to 90 m
(Highways, factories,

etc)

More than 90 m
(Highways, factories,

etc)

SI

Places with
probability of dust
storms (as per
UNCCD)

Northwest China, Canada’s
Prairie region, Dust bowl
regions of USA, Sahelian

regions of Africa, Southern
Australia, Central Asia,

and Middle-east countries

Once in a while
occurrence of dust

storm

No dust storms WD

Sediment Properties-
Size distribution

High Presence of particle
size less than 4µm (>15%

of clay sediments)

High presence of silt
sediments (>80%)

and grained particles
(>10%)

High Presence of
particle size greater

than 63µm (>20% of
grained sediments)

LM
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Table 3.2: SSI calculation for IITB, Powai, Mumbai and ASU-PRL, Mesa, Arizona.

Parameter
Weightage (W)

Severity (S)
Certainity Factor (CF)

∑
(WxSxCF)

IITB ASU IITB ASU IITB ASU
Module Positioning
Tilt Angle
(Fixed)

2 3 2 2 2 8 12

Module and
Wind Direction

2 2 1 1 1 2 2

Glazing
Material Surface

2 2 2 2 2 8 8

PV Technology 1 1 1 2 2 2 2
PV Cell
Configuration

3 3 2 2 2 12 12

Environmental/Geographical Location Effect
Height of
Installation

2 3 1 2 2 4 6

Average Wind
Speed

2 2 1 1 1 2 2

Airborne Dust
Concentration

3 1 1 1 1 3 1

Occurrence of
Dew (Mean
Fraction of
Days)

3 1 2 1 2 6 4

Distance of
nearest dust
source

3 2 2 2 2 12 8

Chance of Dust
Storm

1 1 2 1 1 2 2

Sediment
Propoerties -
Size
Distribution

3 1 2 2 1 12 2

19 out of 24 20 out of 24 73 out of 114 61 out of 114
79% 79% 0.64 0.54

progresses, it may make sense to define a monthly SSI value instead of one yearly value.

3.2.2 World PV Soiling Map

Many countries are scaling up their PV installations almost exponentially. The MW

installations can afford to do soiling experiments as shown in section 3.1, but for smaller

systems, especially the rooftop systems, it may not be affordable to do such experiments.

Hence, there is a need to create a simple platform for the PV community to understand

the soiling loss rate in their geographical location. This would guide in determining the

cleaning frequency for that location. There has been lot of reported and unreported
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studies done by various research organizations and companies. This data can be compiled

onto one web platform as shown in the Figure 3.4. The world map shown in the figure

consists of 64 data points from journals and conference papers through out the world

discussing the soiling loss rates. The list of the journal and conference papers is provided

in the Appendix A.

3.3 Conclusion

This chapter looked at the outdoor method to quantify the performance loss caused to

the process of soiling. Then two strategies for quick estimation of the soiling rate at a

given geographical location is discussed. In the following chapters, detailed look at the

optical losses and the methodology to determine these losses are discussed.

36



Figure 3.4: World PV Soiling Loss Rate Map with data from 64 literature, shown in
Appendix A.
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Chapter 4

Outdoor Characterization -

Quantification and Modeling of

Spectral and Angular Losses of

Naturally Soiled PV Modules

In the previous chapter, the various factors that aid soiling and their impact on PV

modules were discussed in detail. Soiling loss is usually discussed in terms of the reduction

in Isc or Pmax, and/or in daily energy loss. In this chapter, the spectral and angular loss

of soiled PV modules is discussed.

4.1 Introduction

Accumulation of dust on photovoltaic (PV) modules, referred to as “soiling”, is known

to have detrimental effect on their performance. As the dust particles are opaque, the

soil layer that is formed on PV modules is opaque and porous in nature, and transparent

because of porosity and dust material type. At low AOI, the light reaching the glass

superstrate depends on the transparent nature of the soil layer, whereas at high AOI, the

opaque nature of soil layer is expected to dominate. The soil layer interferes with incident

sunlight by both attenuating and scattering the light. The extent of interference depends

on the AOI, dust particle size and shape, composition, and soiling density [42].

The physical properties and thickness of soil layer on the glass surface of PV modules
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(a) (b) (c) (d)

Figure 4.1: Different types of soil layer formation on PV modules at different sites in
India. (a),(b) and (d) are c-Si PV modules, found in Delhi and (c) is a-Si PV module
found in Mumbai.

are dependent on the front glass of the modules and on the location of installation. The

degree to which an identical soil layer thickness affects various PV module technologies

could depend on the spectral response of the solar cell used [26].

The random and non-uniform accumulation of dust on the module surface area can

produce spots with different dust densities and shapes, as illustrated in Figure 4.1(a). The

most common method of cleaning PV modules in the field is using water. If the water

available for cleaning at the site is hard, it would result in damaging the module glass

surface, as shown in Figure 4.1(b). The bottom region of the PV module glass is affected

the most as the water tends to collect and become stagnant at the bottom edge of the

tilted modules. The corrosion of the module glass in the bottom region of the module

leads to difference in transmittance of light onto the cell as compared to the top region. It

has also been observed that there can be higher accumulation of dust toward the bottom

edge in some PV installations irrespective of the module being framed or frameless, as

shown in Figure 4.1(c), which is a frameless module. The photograph shown in Figure

4.1(d) was obtained from an installation in Delhi, India, where a permanent discoloration

at the edges of the PV module surface was observed. The reason for this discoloration

on the module glass is not known but this may be because of the effect of stagnant wet

soil layer formation leading to enhanced moisture ingress through the interface between

the glass and frame. It is clear that the tilt angle of the module is a critical parameter

determining the performance in dusty conditions. However, the tilt angle is typically

determined based solely on the geographical coordinates with no consideration for the

impact of soiling.

There are two ways the angle of incidence (AOI) influences the short-circuit current

(Isc) of the PV modules. The first is a geometrical effect, that is, the module’s orientation
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with respect to the incident sunlight, often referred to as the “cosine effect.” The second

is because of the optical effects or surface characteristics of the PV module, referred to

as the “optical effect”. Minimum optical losses on a cleaned or soiled module occur at

around solar noon when the AOI is close to zero [39]. As the AOI increases, the optical

losses caused by the soil layer increases.

A detailed study has been done on the change in the quantum efficiency curve at

different AOI values for a small silicon solar cell encapsulated with ethylene vinyl acetate

(EVA) [43]. In addition, several reports [11] [26] [39] have documented that there are

spectral and AOI losses because of the formation of soil layer on small glass coupons

and/or on small PV devices, which are naturally or artificially soiled. This study presents

methods to characterize spectral and angular loss of large commercial size PV modules

with different soil gravimetric densities. The QE measurements of these commercial mod-

ules were done indoor, whereas the AOI loss and reflectance measurements were done

outdoor at the Arizona State University Photovoltaic Reliability Lab (ASU-PRL).

4.2 Methodology to Estimate the Spectral and An-

gular Loss

The modules used in this study were naturally soiled in the hot dry climatic condition of

Mesa, Arizona, USA. One polycrystalline silicon module that was placed horizontally for

more than 4 years showing different soil gravimetric densities was used for the spectral

studies. Three soiled and one cleaned polycrystalline silicon PV modules were used for

the AOI studies. Of these, heavily soiled and moderately soiled PV modules were soiled in

the horizontal position between three and five years, whereas the lightly soiled PV module

was soiled at a tilt angle of 23o for about three years. Although, the modules were from

different manufacturers, the superstrate/encapsulant/substrate construction of all these

modules was glass/EVA/cell/EVA/backsheet. Figure 4.2 shows the methodology followed

in this study.
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Figure 4.2: The methodology used in this study.

Table 4.1: Gravimetric density of soiled PV Module used in this study.

Type of Soil Sample
Spectral loss Study Angular loss

Study
Soil Gravimetric
Density (g/m2)

Isc(STC)
loss(%)

Pmax(STC)
loss(%)

Soil Gravimetric
Density (g/m2)

Heavy (>10g/m2) 74.6 41.3 34.4 11.80
Moderate (2-10g/m2) 3.18 9.7 5.8 2.74
Light (0-2g/m2) 0.6 3.3 3.0 1.71

4.2.1 Determination of Soil Gravimetric Density

Dry lint free cotton gauze was weighed (M) using Mettler Toledo balance (AG285, res-

olution 0.01mg). It was then dampened with water so that dusts from the PV module

adhere to it well. The dampened cotton gauze was used to wipe on a pre-measured area

(A). Later, it was dried in an oven and then weighed (Msoiled) again. The soil gravimetric

density (SGD) of the PV modules was calculated using the equation 4.1 and is shown in

Table 4.1. The accuracy of this method needs to be improved, but serves as a very close

indicator of the soil gravimetric density.

SGD(g/m2) =
Msoiled −M

A
(4.1)

Isc is affected by transmittance only whereas Pmax may be affected by both trans-

mittance and shunt resistance depending on the cell quality and technology. The shunt

resistance and FF (Fill Factor) depend on the technology used by manufacturer. To

avoid the shunt resistance influence and to obtain the true measure of transmittance due
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to soiling, we are reporting all our data based on Isc only. However, for the purpose of

information, the influence on the Pmax (Table 4.1) for the tested technologies is provided.

It is again cautioned that the Pmax loss is not an accurate measure of soiling loss as

compared to Isc loss. Pmax is affected by many variables such as spectrum, broadband

irradiance, temperature, AOI, etc. The corrections for all these factors will not be trivial

as it can have impeded uncertainties.

4.2.2 Characterization of Spectral Loss

The cells from the test PV module were accessed from the backsheet by carefully cutting

the backsheet and the back encapsulant. The exposed cell interconnects were soldered

with tabbing wire to obtain Current – Voltage (I-V) and Quantum Efficiency (QE) data.

I-V data of the cells were measured at Standard Test Conditions (STC) using a class AAA

solar cell simulator (PV Measurement Inc., Model No. IV16K). The solar simulator is

mounted on a custom built X-Y stage where the light source can be moved to the location

of the test solar cell on the PV module. The losses in Isc at STC of the soiled PV modules

are shown in Table 4.1.

The QE measurements were carried out using PV Measurements QEX12M with custom-

built X-Y stage, which can obtain QE at any spot on the entire test PV module. The

measurements were taken for the wavelength range of 350 – 1100 nm at 5 nm increments.

The beam width of the monochromatic light was set at 1.5 mm x 5 mm.

The reflectance spectra of the soiled solar cells were collected using an ASD Inc.

handheld FieldSpec-4 general purpose spectroradiometer equipped with a high intensity

contact probe accessory. The contact probe accessory has a halogen light source for

reflectance measurement. The instrument can acquire visible and near-infrared (VNIR)

and short-wave infrared (SWIR) spectra for the wavelength range of 350 – 2500 nm. The

instrument is calibrated with a white reference panel before each reflectance measurement.

The contact probe light opening (spot size 10 mm) was held very tightly to the surface of

the sample to ensure that no light escapes from the contact probe. A total of 10 spectra

were collected for each sample.

