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ABSTRACT

The performance of a solar photovoltaic module can be improved with aid to

predictive, corrective and preventive maintenance procedures. Most of the solar

modules installed in the roof top are under non-maintenance state. For the

locations like dusty environments and deserts, the dust accumulation will be

more. Hence, it is the major requirement to clean the PV modules which are

much costlier to do in regular basis. In this paper, an anti-reflective coating

(hydrophilic) is used to deteriorate the losses due to reflectance in a solar PV

module and thereby enhancing its efficiency. In addition to it, easy-to-clean

coating (super hydrophilic) is used to improve the dust cleaning effectiveness in

a solar PV module. The material employed for anti-reflective coating is MgF2
and for easy-to-clean coating is SiO2. Two polycrystalline solar PV modules of 10

Wp capacity with model ADT12AN are connected to similar kind of optimized

load of 40 X in a field condition. American Standard Testing Methodology

(ASTM: E948) is used for standard test measurements. Based on the character-

istics of different coating techniques, the optimized coating performance is

considered. One module coated with anti-reflective and easy-to-clean coatings is

considered for the analysis. The comparative analysis between the modules is

undertaken with LABView software. An extensive analysis for module perfor-

mance validation with experimental setup is carried out to show the effective-

ness of the proposed system. From the results, it can be clearly observed that a

2% rise in the overall power performance using anti-reflective coating is

achieved. This can lead to an increase in yearly energy output of the solar plant.
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1 Introduction

Energy manifests itself in many forms which are

required to sustain and improve the quality of life

and keeps people lively. With the advent of industrial

revolution, the man began to use energy sources like

coal, oil, and natural gas. Nowadays, 95% of the

world energy demand is met through these sources

and rest through other sources like nuclear, hydro,

etc. The need for energy is increasing in day-to-day

life due to the need of human, increase in the

development and industrialization process.

The present source of energy is mostly non-re-

newable and will be getting exhausted. The enrich-

ment of the environmental problems and the need of

energy in everyday life are motivating people for

looking forward for non-eco-hazardous alternate

energy resources. Presently, use of renewable and

clean sustainable energy sources is the goal of many

countries. The wind energy and hydraulic energy as

renewable energy sources are not distributed on the

earth evenly and are also not available at all time due

to climatic changes in weather in a year. So these

energy resources are not able to generate large

amount of energy that fulfill the world energy con-

sumption [1]. For a country like India, solar power

has the potential to provide large amount of energy.

The sun rays supply the earth surface with approxi-

mately 125,000 TW annually which greatly exceeds

the capacity of any energy resource on earth. Most of

the energy in use has undergone various transfor-

mations before reaching the earth surface. Thereby,

an extensive research and development efforts

resulted in solar photovoltaic modules for improving

its efficiency higher than the existing modules.

Solar energy is very relevant for a tropical country

like India, where there is a bright sunshine for about

300 days in 1 year. The impact of solar systems on the

environment is significantly lower than comparable

non-solar systems. Solar energy can be converted into

useful energy like solar thermal and solar photo-

voltaic energy [2, 3]. Figure 1 shows the solar energy

conversion route. Solar water heater is the main

application of solar thermal collectors. Indirectly

electric power can be generated from solar energy

using various thermoelectric generators like sterling

engines converts heat energy into electrical energy.

Solar PV is the process of converting photon energy

into electrical energy. Figure 2 shows a brief classifi-

cation of PV cell technologies.

The ancient Indian saints perceived long back the

importance of sun as a great source of energy. ‘‘Ma-

harishi Bhardwaz’’ has described ‘‘Kiranjanya’’, the

method of producing electricity using solar rays.

Now in the language of scientists, it is ‘‘Photo-

voltaics’’. The generation of emf by a p–n junction

under illumination is photovoltaic effect. Adams and

Day in 1876 originally observed it in selenium. Later

this effect in Cu2O attracted a great deal of attention.

Coblenz and Dember noted the generation of emf

between illuminated and non-illuminated parts of

semi-conducting crystals, notably.

In 1954 Chapin, Fuller and Pearson reported the

first solar cell made of silicon with 6% conversion

efficiency. In 1955, RCA group took a theoretical

study and showed that the optimum band gap

semiconductor for solar cell fabrication is about

1.5 eV. Experimentally the factors such as diffusion

length, availability of material, cost, technology, and

stability are the important parameters to choose the

desired semiconductor. Silicon is the most common

material used widely when compared with other cell

technologies. Efficiency is the important parameter of

solar PV as it indicates the amount of sunlight being

converted into useful electricity. The present day

available solar cell efficiency is around 23%, and

hence, it is imperative to improve it. Out of various

methods available to progress the solar cell efficiency,

the dust cleaning, and coatings plays a pivotal role

when compared to other methods such as solar PV

tracking and cooling techniques in the perspective of

cost savings.

To verify the improvement in efficiency, there are

many standard methods for photovoltaic modules

Fig. 1 Solar energy conversion route
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measurement under a natural sunlight (i.e. outdoor

condition). Among all the standards, ASTM (Ameri-

can Standard Testing Methods) is considered to be

most predominant. Thereby, ASTM: E948 is consid-

ered which explains the performance of PV module

and electrical parameters (current and voltage) mea-

surement with a resolution of at least 0.02 variations

and total error of less than 0.1% of the maximum

measurement encountered [4].

The main intention of the proposed study is to perk

up solar PV module efficiency with aid of coatings by

reducing deposition of dust and increasing trans-

mittance. The efficiency for a solar photovoltaic sys-

tem is low, while this may be further reduced due to

the dust deposited on the glass surface which leads to

reflectance loss. A thorough literature survey is con-

ducted for improving the solar PV efficiency using

functional coatings and the performance is evaluated

in the field condition.

Bautista et al. [1] surveyed three methods to

acquire silica anti-reflective films on glass to fig-

ure out the optimized way to create anti-reflective

outcome on glass by initiating convinced degree of

porosity. Per Nostell et al. [5] prepared anti-reflective

film on glass by dip-coating method from sol–gel

method. Ballif et al. [6] has developed a porous SiO2

anti-reflective coating on a solar glass. Xintong et al.

[7] customized glass substrates using SiO2 and TiO2

nanoparticles. Xintong et al. [8] showed coating on

the glass substrate by using TiO2 and SiO2 nanopar-

ticles. Meiwen Cao et al. [9] have developed highly

anti-reflective porous silicon surfaces with super

hydrophobicity. Minglin Ma and Hill [10] have

equipped super hydrophobic sol using several

processing techniques. Chang et al. [11] fabricated an

inverter pyramid structure using electron beam (EB)

lithography and anisotropic etching. Marco Faustini

et al. [12] combined anti-reflective, photocatalytic

(self-cleaning), water repellent and high water-wet-

ting (anti-fogging) properties into a coating put down

onto glass substrates. Zhaoyue Liu et al. [13] has

coated SiO2 layer at bottom TiO2 layer at top for

meeting out multiple objectives.

Verma et al. [14] demonstrated the AR coating on a

glass surface and kept for twenty two days in exter-

nal conditions for analysis. Chein-Hung Chen et al.

[15] replaced amorphous SiO2 with zeolite for

improving the anti-reflective coating strength. Jae-

sung Son et al. [16] postulated nanopatterned

superhydrophillic glass which improves the effi-

ciency to a great extent.

Mir and Niasari explained photovoltaic properties

of TiO2 nanoparticle prepared via a two-step sol–gel

method [17]. Amiri et al. [18] estimated the optical

band gap of the CuInS2 microsphere to be 2.28 eV

[18]. Mir and Niasari suggested the improvement in

conversion efficiency when TiO2 films were prepared

using the diaminodioxaoctane ligand [19].