There are two types of QEs associated with solar cell, viz., Internal QE (IQE) and

External QE (EQE). EQE is the ratio of the electrons collected as photocurrent and the

incident photons on a solar cell. In a clean PV module, the above definition can be
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(a)

(b)

Figure 4.3: Illustration of optical losses on (a) cleaned and (b) soiled PV Module.

extended as follows. EQECPVM is the ratio of the electrons collected as photocurrent and

the photons that entered the solar glass. Incident photons = photons that entered the

glass (T ′g) + photons reflected (Rg−a) at the air and glass interface. Similarly, for a soiled

PV module, EQESPVM is the ratio of the electrons collected as photocurrent and the

photons that entered the solar glass. In this case, incident photons = photon reflected at

the air and dust interface (Ra−d) + photons absorbed by dust (Ad) + photons reflected

at the dust and glass interface(R”d−g)+ photons that entered the glass (T”g). Both

the EQESPVM and EQECPVM are difficult to measure. In the case of PV modules (or

encapsulated solar cells), EQE that can be measured is the ratio of the electrons collected

as photocurrent and the incident photons on the module which are termed as EQEMSPVM

and EQEMCPVM . The definition of IQE will remain the same in the case of solar cell and

PV module as it is the ratio of the electrons collected as photocurrent and the photons

that are absorbed in the solar cell. Figure 4.3 shows the photon balancing diagram of a
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cleaned and soiled PV module respectively. For ease of understanding, PV module here

refers to a glass/solar cell system instead of a glass/encapsulant/solar cell system. The

optical effect of the encapsulant layer is assumed to be negligible [43]. In Figure 4.3(a),

some part of the incoming solar radiation is reflected (Rg−a) at the glass–air interface and

the rest enters the glass (T ′g). Out of the photons that entered the glass, few photons would

be absorbed by the glass (A′g), some would get reflected at the glass–solar cell interface

(R′g−sc), and the rest would exit the glass (T ′sc). A portion of the photons that entered the

cells would be absorbed by the solar cell (A′sc) and remaining would be transmitted (T ′a)

and reflected (R′sc−a) at the bottom of the solar cell. Similarly, Figure 4.3(b) shows the

optical path of the incoming solar radiation on a soiled PV module. Initially, some part

of the incoming photons is reflected at the air-dust interface (Ra−d) and the remaining

enters the dust (Td). Out of the photons that enter the dust, some are absorbed (Ad),

some are reflected at the dust – glass interface (Rd−g) and the remaining enters the glass

(T”g). Photons that enter the glass follow a similar optical path mentioned in the clean

PV module. The reflectance that is measured using the spectroradiometer is the net

reflectance of the cleaned (RMCPVM) and soiled PV module (RMSPVM), respectively. By

equating the IQE obtained from the clean (IQECPVM) and the soiled (IQESPVM) PV

module, we can determine the light absorbed by dust (Ad). ‘φ’ is the spectral photon flux

that is received by both the soiled and cleaned PV modules, and ‘q’ is the charge of one

electron.

IQECPVM = IQESPVM (4.2)

JCPVM

qφ(1 −RMCPVM − A′g)
=

JSPVM

qφ(1 −RMSPVM − A”g − Ad)
(4.3)

EQEMCPVM = JCPVM/qφ (4.4)

EQEMSPVM = JSPVM/qφ (4.5)

Substituting 4.4 and 4.5 in 4.3 and canceling common terms,

EQEMCPVM

(1 −RMCPVM − A′g)
=

EQEMSPVM

(1 −RMSPVM − A”g − Ad)
(4.6)

Beal et al. [43] show that absorption of low-iron soda-lime glass and glass with encap-
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sulation is nearly zero from 350 to 1100 nm, that is, A′g = A”g = 0.

EQEMCPVM

(1 −RMCPVM)
=

EQEMSPVM

(1 −RMSPVM − Ad)
(4.7)

By rearranging,

Absorbed by dust, Ad = [1 −Rsoiled] − [
EQEmsoiled

EQEmclean

(1 −Rclean)] (4.8)

The following assumptions are made in deriving the above equation: 1) no photons

entering the solar cell exited the solar cell, that is, T ′a = T”a = 0; and 2) dust layer is

considered as a transparent layer as they do not cover the glass surface completely. In

addition, any amount of scattering that leads to current collection is accounted for in the

transmission through dust.

The net light reflected by the soil layer can be determined by taking the difference of

the measured reflectance of soiled and cleaned PV module. Now that the absorption and

the reflectance by the soil layer are determined, the transmission through the dust layer

can be calculated.

4.2.3 Characterization of Angular Loss

The experiment to determine the angle of incidence (AOI) curve on cleaned PV modules

was performed by following the procedure described in the International Electrotechnical

Commission (IEC) 61853-2 draft standard [44] and the report of Knisley et al. [45]. The

modules were mounted on a two-axis-tracker co-planar to each other as shown in Figure

4.4. A sun-dial was used to verify the co-planarity of the modules when normal to the

sun. To calculate the global and direct irradiances, a pyranometer (Kipp and Zonen)

and a pyrheliometer (Eppley) were employed. The pyrheliometer was placed on another

two-axis tracker and was continuously allowed to track the sun. T-type thermocouples

were attached in order to measure the module temperature, while a multi-curve tracer

(Daystar, DS3200) was used to sweep current-voltage (I-V) curves, along with the module

temperatures and irradiances for AOI from 0o to 75o. An AOI measuring device (Micros-

train, 3DM-GX3-25) which is an attitude heading reference system was used to determine

the AOI. The calibrated AOI device was mounted on a non-magnetic arm to avoid mag-

netic interference that may influence AOI measurements. The experiment was conducted
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on a clear sunny day when the ratio of direct normal irradiance (DNI) to global normal

irradiance was 0.91 (above 0.9 as required by the IEC 61853-2 standard). The measure-

ments were done in less than 30 minutes to minimize the influence of spectral variations

during the measurements.

Figure 4.4: Outdoor experimental setup for AOI measurement [Soiling level: A – Heavy
(11.8 g/m2), B – Moderate (4.85 g/m2), C – Moderate (2.74 g/m2), D –Light (1.71 g/m2);
E – Cleaned].

During measurements, the tracker was operated manually to vary the AOI. Care was

taken to ensure that there were no reflective surfaces nearby affecting the readings. Higher

number of readings improved the accuracy; therefore readings were obtained at 24 different

AOIs. The measurement was not extended beyond 75o AOI due to reflections from the

surroundings and the limitation of the tracker. To verify the AOI curve measured is

accurate, the typical cleaned silicon PV module curve obtained by Sandia model [46]

and Martin-Ruiz model [47] were overlaid with obtained cleaned PV module AOI curve.

If the curves overlapped each other, the corresponding soiled PV module AOI curve is

considered.

4.3 Results and Discussions

Energy loss of 50% from the PV system due to soiling has been reported in places such

as Baghdad, Iraq [9]. Therefore it is possible to see a loss of Isc close to 50%, which is

represented in this experiment by the highly soiled PV module. Lightly soiled PV modules

showed an Isc loss of 3.3%.
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The moderately and heavily soiled PV modules analyzed in this section have shown

approximately 10% and 41% loss in Isc, respectively. Energy generation loss associated

with this is significant and additional expense on module cleaning or anti-soiling coatings

may possibly be justified in terms of increased income generation.

4.3.1 Comprehensive Spectral Loss Calculation of Soiled PV

Module

The first step to quantify the spectral effect of soiled PV module in the field is to examine

the reflectance spectra, which can be measured using the portable spectroradiometer

identified in the above section. The reflectance measurements were carried out in the

field for the soiled PV module before and after cleaning it. The increase in measured

spectral reflectance of the moderately and heavily soiled PV modules because of the

presence of soil layer is shown in Figure 4.5. Special care was taken to ensure that both the

measurements (soiled and after cleaning) were made at the same location. For the cleaned

PV module, the lowest reflectance is seen in the 600 – 700 nm range. This is expected as

most antireflective coatings (ARCs) are designed to have minimum loss at approximately

600 nm. Moreover, high reflection is expected in the blue region (350 – 500 nm) for

polycrystalline silicon PV module as compared to monocrystalline silicon PV module

because of variation in thickness of the ARC layer. Because of the presence of the soil

layer, the reflectance of both soiled modules increased overall in all measured wavelength

bands (350 - 1100nm). In the moderately soiled PV module, there was relatively small

increase in the measured absolute reflectance because of the soil layer at the 350 – 400

nm and 400 – 500 nm wavelength bands (3%, 3.8%), whereas at wavelength bands above

500 nm, the absolute reflectance approximately doubled (above 5.7%) and was consistent.

Overall, the average reflectance because of the moderate soil layer increased by 58.4%

(350–1100 nm) when compared to the clean PV module surface. In the heavily soiled PV

module, the average reflectance of the soil layer increased dramatically by 87.2% in all

wavelength ranges.

Optical absorption by the soil layer was calculated by using equation 4.8. As both

absorbance and reflectance of the soil layer are known, the light transmitted through the

dust layer can be determined because transmittance + absorbance + reflectance = 1.
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(a)

(b)

Figure 4.5: Spectral reflectance of the moderately (a) and heavily (b) soiled PV module
before and after cleaning.

Figure 4.6 shows the optical absorption by the soil layers, net reflection because of the

dust and the light transmitted through the soil layer. The spectral transmittance obtained

showed similar trend as reported by Qasem et al. [48]. At wavelengths above 600 nm,

the transmittance is less dependent on the wavelength band. This effect is explained
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by the Mie scattering simulation [48], which showed that Mie scatter happens largely

for small particle size (< 6µm) where the attenuation of the lower wavelengths becomes

more significant. In a heavily soiled PV module, less number of photons is transmitted

through the soil layer and hence the Isc is reduced significantly (41% loss). From Figure

4.6(a), it can be observed that approximately 60% of the incoming photons are absorbed

(or scattered in different directions) by the soil layer. In the lower wavelength range of

350 – 500 nm, the average absorption is maximum at 85%. In a moderately soiled PV

module, an average of 71% of the incident photons transmits through the soil layer in all

wavelength range. In Figure 4.6(b), absorption by soil layer was approximately 23% in

all wavelength range and the highest average absorption (approximately 35%) was seen

in the lower wavelength ranges from 350 to 500 nm.

As shown in Figure 4.7, the reflectance and EQE studies were carried out only on small

heavily soiled areas, whereas the Isc measurement has been carried out on the entire cell

area. The transmittance loss of heavily soiled area of the cell is dictated by the heavy

soil layer only, whereas the Isc loss of the heavily soiled cell (HSC) is dictated by both

heavily and less heavily soiled areas of the cell. Therefore in this case, it is expected that

the loss in short circuit would be much less than the measured loss in transmittance. It

is seen that the short circuit current (over the entire solar cell area) reduces by about

41 % (Table 4.1) and the transmittance (small heavily soiled area in the cell shown in

Figure 4.7) reduced by approximately 90% over the whole spectral range [Figure 4.6(b)].

The difference between reduction of Isc and transmittance value is attributed to the non-

uniformity of the soil layer on the cell. In the case of HSCs, as shown in Figure 4.7, the

cell is partially covered by a heavy soil layer and the remaining area of the cell is covered

only by a moderately soiled layer. In order to determine the transmittance loss of the

entire heavily soiled cell (HSC), the area weighted transmittance (THSC) of the solar cell

is estimated by assuming that two types of dust density, viz. heavily (H’) and moderately

soiled (M’) are seen in this solar cell. This assumption is made because visually, the less

heavily soiled area shows similar soiling pattern as that of the moderately soiled solar cell

(as per definition of Table 4.1). Jsc denotes short-circuit current density, and A is the

area of the cell. Since the Isc of the entire heavily soiled solar cell (Isc,HSC) is a sum of

the current generated by the heavily (Isc,H′) and moderately (Isc,M ′) soiled portion of the

solar cell, we have the following:
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(a)

(b)

Figure 4.6: Reflectance, Absorption and Transmittance spectra of the heavily (a) and
moderately (b) soiled PV module.

Isc,HSC = Isc,H′ + Isc,M ′ (4.9)

Jsc,HSC × A = (Jsc,H′ × AH′) + (Jsc,M ′ × AM ′) (4.10)

Where, AH′ and AM ′ are the areas of the heavily and moderately soiled areas on the

cell, respectively, and A = AH′ +AM ′ . Jsc generated by a soiled solar cell is a product of

the Jsc generated by a cleaned solar cell and the incident radiation transmitted through

the soiled layer, and hence Jsc,soiled = Jsc,cleaned × Tsoiled.
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Figure 4.7: Non-uniform soiling of PV cells leading to difference in transmittance and Isc
data.