All the literature cited above have discussed the

preparation and improvement in the optical proper-

ties (transmittance properties) on a solar PV module

glass using functional coatings like anti-reflective

coating and easy-to-clean coating. An optimizing

coating performance evaluation has been carried out

using solar simulator. But the performance

improvement of the module and the degradation of

coating performance can be analyzed in a long-term

study [2–4, 20–31]. Hence, the proposed method

Fig. 2 PV cell technologies
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alleviates the issues in the existing methods and

makes use of MgF2 for anti-reflective coating and

SiO2 for easy-to-clean coating. The experimental

analysis is conducted in a real environment in lieu of

solar simulator and the performance is evaluated

with respect to efficiency and I-V characteristics.

The paper is organized as follows: Sect. 2 exhibits

the experimental analysis. Section 3 illustrates the

load optimization for PV modules, Sect. 4 describes

the optimal properties for functional coatings, and

Sect. 5 postulates the results and discussions with

concluding remarks in Sect. 6.

2 Experimental analysis

A commercially available polycrystalline PV module

of 10Wp rated capacity along with rheostat as a

standard load and data acquisition module for con-

tinuous data tracking at equal sampling rate (equal

intervals of time) were used during the experiment.

The specifications of the equipments considered are

shown in Table 1, and the PV module specifications

are given in Table 2.

2.1 Rheostat

The experiment is intended to conduct a comparison

test between two modules of same rating. Hence, a

rheostat is more suitable to be considered as a load

for the modules.

2.2 Data acquisition module

To continuously measure the data between both the

module and record the data, a data logging system is

required. It helps to record voltage, current, and

power from the modules. It converts analog input

into digital output and displays the data on the

screen.

2.3 Multimeter

At some instance of time, it is required to check the

voltage and current manually.

2.4 Temperature and humidity meter

The temperature and humidity meter is to measure

the ambient temperature of the environment for

comparing it with module temperature.

2.5 PV module

Two polycrystalline PV modules which are com-

mercially available are used for comparative study in

a field and lab conditions. The photovoltaic module

has been tested under STC (Standard Test Condi-

tions) using a solar simulator [28] and the rated val-

ues were obtained as shown in Table 3 [20]. The I–V

characteristic of the module is shown in Fig. 3.

A rheostat which is used as load is connected in

series with the solar module, and a standard resistor

of 0.1 X is connected in series to calculate the current

through the circuit. It is fed to a DAQ (Data Acqui-

sition) module for continuous data logging by

selecting equal sampling time. The experimental

Table 1 Equipment specifications

Equipment Specifications Quantity

PV module 10 Wp 02

Rheostat 1.2 A, 100 X 02

Multimeter Digital type 02

DAQ module NI-USB-6008 01

Temperature meter Digital type 01

Table 2 PV module specifications

Parameters Specifications

Rated power (P) 10 Wp

Voc 21.0 V

Isc 0.6 A

Vm 17.2 V

Im 0.57 A

Module area, A 0.08 m2

Table 3 Module-rated specifications

Parameters Specifications

Rated Power (P) 10.32 Wp

Voc 21.8 V

Isc 0.7 A

Vm 17.57 V

Im 0.59 A

Efficiency, g 13.5%

Fill Factor, FF 70.4%
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setup is shown in Fig. 4, and functional block dia-

gram is illustrated in Fig. 5. This work has been car-

ried out using LABVIEW 2011 software by

developing a program. The purpose of utilizing this

software is for the continuous data logging using the

DAQ module.

The interface for the system is shown in Fig. 6. The

DAQ module records the data as per the corrections

and will be displayed on screen for the given sam-

pling time. The output results voltage, current, and

power which will be saved in a text document and

can be used for reference. The back screen interface is

shown in Fig. 7. Using this program interface, the

data logging comparison between the identical

modules is carried out. To measure the voltage and

current of a single module, it can be carried out
manually. But for measuring the same parameters,

when there are two or more modules are used at the

same time, it is better to log the data using such data

logging modules using LABView 2011 software.

3 Load optimization for solar PV module

An experiment is conducted to select the load to get a

maximum power output from the module. The pur-

pose of conducting this experiment at the same equal

time interval is that the solar irradiation level is

almost observed to be over head, and there is not

much reflectance observed. The experimental setup is

depicted in Fig. 8. The irradiance level is at most the

same (i.e. varying from 650 W/m2 to 800 W/m2) at

which the module can show the same result at that

particular time. The experiment is performed in a

field condition, so it is very important to ensure that

Fig. 3 I–V characteristic at STC

Fig. 4 Experimental setup

Fig. 5 Functional block diagram

Fig. 6 Front screen interface of the program
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there must not be any diffused radiations but that

must be a bright sunny day. For a solar module,

voltage and current are the varying parameters due

to the variation of solar irradiance, but the load is

said to be constant.

The experimental study is carried out by varying

the loads at equal time intervals during the peak

intensity hours. The load optimization is carried out

as per the timings for different loads as shown in

Table 4. It is clear that the maximum power can be

extracted at an optimized load of 40 X, and the same

is shown in the Fig. 9 as the comparison between the

average power and load in a field condition.

The purpose of conducting this experiment only in

the peak operating hours is to calculate the load at

which we can extract the maximum power. There-

fore, this optimum load was fixed constantly for the

variation of tilting angle and performance of PV

module with coatings in field condition. This exper-

iment is completely related to the comparative study

between the two solar PV modules. So a constant

load is given to both the modules which are opti-

mized to give the maximum power from the

modules.

The same experiment is carried out in a standard

test condition (STC), i.e. using a solar simulator [20].

The solar PV module is placed on the stand, and

artificial light using solar simulator is projected on

the surface of the module. A continuous data logging

Fig. 7 Back screen interface

Fig. 8 Block diagrammatic representation
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was carried out for different load conditions as

shown in Table 5.

From Table 5, it is clear that the maximum power

can be extracted at an optimized load of 25 X and the

same is shown in the graph as the comparison

between the average power and load using a solar

simulator.

The purpose of conducting this experiment using

solar simulator is to observe the maximum load at

which the module can operate in a STC (i.e. 1000 W/

m2, 25 �C). This artificial light is been switched on

and off for every change in the load (done manually)

to ensure that the panel temperature will not increase

beyond 25 �C. If the temperature increases, the peak

load which has to be optimized cannot be extracted,

i.e. there will be a variation in loads. The graph

shown in Fig. 10 clearly states that the maximum

power can be extracted by connecting the load at 25

X.

Table 4 Load optimization in field conditions

Load (X) Time (min) Voltage Vm (V) Current Im (A) Output power Po (W) Avg. power Pavg (W)

20 11:15 9.56 0.40 3.83 4.06

11:20 10.07 0.40 4.03

11:25 10.5 0.41 4.31

25 11:30 10.9 0.42 4.58 4.81

11:35 11.4 0.44 5.02

11:40 11.25 0.43 4.84

30 11:45 12.7 0.49 6.22 5.96

11:50 12.9 0.45 5.81

11:55 13.3 0.44 5.85

35 12:00 13.9 0.48 6.67 7.16

12:05 14.8 0.51 7.55

12:10 15.1 0.48 7.25

40 12:15 15.07 0.48 7.23 8.09

12:20 15.02 0.58 8.71

12:25 15.16 0.55 8.34

45 12:30 15.2 0.49 7.45 6.77

12:35 15.25 0.44 6.71

12:40 15.01 0.41 6.15

Bold value indicates the condition which provides the maximum average power

Fig. 9 Graph drawn between average power (W) and load (X) in
a field condition

Table 5 Load optimization using solar simulator

Load (X) Avg. power (W) Efficiency (%)

20 8.14 10.6

25 9.08 11.9

30 8.79 11.5

35 8.35 10.9

40 7.73 10.1

45 7.15 9.3

50 6.66 8.7

Bold values indicate the condition which provides the maximum

average power and efficiency
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The variation of load in field and lab conditions is

mainly to take out greatest output from photovoltaic

module in the outdoor conditions. In this experiment,

the performance test using functional coatings in an

outdoor conditions is carried out, so the load is been

optimized at 40 X and the performance study is been

carried out in a field condition.