Jsc,cleaned × THSC × A = (Jsc,cleaned × TH′ × AH′) + (Jsc,cleaned × TM ′ × AM ′) (4.11)

Cancelling the common term Jsc,Cleaned, equation 4.11 is reduced to

THSC × A = (TH′ × AH′) + (TM ′ × AM ′) (4.12)

Using the imaging processing technique, AH′ and AM ′ are estimated as 60.6% and

39.4%, respectively. Also, the average transmittance (averaged over the spectral range

of 350 nm to 1100 nm) for the heavily soiled and moderately soiled area are calculated

from Figure 4.6 as 7.05% and 71.2%, respectively. Substituting in the above equation

4.12, the area weighted average of the transmittance of the entire solar cell is estimated

as 32.33% as opposed to 7.05% of the small heavily soiled area. This correlates well with

the Isc loss of 41%. More accurate correlation between the Isc and spectral measurement

can be obtained if the spectral measurements can be made with beams size similar to cell

size. Another strategy to overcome this is to study the dust pattern, a more fine-grained

version of the approach outlined in the previous paragraph. From the pattern, cell area

could be binned to smaller areas based on soil gravimetric densities. Small area spectral
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measurements could be made on selected areas.

Figure 4.8 shows the comparison of the measured EQE spectra of heavily, moderately,

and lightly soiled PV module with the cleaned PV module. The lightly soiled PV module

shows very small decrease in the EQE spectra with respect to the cleaned PV module,

whereas the heavily and moderately soiled PV module showed significant reduction. The

reduction in the EQE of the moderately soiled PV module is mainly because of the

absorption in the dust and a small percentage is reflected. However, in the highly soiled

PV module, reduction in EQE is largely dominated by the absorption of dust followed by

reflection by the dust particles. As a result of the increase in QE, less photon reach the

solar cell; this in turn reduces the Isc of the PV modules.

Figure 4.8: Comparison of quantum efficiency of heavily, moderately and lightly soiled
PV module with the cleaned PV module.

4.3.2 AOI Loss of Soiled PV Module

In the previous section, we reported the spectral loss of the soiled PV module at 0o

AOI. It is known that the reflectance increases beyond certain AOI, depending on the

air/superstrate interface. This is true for both cleaned and soiled PV modules [49]. The

Sandia model shown in the following is used for the determination of the AOI curve [45].

Iscr = Isc ×
Eo

Epoa

× (1 + αIsc(Tc − 25)) (4.13)
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f2(AOI) =

[Eo ∗

Isc
1 + αIsc(Tc − 25)

Iscr − (Epoa − Edni × cos(AOI))
]

Edni × cos(AOI)
(4.14)

Edni = Direct normal solar irradiance (W/m2)

Epoa = Global solar irradiance in the plane-of-array (module) (W/m2)

Eo = Reference global solar irradiance, typically 1000 W/m2

AOI = Angle between solar beam and module normal vector (deg)

Tc = Measured module (cell) temperature (oC)

αIsc = Short-circuit current temperature coefficient (1/oC)

Isc = Measured short-circuit current (A)

f2(AOI) = Relative optical response

The values are normalized to obtain relative response, f2(AOI). This means that

f2(AOI) at AOI 0o is 1. AOI curves of cleaned, lightly, moderately and heavily soiled PV

module is shown in Figure 4.9.

Figure 4.9: AOI curve of cleaned and moderately soiled PV module.

The Relative Difference (RD) between f2(AOI) and f2(0
0) is very small for smaller

AOIs and very high at higher AOIs. This is the case for both soiled as well as the cleaned

modules. However, the value of RD at higher AOI is greater for soiled modules than

cleaned modules at a particular AOI. The “critical angle” is defined as the angle above

which there is a loss of 3%, or above, as compared with the 0o AOI. For cleaned poly-
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Table 4.2: Comparing AOI curves of cleaned and soiled c-Si PV modules.

Sample
Name
(Soiling
Level)

Critical
Angle (3%
and above
loss)

RD (Relative
Difference)
(f2(0

o) - f2(57o)

Empirical Formula (f2(AOI))

Cleaned 57o 3% f2(AOI) = −2E − 09(AOI)5 +
4E − 07(AOI)4 − 2E − 05(AOI)3 +
0.0006(AOI)2 − 0.0067(AOI) + 1.0062

Lightly
Soiled

42o 7% f2(AOI) = −2E − 09(AOI)5 +
4E − 07(AOI)4 − 3E − 05(AOI)3 +
0.0007(AOI)2 − 0.0071(AOI) + 1.0072

Moderately
Soiled

38o 12% f2(AOI) = −1E − 09(AOI)t5 +
2E − 07(AOI)4 − 1E − 05(AOI)3 +
0.0003(AOI)2 − 0.0036(AOI) + 1.0041

Heavily
Soiled

20o 16% f2(AOI) = −1E − 09(AOI)5 +
2E − 07(AOI)4 − 1E − 05(AOI)3 +
0.0004(AOI)2 − 0.0047(AOI) + 1.0046

crystalline silicon PV modules, the critical angle is at about 57o, whereas for the lightly,

moderately and heavily soiled PV module it is at about 42o, 38o, and 20o, respectively.

The AOI curves in all cases can be fitted with a fifth order polynomial. This empirically

derived function can be used in a PV system simulation tools. Table 4.2 shows the criti-

cal angle, RD, and the empirical formulas for determining the AOI curves of the cleaned

and soiled PV module. It is observed that the AOI curves are heavily influenced by the

air/soil/superstrate layer and is dependent on the thickness of the soiling layer. The crit-

ical AOI for the air/glass interface is about 57o, and it decreases dramatically as the soil

gravimetric density (g/m2) increases. The critical angle forms a good measure to indicate

where the soiling loss is significant for a certain soil gravimetric density (g/m2).This find-

ing can be crucial for fixed tilt modules as they experience a wide range of AOI, especially

on cloudy days.

4.4 Conclusion

Most of the earlier studies on the spectral effect of soiling were done on small glass coupons

or small encapsulated solar cells that were naturally soiled outdoor or artificially soiled

indoor. This study presents methods appropriate to characterize spectral and angular

loss of large commercial size PV modules with different soil gravimetric densities. We
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have reported that the moderately and heavily soiled crystalline silicon PV modules show

a short-circuit loss of about 10% and 41%, respectively, with soil gravimetric density of

approximately 3 gm/m2 and 74 gm/m2.

The increase in the reflectance of the moderately soiled PV module is the smallest in

the 350–500nm wavelength bands and highest in the 600–700 nm wavelength bands. This

is attributed to Mie scattering [48]. Because of the presence of the soil layer, the average

reflectance of the moderately soiled and heavily soiled PV module was increased by 58.4%

and 87.2%, respectively, in the 350 – 1100 nm range, compared to the clean module.

An equation to estimate absorption of light by soil layer was derived and used to

obtain the absorption spectra. On an average, the absorption was 61% and 23% in the

heavily and moderately soiled layer, respectively, in the 350–1100 nm range. Absorption

in the soil would depend on the soil chemical composition, and hence, there is a need to

repeat these experiments for different soil types.

The light transmitted through the soil layer was estimated from the absorption and

reflectance spectra. On an average, 71% of the incoming light was transmitted through

the moderately soiled layer, whereas only 7% was transmitted through the heavily soiled

layer.

The reduction in the EQE of the moderately and heavily soiled PV module is largely

dominated by the absorption (and scattered light) of dust, followed by reflection of the

dust particles.

It is observed that the AOI curve is heavily influenced by the air/soil/superstrate layer.

The critical AOI for the air/glass interface is about 57o, and it decreases dramatically to

20o as the soil gravimetric density (g/m2) increased to 11.8 g/m2. This influence is crucial

for fixed tilt modules as they experience a wide range of AOI during its operation and a

significant fraction of energy is generated at higher AOIs, especially on cloudy days.
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Chapter 5

Indoor Characterization of Different

Types of Dust found on PV Modules

from India

In the previous chapter, methods to characterize spectral and angular loss of fielded large

commercial size PV modules with different soil gravimetric densities was discussed. Even

though this type of characterisation can lead to accurate estimation of the optical losses

on PV modules, these techniques cannot be applied at all locations. In this chapter, an

indoor method to estimate the effect of different soil types on PV module technology with

various soil gravimetric densities is discussed.

5.1 Introduction

Estimation of soiling loss is difficult due to the variations in soil type [50], geographical

locations and climatic conditions [42]. Prediction of the site-specific soiling loss and de-

sign of cleaning intervals is currently heuristic and hence prone to large errors. Studying

the natural soiling loss on PV modules can be a very slow process. Accelerated soil-

ing loss testing strategies have been reported in literature [51, 52] as an alternative to

outdoor soiling methods. The main objective of these studies [48, 51, 52] and is to en-

able controlled laboratory experiments on the impact of soiling, thus reducing the time

taken to understand the severity of the soiling loss due to the soil composition and soil

gravimetric densities. Another advantage of accelerated soil testing is to quickly evaluate
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the anti-soiling coatings for various properties including the particle adhesion strength

on the surface and abrasion resistance property during cleaning using different cleaning

methods. However, the accelerated deposition technique does not help in estimating the

site-specific dependence of soiling rate (g/m2/day or g/m2/month) as it can widely vary

due to geographic location, season, tilt angle, whether it is rooftop or ground mounted,

and height of installation from ground.

Studies have shown that the transmittance of the transparent cover and the spectral

content of incoming solar radiation are altered depending on the soil type [48, 53]. It is

important to understand the spectral alteration by the soil type especially when many

research activities are focused on collecting a wider fraction of the solar spectrum to

increase the efficiency. Many emerging PV technologies such as the organic PVs, multi-

junction technologies, etc., try to enhance current collection at various part of the solar

spectrum. Understanding the spectral loss due to soiling could offer better cell design and

cost-effective deployment of these types of cells. Similarly, many research and development

efforts that are made to develop anti-soiling and anti-reflective coatings on PV modules

would also benefit from studies such as the one presented in this thesis. Laboratory

techniques to determine the composition of the dust and its impact on performance would

be valuable for such investigations.

Spectral losses due to soiling are difficult to predict without the knowledge of the

soil type. Burton et al. [54] have shown an accelerated soiling test method that can

be used to evaluate the response of PV modules coated with synthesized soil or grime

in a controlled laboratory setting. In their study, they have shown that the red, Fe2O3

rich grime behaves like a neutral density filter and therefore attenuates the incident light

spectrum uniformly. However, the yellow gothite rich grime forward scatters the light,

showing less detrimental effect to the overall performance than the red grime.

In this chapter, a detailed study on the spectral sensitivity of naturally occurring

soil/dust samples that were collected from PV modules installed in different parts of India,

collected during the All India Survey of Photovoltaic Module Degradation 2014 [55], was

conducted. These soil samples were artificially deposited to achieve various gravimetric

densities. The spectral effect of dust on different PV technologies is demonstrated by

calculating the short-circuit current (short circuit current density, Jsc) that would have

been generated by the devices under AM1.5G spectrum.
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5.2 Methodology

Different methodologies to correlate the reduction in PV module loss with dust have been

summarized in [11]. In most cases, the study of the soiling loss on PV modules took many

months or years. Our work provides a new approach to quantify soiling loss from different

geographical regions, in this paper, sites from India. Figure 5.1 shows the detailed analysis

procedure used in this work.

Figure 5.1: Detailed methodology used in this study.

Dust samples were collected from an existing PV module surface. This is because the

particle size distribution from the PV module surface is different from the dust collected

from the ground or airborne sample as shown in [19]. In this study, we have carried out

optical and electrical characterization of dust collected from two major sites in India,

viz. Jodhpur and Mumbai. Jodhpur is situated in the state of Rajasthan, which leads

the installed PV power generation capacity in India due to the fact that it receives the

highest solar insolation in the country [56]. Mumbai represents a typical urban city of

India, situated in the state of Maharashtra, which is considered to be a city with significant

potential for rooftop installations [57]. A limited quantity of dust samples from Gurgaon,

Hanle, Agra and Pondicherry was collected, and optical characterization was done for a
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gravimetric density of 1.8 g/m2. Some part of the dust samples were used to study the

particle size distribution and its mineral compositions.

Figure 5.2: The experimental setup that was used to deposit dust on the solar glass
samples.

5.2.1 Preparation of Soil Suspension

Acetonitrile (MERCK) is used as a carrier solvent for preparation of dust suspension.