4 Optimal properties for functional
coatings

Easy-to-clean coating (super hydrophobic) has an

excellent water repellent property on its surface. The

property of this coating is mainly to decrease the

overall maintenance for any solar plant in the field

condition and maintaining the throughput from the

plant. Similarly, the rated power drop must not be

affected. It may be affected due to the coating per-

formance, thickness on the surface of module [10].

From Table 6, it can be noted that easy-to-clean

coating deposited on the glass substrate by spray,

brush and flow-coating techniques show almost

similar transmission values compared to bare sub-

strate. Moreover, flow and brush coating show little

better than spray coating technique. All the coating

techniques are showing similar transmission prop-

erty. Table 7 shows the specular reflectance (angle of

light incident on the substrate is equal to the angle of

reflection) properties for coating techniques.

Table 8 shows the total reflectance (the light is

reflected in different directions, i.e. either direct or

diffused light) properties for coating techniques.

This super hydrophobic property is said to be

when the water droplet on the surface of the coated

glass substrate is greater than 90̊ angle. It is purely

dependent on the nature of sol which is been pre-

pared [13]. It is measured using goniometer. For a

bare substrate, the water contact angle is 60� and is as

shown in Fig. 11. The glass substrate is coated with

the same easy-to-clean sol using different coating

techniques, and the results are shown in Table 9 by

which the water contact angle is observed to be high

for the flow-coated substrate which concludes that it

shows the best water repellant property which is

super hydrophobic in nature when compared to

other coated substrates. The Water contact angle on

different coating techniques is given in Fig. 12. After

carrying out the super hydrophobic and optical

characterizations results, flow-coating technique is

showing the best optimum results. This coating

technique is used for solar PV module coating.

To decrease the reflection through the glass, this

improves the overall performance of the module. The

optical distinctiveness of transmission and total

reflectance of the coating is detailed in [14, 24]. Fig-

ure 13 depicts a graph which is plotted between

transmissions (%T) vs. wavelength (k nm) for the

different coating techniques. It is clear that dip-coat-

ing technique is showing the maximum transmit-

tance. For obtaining a uniform layer, flow-coating

technique is an optimized coating technique. Simi-

larly Fig. 14 shows a graph which is plotted between

total reflectance (%R) vs. wavelength (k nm) for the

different coating techniques. It is clear that total

reflectance is similar for both the coating techniques.

A uniform layered coating must be given on the

surface which is possible only by using flow-coating

technique.

After observing the optical properties results for

anti-reflective coating, flow-coating technique is

showing better results. This coating technique is

Fig. 10 Graph drawn between average power (W) and load (X)
using solar simulator

Table 6 Transmission

properties for coating

techniques

Wavelengths (nm) Bare glass (%T) Brush coat (%T) Spray coat (%T) Flow coat (%T)

350–2500 84.84 85.05 84.8 84.88

350–1100 87.65 88.03 87.72 87.8
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performed on a solar module for improving trans-

mission properties.

5 Results and discussions

Two similar solar photovoltaic modules of same

capacity are placed in an identical manner as shown

in Fig. 15. The block diagram shown in Fig. 16 gives

us a clear idea. Both the modules are connected with

the same optimized loads as shown in Table 4. The

output power from the modules will be monitored

for the whole day and compared. The same experi-

ment is continued for 5 days for obtaining the similar

wattage levels between both the modules [12].

Module 1 shows a maximum power of 9.3 W and

an average power of 6.89 W, whereas module 2

shows a maximum power of 9.1 W and an average

power of 6.73 W. The results show that both the

modules are having similar wattage levels in the

same operating time period as given in Fig. 17.

Table 7 Specular reflectance

properties for coating

techniques

Wavelengths (nm) Bare coat (%R) Brush coat (%R) Spray coat (%R) Flow coat (%R)

350–2500 7.23 6.99 6.88 5.91

350–1100 7.86 7.57 7.33 5.42

Table 8 Total reflectance

properties for coating

techniques

Wavelengths (nm) Bare glass (%R) Brush coat (%R) Spray coat (%R) Flow coat (%R)

350–2500 7.67 6.99 6.88 5.92

350–1100 8.63 7.57 7.34 5.41

Fig. 11 Water contact angle on a bare substrate

Table 9 Comparison of different coating techniques

Bare Flow coat Spray coat Brush coat

60� 108.34� 105.43� 98.3�

Fig. 12 Water contact angle on different coating techniques.

a Water contact angle for a flow-coated substrate (108.34�),
b Water contact angle for a spray-coated substrate (105.43�),
c Water contact angle for a brush-coated substrate (98.3�)
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This is studied to know the performances of the

two modules are having similar results in a field

conditions before coating the module. Before coating

the module, we have to ensure that the module is

clean. Later the coating is been coated on the module

surface using different coating techniques as follows:

5.1 Roller coating

A roller brush which is soft can be used for and

coated in a dust-free room maintaining standard

temperature at 25 �C. The purpose of using a roller

brush is that it covers large area while coating on

glass surface. After coating, we place it for 120 s in

the same room and then place the PV module for

curing in a vacuum oven maintaining a temperature

of 100 �C for 3 h. After cooling down, the property

check on the module is been carried out and taken to

field conditions.

An ideal module is compared with an easy-to-clean

coated module which is coated by roller brush coat-

ing process. This study is to compare the wattage

500 1000 1500 2000 2500
80

85

90

95

100

λ (nm)

%
 T

 BARE
 BRUSH COAT
 FLOW COAT
 DIP COAT

Fig. 13 Transmission

properties of ARC using

different coating techniques

500 1000 1500 2000 2500
0

3

6

9

12

λλ\nm

%
 R

 BRUSH COAT
 FLOW COAT
 BARE

Fig. 14 Total reflectance properties of ARC using different

coating techniques

Fig. 15 Two identically placed solar PV modules

Fig. 16 Block diagrammatic representation for comparative study
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levels between both the modules. The results are

shown at different operating time intervals using

brush coating techniques as we have achieved the

best optical transmission results when compared to

other coating techniques.

Uncoated module shown in Fig. 18a shows a

Pmax = 10.02 W and an average power of 5.89 W,

whereas a coated module shown in Fig. 23b shows a

Pmax = 10.06 W and an average power of 5.37 W.

Also, from the graphical comparison between both

coated and uncoated modules, we observe a similar

wattage levels from both the modules when the sun

is perpendicular to the module (i.e. from 10:30 am to

2:30 pm) and then a linear decrease in the wattage

level for a coated module after 3:00 pm which results

in a very high reflectance loss through the glass. This

study has been carried out for 25 days for testing the

property in the field condition.

This study has been carried out for 25 days for

testing the property in the field condition. Due to the

presence of non-uniform coating layer on the glass

surface of the module, the porosity is being devel-

oped, which results in the coating degradation. To

overcome this, an alternative coating technique is

carried out.

5.2 Brush coating

A fine brush which is soft can be used for coating in a

dust-free room maintaining standard temperature at

25 �C. The purpose of using such a soft bush is to

avoid scratches on the glass surface and also a uni-

form layered coating can be developed. After coating,

we place it for 120 s in the same room and then place

the PV module for curing in a vacuum oven main-

taining a temperature of 100 �C for 4 h. After cooling

down, the property check on the module is been

carried out and taken to field conditions. The I–V

characteristic of brush-coated module is given in

Fig. 19.