Sample dust of 1.2 gm was added to 100 ml of acetonitrile. This concentration of ace-

tonitrile and dust was maintained for every deposition. A customized spray gun, shown

in Figure 5.2, of 100 ml capacity was used for deposition. Borosilicate, low iron, solar

glass from Borosil Glass Works Ltd. (India), of dimension 2 cm x 2 cm was used as

the substrate. Substrate cleaning was done using a commercial degreaser followed by

deionized water and isopropyl alcohol rinsing. Then the dry substrate was weighed us-

ing a microbalance (CITIZEN CX85S) of resolution 0.00001 g. The glass substrate is

weighed before the deposition (Mcleaned) and after deposition (Msoiled). The area of the

glass substrate (A) is also measured. The SGD is calculated using equation 4.1.

5.2.2 Artificial Dust Deposition

An airtight chamber was built to carry out deposition of dust. Dust in the solvent has a

tendency to settle down in the course of few seconds resulting in nonuniform dispersion of

dust in acetonitrile. To prevent this, a magnetic stirrer was used. The stirrer prevented

the dust from settling down in the gun and thus helped maintain the uniformity of dust
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in the suspension. The substrate was placed at 90o angle and at a distance of 20 cm from

the gun, parallel to the nozzle (of diameter 1mm) of the gun.

Commercial grade Nitrogen (N2) was connected from one end of the gun to create low

pressure at the nozzle with respect to the pressure inside the spray gun. A flow meter of

20 standard liters per minute was used to control the flow of N2. This pressure difference

ensured the suspension to flow out of the gun through the nozzle. Necessary safety

arrangement for the exhaust was done to move acetonitrile vapors out of the chamber.

N2 flow was given at the intervals of 15 s, till the desired weight of dust was achieved

on the substrate. An interval of 15 s ensured that the acetonitrile evaporates from the

substrate and does not disturb the uniformity. The dust samples from various sites were

deposited on the glass samples of desired gravimetric densities.

5.2.3 Characterization

Some part of the dust samples were used to understand the particle size distribution.

Particle size of the dust samples were measured using Beckman Coulter Laser Diffraction

Particle Size Analyzer. This system has the ability to measure particle sizes from 0.017µm

to 2000µm. An XRD elemental analysis was used to determine the mineral constituents

of the dust samples. The XRD analysis was done using PANalytical Empyrean system.

The XRD pattern was analyzed to identify the minerals using the PANalytical’s XRD

software suite.

The electrical performance loss at 1-sun was evaluated using a custom made solar sim-

ulator that is equipped with a 1 kW Xenon lamp, producing an AM 1.5G spectrum. The

simulator was calibrated with a reference cell (RERA silicon reference cell). A Keithley

2400 source meter was used for the current - voltage (I-V) measurement. A 2 cm2 mono

crystalline silicon solar cell was placed on the chuck, and soiled glass samples were directly

placed over the cell.

For measurement of the spectral response of the dust samples, one-side soiled glass

was placed on a mono c-Si solar cell and measurement was carried out using a Bentham

PVE300 quantum efficiency (QE) measurement system. QE scans were taken at 5 nm

increments from 300 nm to 1100 nm wavelengths. The slit width (1.5 mm × 5 mm) was

chosen such that input light beam can be focused on the active area between the metallic

fingers. Firstly, the QE of the cell, overlaid with clean glass substrate, was measured and
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this is designated as QEclean. This was considered as the reference for measurements of

QE for the glass substrates with dust. Then QE was measured with substrates of different

soil gravimetric densities overlaid on the cell and designated as QEsoiled. QE loss QELOSS,

due to reflection and absorption by the dust layer, is defined as QEclean - QEsoiled. Jsc of

the soiled sample was calculated by integrating the measured QE curve (soiled) with the

AM 1.5G spectrum as follows:

Jsc,soiled =

∫ 1100

300

QEsoiled × q × φAM1.5G(λ) dλ (5.1)

where, q is the charge of the electron, φAM1.5G (cm−2s−1) is the incident photon flux

of AM1.5G spectrum, and λ is the wavelength in nm. The spectral transmittance of the

dust samples was calculated from the QE spectra of the soiled and clean glass samples,

as follows:

Dust Spectral Transmittance, Td(λ) =
QEsoiled(λ)

QEclean(λ)
(5.2)

This equation assumes that the reflectance of clean PV module is negligible (approx-

imately 3%), which can be seen from Figure 4.5.

Jsc of various PV module technologies with soiling was calculated by integrating spec-

tral response (SR, in AW−1) of various PV module technologies with the spectral trans-

mittance of the dust sample of interest (from Eq. 5.2) and AM 1.5G spectrum ( in

Wm−2nm−1). The measured SR data of various PV module technologies were taken

from European Solar Test Installation [26]. The Jsc is calculated as follows:

Jsc,soiled =

∫ 1100

300

Td(λ) × SR(λ) × AM1.5G(λ) dλ (5.3)

The respective Jsc was then used to calculate Jsc loss as follows:

Jsc,loss = 1 − Jsc,soiled
Jsc,clean

(5.4)

where Jsc,clean is calculated by substituting Td as 1 in equation 5.3.
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(a) (b)

Figure 5.3: Uniformity of the sample was evaluated by calculating Jsc from QE spectra
at 5 different locations in the sample. The sample shown in (a) has a SGD of 15 g/m2.
Repeatability of the deposition technique was checked by depositing 3 soil gravimetric
densities (H – Heavy (15 g/m2), M - Moderate (5 g/m2), L - Light (1 g/m2)) thrice
shown in (b) and Jsc value is calculated.

5.2.4 Uniformity and Repeatability

The uniformity of the dust sample deposition using the technique explained above is

important because the QE measurement is carried out over a small area of 1.5 mm x

5 mm. These data would represent the individual soil gravimetric densities, which is

measured over the glass sample area (2 cm x 2 cm). Five spots in the sample (in Figure

5.33(a)) were chosen and respective Jsc values are shown in Table 5.1. The variation

of the calculated Jsc values is 0.3%. Three soil gravimetric densities were selected, viz.

heavy, moderate and lightly soiled samples showing 15 g/m2, 5 g/m2 and 1 g/m2 (Figure

5.3(b)), respectively, for the repeatability study. The selected gravimetric densities were

deposited thrice and as shown in the Table 5.2 with suffix 1, 2 and 3. The variation of

the Jsc values for the heavy, moderate and lightly deposited samples are 0.67%, 0.47%

and 0.39%, respectively.
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Table 5.1: Calculated Jsc of soiled glass sample in Figure 5.3(a) (15 g/m2), showing
uniformity of deposition.

Positions Jsc value estimated from QE measurement (mA/cm2)
A 13.25
B 13.30
C 13.22
D 13.27
E 13.21

Table 5.2: Calculated Jsc of soiled glass sample in fig 5.3(a) (15 g/m2), showing repeata-
bility of deposition.

Sample Number JSC value estimated from QE measurement (mA/cm2)
H1 13.14
H2 13.27
H3 13.10
M1 24.08
M2 24.23
M3 24.01
L1 32.35
L2 32.32
L3 32.55

H – Heavy (15 g/m2), M-Moderate (5 g/m2), L-Light (1 g/m2)

5.3 Results and Discussion

5.3.1 Sediment Characterization

The dust samples collected from sites were analyzed to find the particle size distributions,

and the results are shown in Table 5.3. The sediment type that dominates in the samples

was of clay and different kinds of silts. Mumbai dust sample showed higher percentage

of clay as compared to Jodhpur. Mumbai dust showed no presence of grained particles

whereas Jodhpur dust samples showed small quantities (10.71%). The effect of the particle

size has been studied by El-Shobokshy et al. [58], and they showed that dust containing

small particles showed higher reduction in PV performance as compared to dust with large

particles. The presence of grained particles may cause abrasions on the glass directly or

on antireflective coatings on the glass [59], which may increase the opacity of the glass

surface.

An XRD elemental analysis was used to determine the dust sample material com-

position, and the results are shown in Figure 5.4. The dominating component in all
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Table 5.3: Particle size distribution and sediment types.

D (µm)
% of total Sample

Sediment Type
Jodhpur Mumbai

0 - 4 9.26 22.31 Clay
4 - 8 5.09 15.74 Very Fine Silt
8 - 16 15.32 28.61 Fine Silt
16 -31 31.83 26.18 Medium Silt
31 - 63 27.78 7.15 Coarse Silt
63 - 125 10.71 0.00 Very Fine Grained
125 - 250 0.00 0.00 Fine Grained
250 - 500 0.00 0.00 Medium Grained
500 - 1000 0.00 0.00 Coarse Grained

the samples was quartz. Calcite was found in dust samples from Mumbai, Jodhpur and

Hanle. Albite was found in Hanle, Jodhpur and Gurgaon. The next major constituent

was Zeolite, which was found in Agra, Hanle, Jodhpur and Gurgaon. Illite was one of

the major constituent of the dust samples found in Hanle. The optical absorption and

reflection characteristics of these minerals are distinct and this can be expected to lead

to differences in the performance of PV modules soiled with these dust.

5.3.2 Impact of Dust Samples from Mumbai and Jodhpur on

Performance

5.3.2.1 1-Sun Response

The entire area of the test solar cell (2 cm2) was covered by a soiled glass sample and

subjected to I-V tests as explained in section 5.2.3. The soiled glass samples were of

different soil gravimetric densities and from different locations.

Soiling loss, the percentage difference between the measured short circuit current (Isc)

of the soiled glass sample and a cleaned glass sample, was used to compare soiled glass

samples with different soil gravimetric densities. The soiling loss increased with increase

in soil gravimetric densities, as shown in Figure 5.5 and Figure 5.6. Initially, the loss

increased rapidly with increase in the gravimetric density for both samples from Mumbai

and Jodhpur. The loss gradually saturates at higher gravimetric densities. A similar

observation was made by Eliminir et al. [28]. The dust sample from Mumbai appeared

to show significant loss compared to dust from Jodhpur for all soil gravimetric densities.

One main reason for this could be because dust from Mumbai had higher percentage of
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Figure 5.4: Analyzed XRD data of dust samples from Agra, Mumbai, Hanle, Gurgaon,
Pondicherry and Jodhpur.

small particles (clay and very fine silt) as compared to dust from Jodhpur. El-Shobokshy

et al. [58] attributed this to the more uniform distribution of small particles than of

the coarser ones. This minimizes the gaps between the particles through which light can

pass. The authors also reported that limestone particles (composed of calcite) tend to

initially decrease fill factor (FF) which subsequently increases and reaches a maximum

before decreasing again as the gravimetric density increases. This trend was also observed

in both the dust from Mumbai and Jodhpur, which has calcite as one of its constituents.

The maximum power (Pmax) showed a similar trend as that of Isc. The open circuit

voltage (Voc) remained nearly constant with increase in the SGD up to 3 g/m2. Above 3

g/m2, Voc decreases (see Figure 5.6b) significantly for the dust collected from Mumbai as

compared with Jodhpur.
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Figure 5.5: Comparison of soiling loss (using Isc) of soiled glass samples from Mumbai
and Jodhpur with different soil gravimetric densities.

5.3.2.2 Quantum Efficiency

QE spectra were collected from 300 nm to 1100 nm using the test glass samples overlaid on

a mono c-Si solar cell. Dust from Mumbai showed broader response (see Figure 5.7(a)),

with highest loss corresponding approximately to the peak of the solar spectrum. In

contrast, dust from Jodhpur showed a more pronounced response at 475 nm (see Figure

5.7(b)). The difference in the QE spectra of the clean and soiled glass samples (QELOSS)

for the same gravimetric density is much higher for the samples from Mumbai compared

with Jodhpur. This shows that dust from Mumbai will result in higher loss in performance

as compared with dust from Jodhpur. A similar observation was made in the previous

section for Isc loss, shown in Figure 5.5. The response at the broad peak of 475 nm

increases with increase in SGD for dust collected from Jodhpur.

5.3.3 Impact of Dust Samples from Gurgaon, Hanle, Agra and

Pondicherry on PV Performance

Small quantities of dust samples were collected from Gurgaon, Hanle, Agra and Pondicherry.

Hence, the effect of these dust samples with different soil gravimetric densities was not

studied. The dust samples from each of these four sites were used to deposit 1.8 g/m2 of

dust on glass sample. QE measurements were done on these four samples and compared
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(a)

(b)

Figure 5.6: I-V curves of mono c-Si solar cell under clean and soiled glass samples from
(a) Mumbai and (b) Jodhpur with different soil gravimetric densities.

with dust samples from Mumbai and Jodhpur of the same gravimetric density. Isc loss

of the six dust samples of 1.8 g/m2 gravimetric density is shown in Figure 5.8. The dust

sample from Mumbai shows the highest soiling loss followed by Pondicherry, Agra, Hanle,

Jodhpur and Gurgaon. The high soiling loss shown by dust samples from Mumbai and

Pondicherry can be explained by the QE spectra (see Figure 5.9), and the particle size

distribution (see Table 5.4). QE spectra show that spectral sensitivity of the dust from

Pondicherry and Mumbai at broad peak of 475 nm is similar. From Table 5.4, it can be

seen that both dust types have high percentage of clay sediments (Mumbai – 22.31% and
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(a)

(b)

Figure 5.7: Comparison of QE curve of mono c-Si solar cell with different dust densities
from (a) Mumbai and (b) Jodhpur.

Pondicherry – 17.59%) consisting of particle size of less than 4 µm. This may explain

the reason for the QRLOSS spectra of these two places show a matching pattern from

300-550 nm. However, the Mumbai dust showed higher QE loss at the longer wavelength

as compared to Pondicherry dust. This difference may be due to the difference in the

chemical composition of the dust as can be seen in Figure 5.4. Dust from Jodhpur (8.4%)

and Gurgaon (8.3%) showed lowest soiling loss. The reason for this can explained from

QE spectra. Jodhpur dust exhibited highest difference in the QE spectra in the lower

and middle wavelength range whereas Gurgaon dust had higher difference in the longer
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Table 5.4: Sediment type classification of dust samples.

Dust samples from
% of Total Sample

Clay (0-4 µm) Silt (4-63 µm) Grained (63-1000 µm)
Jodhpur 9.26 80.02 10.71
Mumbai 22.31 77.68 0.00
Gurgaon 5.40 73.82 20.70

Hanle 10.93 82.69 6.37
Agra 16.03 71.54 12.48

Pondicherry 17.59 69.99 12.38

wavelength. As a result, the QE loss was similar which was reflected in the Isc soiling

loss. High percentage of grained sediments (compared to dust from other sites) was seen

in these two types of dust (Jodhpur – 10.71%, Gurgaon – 20.7%), which means that there

were larger gaps between these coarse particles through which light can pass. Dust sample

from Pondicherry showed relatively high number of grained particle (12.38%) and hence

should have showed similar response as that of Jodhpur and Gurgaon, but it had relatively

high percentage of clay particles (17.59%), which may have filled the large gaps between

the coarse particles. Dust samples from Agra and Hanle showed similar characteristics in

the QELOSS spectra, except that the magnitude for Agra was higher than Hanle. This is

reflected in the Isc loss, where Agra shows higher loss compared to Hanle. Dust samples

from Agra (16.03%) also showed higher percentage of clay sediments than Hanle dust

samples (10.93%).

Figure 5.8: Comparison of soiling loss (Isc) due to dust from Gurgaon, Hanle, Jodhpur,
Agra, Mumbai and Pondicherry of same gravimetric density (1.8 g/m2).

69



Figure 5.9: Comparison of difference in QE spectra from clean glass and dust deposited
glass samples. The gravimetric density of 1.8 g/m2 is maintained for all dust coated
glass. Dust samples are collected from Gurgaon, Hanle, Jodhpur, Agra, Mumbai and
Pondicherry. The graph is split into zones I, II and III.

5.3.4 Simulated Soiling Loss of Different PV Module Technolo-

gies

This spectral transmittance data (using equation 5.2) obtained from dust samples were

also used to investigate spectral effects of these samples on various PV module technolo-

gies. The spectral effect on various types of PV technologies was studied by modifying the

measured spectral response data [26] reported by European Solar Test Installation (see

Figure 5.10) for mono c-Si, amorphous Silicon (a-Si), Copper Indium Gallium Selenide

(CIGS) and Cadmium Telluride (CdTe) modules and calculating the Jsc that would have

been generated under AM 1.5G spectrum [60]. The soiling loss was generated using Jsc

for the various dust types and gravimetric densities.

5.3.4.1 Soiling Loss for Different Gravimetric Densities

The spectral sensitivity of the dust from Mumbai and Jodhpur on mono c-Si was shown

in Figure 5.7. The bandgap of semiconductors used in PV modules vary and hence show

different spectral response, as shown in Figure 5.10. Therefore, we expect that the soiling

loss that will be exhibited by these technologies will be different. Table 5.5 and 5.6

shows the soiling loss of different PV module technologies with different soil gravimetric
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Figure 5.10: Spectral response of a-Si, mono c-Si, CdTe and CIGS modules, and AM1.5G
spectrum divided into 3 zone- Zone I, Zone II and Zone III.

densities of dust collected from Mumbai and Jodhpur. It is seen that narrow bandgap

of PV semiconductors such as c-Si shows lesser soiling loss compared to wider bandgap

semiconductors (CdTe and a-Si) for all soil gravimetric densities. As observed in the earlier

section, the soiling loss was much higher for dust collected from Mumbai as compared with

Jodhpur.

Most of the locations where dust is a concern for energy yield from PV modules

also have hot climatic conditions. The a-Si and CdTe technologies are considered more

favorable for hot climatic conditions due to their lower thermal coefficient. Our data

suggest that soiling losses may offset some of this advantage in locations that are both

dusty and hot. In other words, a-Si and CdTe modules may need more frequent cleaning.

5.3.4.2 Soiling Loss for Different Dust Types

Table 5.7 shows the soiling loss on various PV module technologies with different dust

types of same gravimetric density (1.8 g/m2). Figure 5.9 has been divided into three

zones- Zone I, Zone II and Zone III. Zone I is spread over 300 - 600 nm wavelength range

that exhibits the highest variation in the QE spectra for various soil types. This zone also

consist of the highest peak in the incident solar spectrum of AM 1.5G (see Figure 5.10).

The dust type that exhibits highest spectral sensitivity in this zone tends to show highest

soiling loss in the a-Si PV cell followed by CdTe, CIGS and c-Si solar cell. This is because
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Table 5.5: Simulated soiling loss of dust samples from Mumbai.

Gravimetric Densities
Soiling loss (%) of PV Module Technologies
a-Si CdTe CIGS c-Si

1 g/m2 8.3 7.5 6.9 6.9
2 g/m2 22.9 21.2 20.0 19.9
3 g/m2 31.1 29.0 27.4 27.3

4.5 g/m2 39.4 36.8 34.9 34.7
7.5 g/m2 47.4 44.8 42.7 42.5
10 g/m2 54.0 51.3 49.1 48.8
15 g/m2 75.9 72.9 70.5 70.0
20 g/m2 80.3 77.5 75.1 74.7
35 g/m2 94.4 93.2 92.0 91.6

Table 5.6: Simulated soiling loss of dust samples from Jodhpur.

Gravimetric Densities
Soiling loss (%) of PV Module Technologies
a-Si CdTe CIGS c-Si

1 g/m2 5.3 4.7 4.3 4.3
2 g/m2 10.9 9.8 9.1 9.1

7.5 g/m2 20.9 19.3 18.2 18.1
10 g/m2 27.7 25.5 23.9 23.8
15 g/m2 37.1 34.4 32.5 32.4
20 g/m2 42.8 39.9 37.8 37.7
35 g/m2 71.4 67.4 64.4 64.0
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Table 5.7: Simulated soiling loss of dust samples (1.8 g/m2) from 6 locations.

Soil Samples collected from
Soiling loss (%) of PV Module Technologies
a-Si CdTe CIGS c-Si

Mumbai 17.7 15.7 15.4 14.5
Pondicherry 15.5 13.8 12.7 12.4

Jodhpur 9.2 8.5 8.4 7.9
Hanle 10.2 9.5 9.5 8.9

Gurgaon 8.4 7.8 8.3 7.5
Agra 11.9 11.1 11.4 10.6

majority portion (62%) of the a-Si spectra response curve lies in Zone I. Zone II is from

600 nm to 900 nm. From the Figure 5.9 and earlier literatures [26, 51, 53] it can be seen

that this zone behaves like a neutral density filter. CdTe PV cell shows major spectral

response in this region as compared to other technologies. As a result, any considerable

change in this zone due to any of the soil types can cause significant degradation in

performance to CdTe, followed by CIGS, c-Si and a-Si. The spectral response in zone III

(900 nm to 1200 nm) is dominated by c-Si followed by CIGS. As a result, spectral loss in

this zone will affect c-Si the most and then CIGS technology.

5.4 Conclusion

Dust samples from fielded PV modules are collected from different geographical locations

in India. These dust samples were artificially deposited on solar glass samples. Soiling

loss due to Isc was used to evaluate the performance of the soiled glass samples on mono

c-Si solar cells. Spectral sensitivity of the dust samples from the different locations in

India was studied.

Dust from Mumbai and Pondicherry showed the highest percentage of particle size less

than 4µm (clay sediments). QE spectra (see Figure 5.7) are less spectrally sensitive at

wavelengths above 600 nm. Qasem et al. [48] made a similar observation and explained

it by Mie scattering where small particles (< 3µm) play a major role.

It is shown that the dust samples collected from different geographical locations in

India attenuates the incoming irradiance in a spectrally dependent manner. These data

are important as various PV technologies have very different spectral response (see Figure

5.10). As a result, the effect of soiling is not the same for all PV technologies. The

spectrum of the incoming radiation is altered by the presence of the soiling layer on the

73



PV module surface. PV technologies with narrow spectral response and in Zone I and

Zone II (a-Si and CdTe) are worse than technologies with broader spectral response in

all three wavelength zones (Si and CIGS). For the same SGD, reduction in photocurrent

was the lowest in CIGS and c-Si compared with a-Si and CdTe PV technologies. The

advantages of thin film technologies like a-Si and CdTe in hotter climates due to low

temperature coefficient of power may have to be offset in hot and dusty conditions due

to the stronger response of these technologies to dust.

The soiling loss can be reproduced in the lab with the combination of collecting dust

samples from specific region of interest, and spectral response of the PV technology.

Rooftop PV installations may be the favored mounting option for the technology in urban

areas, especially metro cities in India. However our data shows that the soiling losses are

likely to be larger in one such city, i.e., Mumbai, we have analyzed. Coupled with the likely

difficulty of accessing the roof mounted modules for cleaning, the necessity for developing

anti-dust coatings assumes significance in such cases.

This study has considered the scenario when the density of the dust deposited is iden-

tical in different geographical locations. Future investigations should preferably consider

the rate of dust deposition in actual conditions to incorporate the impact of dust and

cleaning cycles on energy yield from PV power plants.
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Chapter 6

Novel PV Module Cleaning System

using Ambient Moisture

In the previous chapters, the severity of soiling on PV modules is discussed. The earlier

chapter showed that the environmental conditions in which the modules are installed, play

an important role in determining the energy output. For modules installed in countries

near the equator, significant amount of dust can be accumulated on the panels, which

lead to as much as 50% reduction in the energy output over 30 days. Degradation in PV

system performance in the range of 15% - 65% for time duration varying from 6 days to 8

months in different parts of the world have been reported [61–63]. Decrease in the energy

output reduces the yield which effectively increases the electricity price and the payback

period. In addition, there could be module-level failures due to hot spots in unclean

modules. Recommendations [42] to extenuate the impact of dust and other particulates

like bird droppings and salt water stains on energy output include timely cleaning of the

modules based on specific environmental conditions.