An ideal module is compared with an easy-to-clean

coated module which is coated by brush coating

process. This study is to compare the wattage levels

between both the modules. The results are shown at

different operating time intervals using brush-coating

techniques as we have achieved the best optical

transmission results when compared to other coating

techniques.

Fig. 17 Power output (W) vs. time (s) for a module 1 and

b module 2

Fig. 18 Graphical representation of power output for a uncoated

module and b roller coated module
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A study has been conducted to check the property

of the coating. The coated and uncoated modules are

placed identically and an equal amount of dust

deposition on the surface as shown in Fig. 20. It is

observed that the dirt on the surface of the coated

module is started to slide through the surface. The

module are then cleaned by using de-ionized water

and observed that uncoated module requires more

water to be cleaned, whereas an ample amount of

water would be sufficient for the coated module.

Figure 21 shows the property comparison of coated

and uncoated modules on PV module (After cleaning

the surface with water). Figure 22 depicts the

graphical representation of uncoated and fine brush-

coated PV modules. Uncoated module shows a

maximum power of 8.81 W and an average power of

5.67 W, whereas a coated module shows a maximum

power of 8.11 W and an average power of 5.27 W.

From the graphical comparison between both

coated and uncoated modules, we observe a similar

wattage levels from both the modules when the sun

is perpendicular to the module (i.e. from 10:30 am to

2:30 pm) and then a linear decrease in the wattage

level for a coated module after 3:00 pm which results

to reflectance loss through the glass. This study has

been carried out for 15 days for testing the property

in the field condition.

A linear decrease in wattage level is obtained from

the coated module. Thereby, an alternative coating

technique is carried out.

5.3 Flow coating

Using a burette, we perform this coating. A burette is

cleaned thoroughly so that no dust particles are

present within it. Also the PV module is cleaned and
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C
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Fig. 19 I-V characteristics of a brush-coated module

Fig. 20 Property comparison of coated and uncoated module

(with dust deposition)

Fig. 21 Property comparison of coated and uncoated module on

PV module (After cleaning the surface with water)

Fig. 22 Graphical representation of power output for a uncoated

module and b fine brush-coated module
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kept it ready for coating in a dust-free room main-

taining temperature at 25 �C.
The module is placed in a tray so as to collect the

sol, and then the burette is filled with the sol. The

module is placed at an angle above 50̊, and we release

the sol present in the burette slowly. Due to gravity,

the sol will be flowing towards downward direction.

we ensure that the surface is completely coated from

the top.

It is placed it out of the tray for 5 min and the PV

module is placed in a vacuum oven for 2 h at 100 �C
and later at 80 �C for 3 h and check the surface if the

coating has been dried or not. If the module is still

having that sticky layer than the curing process must

be continued. After cooling down, the property check

on the module is been carried out and taken to field

conditions. An ideal module is compared with an

easy-to-clean coated module coated by flow-coating

process and the wattage levels between both the

modules. The results are shown at different operating

time intervals using brush-coating techniques as we

have achieve the best optical transmission results

when compared to other techniques. Figure 23

depicts the graphical representation of uncoated and

coated PV modules.

Uncoated module shows a maximum power of

8.96 W and an average power of 5.61 W, whereas a

coated module shows a maximum power of 8.83 W

and an average power of 5.26 W. From the graphical

comparison between both coated and uncoated

modules, we observe a similar wattage levels from

both the modules even when there are direct, dif-

fused and scattered rays. This study has been carried

out for 15 days for testing the property in the field

condition and is found satisfactory.

As a uniform coating layer is developed, the output

results are similar to the coated module results. The

comparison graph is clearly shown during mid-day

the sun lies perpendicular to the module where we

could extract maximum power from the modules but

the difference between both is a property-wise com-

parison, i.e. the dust will be accumulated on the

uncoated module which results to poor transmission

in the later time, whereas the coated module shows a

very high dust repellent property resulting to

improved transmission.