Manual cleaning of the modules in an installation would entail considerable time and

efforts which may be over-whelming. Also at many installation sites, water may not

be readily available for cleaning purposes. Keeping these factors in mind, this chapter

discusses the design of an automated module cleaning system without any human inter-

vention. The system would absorb moisture from the ambient atmosphere, which will

then be filtered to be used for module cleaning. A chemical coating is also developed that

will provide wiping action, that is required, after water is sprayed on the PV modules.
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Table 6.1: Critical Relative Humidity of commonly available salts.

Material CRH Value
Cesium Fluoride 6.20938
Lithium Bromide 7.75437

Zinc Bromide 9.28455
Lithium Chloride 11.2323

Sodium Hydroxide 11.5581
Potassium Hydroxide 16.7049

Potassium Acetate 22.4388
Lithium Iodide 22.8216

Calcium Bromide 23.5670
Calcium Chloride 32.0156

Magnesium Chloride 33.6686
Sodium Iodide 42.6040

Potassium Carbonate 43.1315
Magnesium Nitrate 60.3514
Sodium Bromide 64.7190
Cobalt Chloride 73.0330
Potassium Iodide 74.5466
Sodium Chloride 75.5164

Strontium Chloride 78.5322
Sodium Nitrate 79.5738

Ammonium Sulfate 81.7794
Ammonium Chloride 81.8777
Potassium Bromide 86.6424
Potassium Chloride 88.6190
Strontium Nitrate 94.2127

6.1 Concept and Approach

Deliquescence is the process by which a substance absorbs moisture from the atmosphere

until it dissolves in the absorbed water and forms a solution. The deliquescence property

of salts is the basic principle by which the absorption of moisture from the ambient

atmosphere takes place. It is a known fact that when the humidity of the atmosphere is

equal to or greater than the critical relative humidity (CRH) of a deliquescent material, the

sample will absorb water until it is dissolved to yield a saturated solution. All deliquescent

salts have characteristic critical relative humidity, which is a unique material property [64].

Table 6.1 shows the CRH values of various salts at 25oC. For this work, we selected salts

taking into consideration the CRH values or average relative humidity, toxicity and cost

of material.

The solution obtained after exposing the salts to ambient atmosphere (where the
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humidity is equal to or greater than CRH) needs to be then filtered before it can be used

for cleaning PV panels. The filtering process involves evaporation and condensation which

is illustrated in Figure 6.1. The evaporation can be done with the help of solar radiation

which can be trapped in a glass chamber to heat up the salt solution. Heating of the

salt solution results in the formation of water vapor and then condense onto a relatively

cooler surface to form water droplets. The water droplets are collected over a period of

time which can then be used for cleaning PV modules. The evaporation of salt solution

separates the salt from the solution, which can then be reused to absorb moisture from

atmosphere. This process can be repeated to collect water.

Figure 6.1: Illustration of a simple filtering process comprising of evaporation and con-
densation.

6.2 Average Annual Relative Humidity of the World

Relative humidity is a measure of how much water vapor is in the ambient. Relative

humidity is defined as the ratio of the actual vapor pressure of water vapor to the satu-

ration vapor pressure of water, in other words how much water is in the air divided by

the most water that could possibly be there. This is an important parameter to deploy a

mechanism that absorbs moisture from the air.

It can be seen from Figure 6.2 that most parts of the world and especially India show

an average relative humidity of above 40% [65]. As a result, we have chosen calcium
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(a)

(b)

Figure 6.2: Average annual Relative Humidity seen in the (a)World and (b)Asia.

chloride, magnesium chloride and sodium chloride which has CRH values 32%, 33.6% and

75.5% to prove the concept.

6.3 Moisture Extraction

The extraction of moisture from the ambient depends on the relative humidity and am-

bient temperature. There are mainly two process involved in moisture extraction.

1. Moisture Absorption

2. Filtration
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6.3.1 Moisture Absorption Experiments

Two sets of humidity absorption experiments were done over a period of 100 and 300 hours

respectively. Separate experiments were conducted to evaluate the absorption efficacy of

the salts under low humidity and high temperature conditions. As seen in the earlier

section, major portion of the world, especially in India show average annual relative

humidity greater than 40% throughout the year. Therefore, salts with CRH of less than

40% are suitable for the application. The selected salts such as CaCl2 (Calcium Chloride)

and MgCl2 (Magnesium Chloride) satisfy this criterion.

Figure 6.3: Experiment setup to quantify the weight gain of various salts such as NaCl,
MgCl2 and CaCl2, due to moisture absorption.

A plastic beaker was covered with a cloth and three types of salts such as NaCl,

MgCl2 and CaCl2 are spread uniformly on the cloth, as shown in Figure 6.3. The

initial weight for the 100 hour experiment of the NaCl (Sodium Chloride), MgCl2 and

CaCl2 are 21.45 gm, 17.27 gm and 17.2 gm respectively. Humidity and temperature

sensors were used to monitor the humidity and temperature conditions. For the 100 hour

experiment, temperature and the relative humidity varied from 27oC to 34oC and 74% to

84% respectively.

Figure 6.4 shows the hourly weight gain data of three salts for a duration of 100 hours.

NaCl has a high CRH value of 75%, the weight gain is very less (28% of the initial salt

weight). On the other hand, MgCl2 and CaCl2 show a sharp initial increase, which then

tends to settle down to a saturation value. The weight gain of MgCl2 and CaCl2 due to

moisture absorption was 70% and 105% respectively. For all the salts, the weight gain

was more appreciable during night and morning hours as compared to afternoon. High

temperature conditions would result in increased evaporation during afternoon and hence

reduced weight during those intervals.
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Figure 6.4: Weight gain data for 100 hours experiment for CaCl2 (A), MgCl2 (B) and
NaCl (C) (CRH = 75.5%).

Based on the encouraging results from initial experiments, elaborate tests for 300

hours duration were performed with more quantity of salt and combinations of salts as

shown in Figure 6.5. The 300 hour experiment was done at an ambient of temperature

and RH variation from 25oC to 32oC and 65% to 90% respectively. For samples involving

NaCl, it can be observed that nearly after 200 hours of exposure, the weight gain started

decreasing. It can be inferred that once the salt is saturated with moisture, the rate

of evaporation outweighs the absorption rate and hence the net gain reduces. This is

expected in the case of NaCl, since its CRH value was comparatively higher. Higher

weight gain was obtained for MgCl2 (62%), CaCl2 (133%) and their combination. As in

the initial experiment, best results were obtained for CaCl2.

Experimental data at harsher ambient conditions for a duration of 170 hours are shown

in Figure 6.6. CaCl2 (103%) and equal mixture of MgCl2 and CaCl2 (89%) showed a

gain comparable to previous results, while there was a severe loss in the case of MgCl2

(30%). The reason for this loss in MgCl2 is not known and it could be that CRH value

of MgCl2 salt is much higher than 33.66% as reported in the Table 6.1. Based on these

results, it was concluded that CaCl2 or mixture of MgCl2 and CaCl2 are the most suitable

candidates for absorbing moisture from the ambient.
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Figure 6.5: Weight gain data for 300 hours experiment for CaCl2 (A), MgCl2 (B), NaCl
(C) and equal mixtures of MgCl2 and CaCl2 (A+B), NaCl and CaCl2 (A+C), and NaCl
and MgCl2 (B+C).

Figure 6.6: Weight gain data CaCl2 (A), MgCl2(B), and equal mixture of MgCl2 and
CaCl2 (A+B) for low relative humidity and high temperature.

6.3.2 Filtration

The schematic of the filtration process is shown in Figure 6.1. The filtration experiments

were tried using the heat from sunlight and by using electric heaters as shown in Figure
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6.7 and Figure 6.8.

In Figure 6.7(a), water droplets are formed due to the evaporation and condensation

processes happening inside the glass pyramid. Evaporation of the calcium chloride solution

due to the heat trapped in the glass pyramid, results in the formation of water vapor that

condenses on the glass surface. The water droplets formed over a period of time is collected

in a separate narrow channel towards the base of the pyramid. The circled area in Figure

6.7(b) shows the clean water collected in a narrow channel. For faster extraction of water

droplets, electric heater was used as shown in Figure 6.8. The glass pyramid used in the

electric heater experiment was relatively bigger and very narrow channels. As a result, a

plastic pipe was attached to the channel so that water get collected in a clean container,

circled as shown in Figure 6.8(a). After the extraction of water from the calcium chloride

solution, the resultant anhydrous CaCl2 is seen in Figure 6.8(b). The resultant CaCl2

can be again used to collect water from the moisture.

(a) (b)

Figure 6.7: Filtration experiment using solar energy image showing evaporation (a), and
condensation happening on the glass surface (b). Circled area shows the clean water
collected during the evaporation and condensation.

The collected or filtered water was tested to evaluate the quality. The test values are

shown in Table 6.2. The measured values are compared to the potability range. It can be

seen that all parameters of the filtered water was within the potability range. Since the

salinity was very low, the water is ideal for cleaning PV modules which would otherwise

aid in corroding the solar glass over the course of time.
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(a) (b)

Figure 6.8: Filtration experiment using electric heater image showing evaporation and
condensation happening on the glass surface (a). Circled area shows the container where
the clean water gets collected during evaporation and condensation. The resultant anhy-
drous CaCl2 is seen in (b) which can be reused for absorption.

Table 6.2: Test result of filtered water, compared with potability parameters.

Parameter Measured Values Potability Range (WHO Standard)
pH 8.2 6.5-8.5

Nitrate 23ppm <45ppm
Chloride 7ppm <250ppm

TDS <128ppm <500ppm
Salinity 11ppm <410ppm

Conductivity <200µSiemens <780µSiemens

6.4 Prototype Design

The design of the prototype aims at meeting two important criteria with respect to clean-

ing of PV modules. The prototype discussed below has been designed for small or rooftop

PV systems installed in places where the average annual relative humidity is above 40%.

The main function of PV panels is to produce useful electricity. If the cleaning process

uses electricity, it reduces the amount of useful electricity generated by PV panels. The

primary criteria was to reduce the use of electricity. Electricity is mainly used to pump

water to water tanks, and from there to PV panel surface. The second criteria was to

make it fully automated, i.e. no human intervention. Human involvement is used mainly

for reaching the water to the PV panels, and for the wiping and drying process of the PV

panel. Small PV systems, especially the rooftop PV systems are installed such that some

panels are not easily accessible for cleaning.

In the previous sections, a mechanism to extract good quality water was discussed.
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The water from humidity system can be used to eliminate the need for pumping water. It

has been shown that this system works in two stages. The first stage involves the moisture

absorption, which is achieved by using deliquescent salt, CaCl2. The second stage involves

the filtration stage where it would be mainly achieved by heat from sunlight. The amount

of heat inside the glass pyramid can be increased by using concentrators.

Figure 6.9: Schematic of the moisture absorbing and filtration stage, along with the salt
plate

The moisture absorption and filtration stage of the prototype is shown schematically

in Figure 6.9. The salt plate carries the crushed CaCl2 salt. The salt is spread uniformly

across the plate so that it is sufficiently exposed to the ambient. The ambient chamber

holds the salt plate during the moisture absorption phase. The ambient chamber allows

the salt to be exposed to the ambient and at the same time it should not be affected by

environmental factors like dust and rain. Dust and rain water accumulation can adversely

affect the water collection by contamination or loss of salt solution due to overflow.

A pyramidal chamber was selected for filtration of salt solution. Other shapes like

a cone or hemisphere can also be used provided they are made of glazing material and

it meets the design criterion similar to a solar still. Many experimental and numerical

studies [66] have been done on solar stills to reach the optimum design by examining the

effect of climatic, operational and design parameters on its performance. Since the filter

function is similar to a solar still, the design parameters would be comparable. One of

the crucial parameter that has been studied in detail is the cover tilt angle, which is the

angle by the glazing material and the horizontal surface. The productivity of the filter
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depends on number of factors. These include, but are not limited to the following:

• The volume available for evaporation above the salt solution surface; longer time is

required for larger volumes.

• The increase of the tilt angle results in increased thermal losses from the cover,

thereby increasing heat transfer area of the cover.

• Depending on the tilt angle, the pace at which the droplets travel along the interior

surface of the cover towards the collecting channel will vary. Some droplets will fall

into the basin if the angle is too low.

• The amount of radiation reflected by the cover may vary with seasons. Increasing

the tilt angles may result in a decrease in the yield of the filter due to increased

reflected radiation.

Figure 6.9 demonstrates horizontal motion of the salt plate. A vertical movement of

the salt plate can be designed so that additional material to build the ambient chamber

can be avoided, provided adequate environmental protection to the salt plate is provided.

The function of the water from humidity system would be as follows:

• Salt powder is filled in the salt plate and kept in the ambient chamber for mois-

ture absorption from late evening to early morning. Night time is chosen so that

the humidity in the ambient will be relatively high and temperature will be lower

compared to day, which facilitates maximum moisture absorption.

• As a result of moisture absorption, the salt powder has turned to salt solution. In

the early morning, the salt plate is transferred to the pyramid filter chamber to

extract clean water. The horizontal or vertical motion of the salt plate may require

very small amount of electricity to run a motor for transferring the plate. The

timing of the transfer can be based on light sensors.

• The filtration stage has made the calcium chloride solution less hydrous and as

a result, would absorb more moisture during the next moisture absorption stage.

Therefore, the salt powder need not be filled every day, and the cycle can continue.
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The water channel inside the pyramid filter chamber is very narrow and do not have

enough space to hold sufficient amount of water. Therefore, a storage tank is needed to

store the water. It is not desirable to release the water immediately after the filtration

process since the water quantity is very less. The storage tank is designed to release

large quantity of water once the desired quantity to clean PV panel is reached. Stored

water can be released through pipes with small holes placed near top of the PV panel.

The prototype of water from humidity system, storage tank and pipe based dispersing

mechanism is shown in Figure 6.10.

Figure 6.10: Prototype of water from humidity system, storage tank and pipe based
dispersing mechanism.

PV panels are normally installed on fixed frames or movable frames with sun tracking

systems. Hence the PV module cleaning system needs to cater to both fixtures. For a

sun tracking dependent PV modules, the cleaning process can be done with the help of

gravity. Depending on the inclination of the PV modules, the wiper mounted onto the ball

screw mechanism can slide through the PV panels whereas for the fixed structure type a

wiper has to be driven using motors. An external power source based on a dedicated PV

module can be used to drive the DC motor circuitry. A schematic and prototype of the
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tracker based design is shown in Figure 6.11.

(a)

(b)

Figure 6.11: (Schematic (a) and Prototype (b) of the tracker based wiping mechanism.

6.5 Development of Wiping coating

In the previous section, a wiper mechanism is employed to wipe of the dirt of the PV

modules. The wiper mechanism uses a motor to do the wiping action. This is undesirable

because of two reasons. Firstly, energy from a battery or other sources is needed to run

the motor. This might not be practical and economical because of the cost associated with
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the batteries and the fixtures to keep them, especially for small PV systems. In addition,

maintenance of the motor and the wiper mechanism will be important and would add to

the cost during the life of its operation.

Keeping these factors in mind, self-cleaning coating is considered to eliminate the

wiper mechanism with motors. The new schematic of the cleaning system with the

self-cleaning/wiping coating is shown in Figure 6.12. Self cleaning coatings are being

researched for extensive range of applications from window glass cleaning to cement and

textiles. Researchers through the world are working to develop highly efficient and durable

self-cleaning coating with enhanced optical properties for PV modules.

Figure 6.12: Illustration of the PV Module cleaning system prototype with the coating.

Self-cleaning coatings are broadly classified into two major categories [67]: superhy-

drophilic (water contact angle, WCA close to 0o) and superhydrophobic (WCA> 150o)

coatings. Both of the coatings clean themselves by the action of water. In a superhy-

drophilic coating, the water is made to spread over the surfaces (sheeting of water), which

carries away dirt and other impurities, whereas in the superhydrophobic technique, the

water droplets slide and roll over the surfaces thereby cleaning them. However, superhy-

drophilic coatings using suitable metal oxides have an additional property of chemically

breaking down the complex dirt deposits by sunlight assisted cleaning mechanisms (pho-

tocatalysis). TiO2 has been the main focus of study in self-cleaning applications because

of its ability to clean the surfaces through two distinct properties: (1) photocatalysis and

(2) superhydrophilicity. However other metal oxides like tungsten oxide (WO3), zirconium

oxide (ZrO2), zinc oxide (ZnO), cadmium sulfide (CdS), etc. have also been investigated

in recent years, but none of the materials could surpass TiO2, which uses only light to
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activate the photocatalysis process.

Photocatalysis is a self-cleaning property which is shown by TiO2. As TiO2 is a

semiconductor, UV light can excite electron-hole pairs. The photogenerated electrons

then react with molecular oxygen (O2) to produce superoxide radical anions (O−2 ) and

the photogenerated holes react with water to produce hydroxyl (–OH) radicals. These

two reactive radicals work together to decompose organic compounds [68]. On the other

hand, the –OH groups can trap more photogenerated holes and improve the separation

of electrons and holes which results in the enhancement of photocatalysis. It has been

shown by Ganesh et al. [67] that TiO2 coating developed using electrospinning show

photocatalytic behavior.

Many techniques have been tried to deposit TiO2 like chemical vapor deposition

(CVD), sputtering, etc. However, these techniques are expensive. Sol-gel is a common

and cheap technique used to deposit TiO2, but it is very difficult to control the thickness

of the deposited films. Electrospinning is an alternative technique, which has been used

to deposit metal oxide and polymer nanofibers [67].

Electrospinning is a cost-effective method for producing nanofibers by a simple setup

comprising of three major parts: a high-voltage power supply, a syringe and a collector.

This technique is used to produce a transparent, photocatalytic, and superhydrophilic

TiO2 coating on glass substrates.

6.5.1 Experiment

Firstly, a sol-gel solution is prepared for the deposition of TiO2 on glass as follows:

• About 1.2gm of polyvinyl acetate (PVAc, Mw=500000) was added to 10 ml of N,N-

dimethyl acetamide (DMAc, 99.8%)

• TiO2 solution was prepared by mixing 2 ml of acetic acid (99.7%) and 1 ml of

titanium isopropoxide (TiP, 97%).

• The above two solution were mixed and stirred at room temperature for 12 hours

to acquire sufficient viscosity.

The soda-lime glass substrate was cleaned thoroughly by ultrasonication in DI water,

acetone, ethanol and isopropanol, respectively, for about 10 min each and dried in an oven

89



at 80oC to ensure the glass is very clean before deposition.

In the electrospinning process [69], a high voltage is used to create an electrically

charged jet of the solution, which dries or solidifies to leave a fiber. One electrode is

placed into the spinning solution (or needle) and the other attached to a collector. Electric

field is subjected to the end of a capillary tube that contains the fluid held by its surface

tension. This induces a charge on the surface of the liquid. Mutual charge repulsion

causes a force directly opposite to the surface tension. As the intensity of the electric field

is increased, the hemispherical surface of the fluid at the tip of the capillary tube elongates

to form a conical shape known as the Taylor cone. With increasing field, a critical value

is attained when the repulsive electrostatic force overcomes the surface tension and a

charged jet of fluid is ejected from the tip of the Taylor cone. The discharged solution jet

undergoes a whipping process wherein the solvent evaporates, leaving behind a charged

fiber, which lays itself randomly on a grounded collecting metal screen. The schematic of

the elctrospinning equipment is reproduced from [70] is shown in Figure 6.13.

Figure 6.13: Schematic showing the electrospinning equipment.

The solution containing the TiO2 precursor was loaded into the electrospinning system,

as shown in Figure 6.14. The cleaned glass is mounted on top of the collector which is

made of Aluminum foil. The applied voltage was fixed at 11.7 kV and the distance between

the needle tip and the collector was about 10 cm. The needle inner diameter used was 22

gauge (0.7 mm inner diameter). The humidity level inside the electrospinning chamber

needs to be controlled (RH - 50% – 60%). The electrospinning on glass was carried out

for different time intervals (3 min, 1.5 min, 1 min). The PVAc-TiO2 composite nanofiber

coated glass samples was characterized using Zeta 3D microscope, as shown in Figure

6.15. This sample was further annealed at 450oC for 30 min in air. The annealing process
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Figure 6.14: Electrospinning equipment used for this work.

evaporates the polymer and the solvent residues. The heating process also breaks the

continuous fibers into TiO2 nanoparticles on the glass, as shown in Figure 6.16. The

resulting TiO2 film was transparent, as shown in Figure 6.17.

Figure 6.15: PVAc-TiO2 composite nanofiber coated on glass sample. Image taken using
Zeta 3D microscope.

Figure 6.16: SEM image showing porous TiO2 fibers with width of fiber < 1µm.
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Figure 6.17: Image of the two solar glass coupons with TiO2 coating (Right) and without
TiO2 coating (Left).

Table 6.3: WCA and weighted avg transmittance of TiO2 samples on plain glass.

Sample. No Flow Rate Time (min) Voltage (kV) WCA Transmittance
1. 40 µl/min 1 11.7 10.8o 87.37 %
2. 20 µl/min 1 11.7 11.6o 88.14%
3. 10 µl/min 1.5 11.7 21.7o 85.21%
4. 15 µl/min 3 11.7 23.4o 85.28 %
5 Plain Glass 53.5o 89.35 %

6.5.2 Results

Recipe for TiO2 was prepared for both plain glass and textured glass. In both the ex-

periments, voltage was fixed to 11.7 kV. Table 6.3 and Table 6.4 shows the water contact

angle- WCA (indicator for hydrophilicity) and weighted average of transmittance from

300 – 1100 nm.

For the plain glass samples, it was observed that a flow rate of 40 µl/min for a deposi-

tion time of 60 seconds yielded TiO2 coated glass with the least WCA (10.8o) and highest

transmittance (87.37%). It was seen that samples deposited with flow rates less than 40

µl/min and deposition time above 60 seconds gave lesser transmittance. In textured glass

samples, samples 1 and 5 yielded high transmittance values and low water contact angles.

Table 6.4: WCA and weighted avg transmittance of TiO2 samples on textured glass.

Sample. No Flow Rate Time (min) Voltage (kV) WCA Transmittance
1. 30 µl/min 1 min 11.7 7.2o 87.50%
2. 30 µl/min 2 min 11.7 22o 87.12%
3. 40 µl/min 1 min 11.7 13.7o 86.62%
4. 40 µl/min 2 min 11.7 15o 88.47%
5. 60 µl/min 1 min 11.7 13.9o 89.93%
6. 60 µl/min 30 sec 11.7 -nearly 0o 84.87%
7 Plain Glass 47.8o 90.42 %

92



6.6 Conclusion

This chapter discusses a novel PV module cleaning system using ambient moisture. The

concept and approach in developing this is discussed initially. Since the cleaning system

relies on humidity, a study on the average relative humidity seen in the world is discussed.

A ambient moisture extraction technique is presented. The deliquescent property of

salts are used to absorb moisture from the humidity. The salt solution formed as a result

of moisture absorption is filtered using a similar principle used in solar still. A pyramid

made of glass is used to separate clean water from the solution. It is shown that the

resultant water filtered is of good quality with very low salinity and chloride values.

The prototype design of the cleaning is discussed in detail. Salt powder is filled in

the salt plate and kept in the ambient chamber for moisture absorption from late evening

to early morning. As a result of moisture absorption, the salt powder has turned to salt

solution. In the early morning, the salt plate is transferred to the pyramid filter chamber

to extract clean water. The filtration stage has reduced the water content of the calcium

chloride solution and as a result, would absorb more moisture during the next moisture

absorption stage. Therefore, the salt powder need not be filled every day, and the cycle

can continue.

For the cleaning process to be complete, after spraying water onto PV panels, a good

wipe is needed to ensure no dust remains and the water residue evaporates off quickly. Bird

droppings is an usual source of soiling on PV modules, hence it was decided to use a self-

cleaning coating made of TiO2 which shows high transmittance, superhydrophilicity and

photocatalytic behavior. The development of TiO2 and results obtained after deposition

is discussed in this chapter.
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Chapter 7

Summary

The need for PV technology is discussed in chapter 1. Given that electricity produced by

PV technology is already contributing to 1% of world electricity demand in a short period,

it is inevitable that this percentage is going to increase considerably. Solar radiation is

abundant in the sun-belt countries and has huge scope of PV installations. But some

of these countries have low frequency of rain which aids in dust accumulation on PV

modules. Occurrence of dust storms and high concentration of airborne particles that

may get accumulated on PV modules can further worsen PV performance.

From previous literature, it was understood that dust can be a mix of different par-

ticle sizes classified as clay, silt and grained sediments. The source of these dust can be

immediate neighborhood or far away places, including other continents. The process of

soiling on PV modules involve transportation of dust particles from one or many sources,

initial adhesion mechanisms, changes in these adhesion mechanisms, alterations in surface

and weak restorative strategies.

It was understood that the performance reduction in PV modules due to soiling is

dependent on the geographical location. The factors that aid soiling on PV modules

were boardly classified into PV module and system characteristics and geographical/en-

vironmental effects. Some of the factors are tilt angle, module direction, glazing material

characteristics, PV technology, PV cell configuration, height of installation, average wind

speed and direction, airborne dust concentration, dust storm frequency, distance of do-

mestic dust sources, occurrence of dew, and dust particle size distribution.

Results of an outdoor PV modules experiment performed in Mumbai to understand

the severity of soiling loss on PV modules is reported. Soiling loss observed in Mumbai
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during the non-monsoon days is about 35-40% in about 100 days. Two different methods

to quickly estimate the extent of soiling loss in a geographical location is proposed. The

first method involves assigning scores to various parameters and calculating an index

called ”Site Soiling Index”. There are lot independent research centers and private PV

companies conducting experiments to determine the soiling rate at their location. A web

platform was created to consolidate these result into a single web platform. This web

platform can serve as a source of data for PV operators who are installing a PV system

near these research centers or PV plants.

7.1 Outdoor Characterization of Spectral and Angu-

lar loss of Naturally Soiled PV Modules

Most of the earlier studies on the spectral effect of soiling were done on small glass coupons

or small encapsulated solar cells that were naturally soiled outdoor or artificially soiled

indoor. This study presents methods appropriate to characterize spectral and angular loss

of large commercial size PV modules with different soil gravimetric densities. We have

reported that the moderately and heavily soiled crystalline silicon PV modules show a

short-circuit current loss of about 10% and 41%, respectively, with soil gravimetric density

of approximately 3 gm/m2 and 74 gm/m2.

The increase in the reflectance of the moderately soiled PV module is the smallest in

the 350 - 500 nm wavelength bands and highest in the 600 - 700 nm wavelength bands.

This could be due to the particle size effect. Due to the presence of the soil layer, the

overall reflectance of the moderately soiled and heavily soiled PV module was increased

by 58.4% and 87.2% respectively.

The equation to estimate absorption of light by soil layer was derived and used to

obtain the absorption spectra. On an average, the absorption was 61% and 23% in the

heavily and moderately soiled layer respectively in the 350 to 1100 nm range. Absorption

in the soil would depend on the soil composition and hence there is scope to repeat this

for different types of soil.

The light transmitted through the soil layer was estimated from the absorption and

reflectance spectra. An average 71% of the incoming light was transmitted through the

moderately soiled layer whereas only 7% was transmitted through the heavily soiled layer.
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The reduction in the QE of the moderately soiled PV module is mainly due to ab-

sorption in the dust and small percentage gets reflected. However, in the highly soiled

PV module reduction in QE is largely dominated by the absorption of dust followed by

reflection by the dust particles.

It is observed that the AOI curve is heavily influenced by the air/soil/superstrate layer.

The critical AOI for the air/glass interface is about 57o and it decreases dramatically to

38o as the soil gravimetric density (g/m2) increased to 3 g/m2. This influence is crucial

for fixed tilt modules as they experience a wide range of AOI during its operation and a

major fraction of energy is generated at higher AOIs.

7.2 Development of Artificial Dust Deposition Sys-

tem and Indoor Characterization of Dust Sam-

ples Collected from PV Modules Installed in Dif-

ferent Parts of India

Dust samples from fielded PV modules are collected from different geographical locations

in India. These dust samples was artificially deposited on solar glass samples. Soiling loss,

calculated using Isc, was used to evaluate the performance of the soiled glass samples on

mono c-Si solar cells. Spectral sensitivity of the dust samples from the different locations

in India was studied.

Dust from Mumbai and Pondicherry showed the highest percentage of particle size less

than 4µm. QE spectra are less spectrally sensitive at wavelengths above 600nm which

was explained by Mie scattering where small particles (< 3µm) play a major role.

It is shown that the dust samples collected from different geographical locations in

India attenuates the incoming irradiance in a spectrally dependent manner. This data is

important as various PV technologies have very different spectral response. As a result,

the effect of soiling is not the same for all PV technologies. The spectrum of the incoming

radiation is altered by the presence of the soiling layer on the PV module surface. PV

technologies with narrow spectral response (a-Si and CdTe) are worse than technologies

with broader spectral response (Si and CIGS). For the same soil gravimetric density,

reduction in photocurrent was the lowest in CIGS and c-Si compared to a-Si and CdTe
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PV technologies. The advantages of thin film technologies like a-Si and CdTe in hotter

climates due to low temperature coefficient of power may have to be offset in hot and

dusty conditions due to the stronger response of these technologies to dust.

The soiling loss can be reproduced in the lab with the combination of collecting dust

samples from specific region of interest, and spectral response of the PV technology.

Rooftop PV installations may be the favored mounting option for the technology in

urban areas, especially metro cities in India. However our data shows that the soiling

losses are likely to be larger in cities like Mumbai because of the presence of smaller

particles (clay sediments) in the dust deposited on the modules. Coupled with the likely

difficulty of accessing the roof mounted modules for cleaning, the necessity for developing

anti-dust coatings assumes significance in such cases.

This study has considered the scenario when the density of the dust deposited is iden-

tical in different geographical locations. Future investigations should preferably consider

the rate of dust deposition in actual conditions to incorporate the impact of dust and

cleaning cycles on energy yield from PV power plants.

7.3 Novel PV Module Cleaning System Using Ambi-

ent Moisture

This chapter discusses a novel PV module cleaning system using ambient moisture. The

deliquescent property of salts are used to absorb moisture from ambient air. The salt

solution formed as a result of moisture absorption is filtered using a similar principle used

in solar still. A pyramid made of glass is used to separate clean water from the solution.

It is shown that the resultant water filtered is of good quality with very low salinity and

chloride concentration.

The prototype design of the cleaning system is discussed in detail. Salt powder is

filled in the salt plate and kept in the ambient chamber for moisture absorption from late

evening to early morning. As a result of moisture absorption, the salt powder has turned

to salt solution. In the early morning, the salt plate is transferred to the pyramid filter

chamber to extract clean water. The filtration stage has reduced the water content of the

calcium chloride solution and as a result, would absorb more moisture during the next

moisture absorption stage. Therefore, the salt powder need not be filled every day, and
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the cycle can continue.

For the cleaning process to be complete, after spraying water onto PV panels, a good

wipe is needed to ensure no dust remains and the water residue evaporates off quickly.

Bird droppings is an usual source of soiling on PV modules, hence it was decided to use a

self-cleaning coating made of TiO2 which shows high transmittance, superhydrophilicity

and photocatalytic behavior.
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Chapter 8

Future Works

8.1 Strategies for Quick estimation of the Extent of

Soiling

One qualitative and another quantitative approach have been suggested in this thesis.

Site soiling index is based on previous research, where the various parameters responsible

for soiling on PV modules are scored based on their severity. This method even though

qualitative can be used widely but may not be very accurate approach. The world soiling

rate map are based on actual field measurements, and hence may be very accurate for

the respective geographical location. The limitation of this is that few published data is

available.

Some of the 12 parameters listed in Table 3.1 have not been well studied. Hence, there

is a need for more research. Airborne dust concentration is measured mainly by PM2.5

and PM10 (indicator of air pollution), but Boyle et al. [33] showed that the correlation

between accumulated dust and airborne particle concentration is vague and there is a

need to build a better correlation or different measurement methodology. The effect of

average wind speed parameter is highly dependent on the airborne particle concentration,

and there is a need to understand the correlation between the average daily wind speed

and the airborne dust particle concentration. A controlled experiment to understand the

effect of dew which aids in soiling can be conducted. This mechanism is prominent in

tropical countries. There is also a need to study the effect of various types of organic or

inorganic dust particles on PV modules. It has been shown by El-Shobokshy et al. [50]
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that carbon particle are more detrimental to PV performance as compared to limestone

particles. In this thesis, it was identified that the most common minerals deposited on

PV panels in India are Quartz, Calcite, Albite and Zeolite. More research with respect

to various minerals found on PV modules and its effect on PV modules needs to be

conducted. Further controlled experiments has the potential to increase the accuracy of

SSI value which can provide more accurate cleaning frequency or suggest best type of

preventive mitigation strategies.

Further, improvement in the methodology there is also need to address interdepen-

dence between parameters, like module direction and wind direction, and airborne dust

concentration and wind speed. The current technique suggest an SSI for the non-rainy

days but a monthly SSI maybe also envisaged.

The current number of 64 data points shown in the world is not enough. There is a

need to accumulate more data. There are two strategies that could be considered:

1. The website can be hosted in an internationally known entity and can be made open

for people to upload their data. Some security features have to be build-in so that

authentic data gets uploaded.

2. Many more journal and conference papers maybe published which shows the soiling

loss rate of various geographical locations. A collaborative effort may be needed by

various entities so that this data can be made public for people to use.

I-V parameters such Isc, Pmax, and daily energy values have been used to evaluate the

soiling loss rate. Research maybe needed to evaluate various parameters, and understand

the errors introduced by each of these during uniform and non-uniform soiling.

8.2 Artificial Dust Deposition Using Water

The artificial dust deposition using acetonitrile is used in this thesis work. Acetonitrile

was used so that uniform and repeatable deposition can be achieved, as it gets evaporated

immediately after deposition. It can be seen from the FTIR results, see fig 8.1 that

dust deposited using acetonitrile and water show different peaks, indicating that the

composition of the dust is altered by acetonitrile. This FTIR result is of Mumbai dust

sample and it is expected that the dust may contain organic compounds which may react
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with acetonitrile. This change in dust composition may occur if there are lot of organic

components in the dust, which maybe true for urban areas. Water based deposition

was not used as the resultant deposition was highly non-uniform. Currently, an advance

deposition system is being developed using water. Initial results are very encouraging.

Figure 8.1: FTIR result of dust samples after artificial deposition using acetonitrile and
water.

8.3 Improvements for the PV Module Cleaning Sys-

tem

The proof of the concept of collecting water from moisture for PV module cleaning is

discussed in this thesis. The immediate future work include testing in the field, and

depositing the wiping coating of TiO2 on a large area like the PV module glass. Following

improvements are envisaged for this system:

• Changing the CaCl powder to Poly(N-isopropylacrylamide) or PNIPAAm polymer.

PNIPAAm polymer goes from being highly absorbent at lower temperatures, to

dehydrating and shedding all its hydration at higher temperatures. The research

by Yang et al. [71, 72] showed that cotton coated with PNIPAAm increased the

material’s absorbency to 340 percent its own weight (it was 18 percent without

the coating). When the ambient temperature reaches 34oC, the change occurs and

the polymer acts as a kind of waterproof barrier; the cotton becomes hydrophobic

(water repellant) and sheds all the water it has absorbed.
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• The wiping coating can be any other superhydrophillic or superhydrophobic coating

which shows photocatalytic behavior.
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Appendices
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Appendix A

Literature Reviewed for the World

PV Soiling Loss Rate Map (used in

Section 3.2.2)

http : //www.ncpre.iitb.ac.in/pages/SERIIUS Soiling rate of the World.html
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