The panels are coated using different coating

techniques and compared with the uncoated module.

This rated comparison study has been done at STC,

and the results are obtained using a solar simulator in

a lab. Table 10 shows the comparative analysis. I–V

characteristic curve comparison for all the modules is

shown in Fig. 24. Among the different coating tech-

niques, flow-coating technique results are showing

similar results comparing it with an uncoated mod-

ule. The advantage of using this coating is to decrease

the maintenance of the module.

Before coating the module, module must be clean.

Later coating on the module surface using flow-

coating technique is carried out as follows:

Fig. 23 Graphical representation of power output for a uncoated

module and b flow-coated module

Table 10 Comparative analysis

Parameters Uncoated Brush Flow

Rated power (W) 10.32 9.73 10.27

Voc (V) 21.8 21.8 21.78

Isc (A) 0.7 0.6 0.7

Maximum voltage, Vm (V) 17.57 17.63 17.31

Maximum current, Im (A) 0.59 0.55 0.59

Fill factor (%) 70.4 73.8 70.4

Efficiency (%) 13.5 12.7 13.4
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5.4 Flow coating

Using a burette, the coating is performed. A burette is

cleaned thoroughly so that no dust particles are

present within it. Also the PV module is cleaned and

kept it ready for coating in a dust-free room main-

taining temperature at 25 �C. The module is placed in

a tray so as to collect the sol, and then the burette is

filled with the solution. The module is placed at an

angle above 50�, and we release the sol present in the

burette slowly. An important consideration which

has to be done is avoid bubble formation within the

burette.

Due to gravity, the solution will be flowing

towards downward direction. we ensure that the

surface is completely coated from the top. It is placed

it out of the tray for 30 min and the PV module is

placed in a vacuum oven for 2 h at 100 �C and check

the surface if the coating has been dried or not. If the

module is still having that sticky layer than the cur-

ing process must be continued. After cooling down,

the property check on the module is been carried out

and taken to field conditions.

Graphical comparison between the coated and the

uncoated modules is given in Fig. 25. An ideal

module is compared with an anti-reflective coated

module. This study is to compare the wattage levels

between both the modules. The results are shown at

different operating time intervals using flow-coating

techniques as we have achieved the best optical

transmission results when compared to other coating

techniques.

Uncoated module shows a maximum power of

7.35 W and an average power of 5.68 W, whereas a

coated module shows a maximum power of 9.3 W

and an average power of 7.05 W. From the graph

shown in Fig. 25, it is clear that coated module pro-

vides approximately 2% rise in the output power

increasing the overall efficiency of the module in

comparison with the uncoated module.

Table 11 depicts the comparative analysis between

uncoated and flow-coated PV modules. Figure 26

illustrates the I-V characteristic curve comparison for

the modules using ARC.

6 Conclusion

Increasing demand for solar photovoltaics has

brought these systems under the limelight. Thus,

making its performance evaluation is a must. The

International Electrotechnical commission (IEC) pro-

claimed standard guidelines for photovoltaic
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Fig. 24 I–V characteristic curve comparison for all the modules
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Fig. 25 Graphical comparison between the coated and the

uncoated modules

Table 11 Comparative analysis

Parameters Uncoated Flow coated

Rated power (W) 10.32 10.86

Open circuit voltage, Voc (V) 21.8 21.94

Short circuit current, Isc (A) 0.67 0.69

Maximum voltage, Vm (V) 17.57 17.95

Maximum current, Im (A) 0.59 0.61

Fill factor (%) 70.4 72.84

Efficiency (%) 13.5 14.2
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modules testing. The work has been carried out at

ARCI, Hyderabad, India for performance enhance-

ment. The aspects which are considered for this study

are as follows:

• Performance enhancement of PV module using

easy-to-clean coating.

• Performance enhancement of PV module using

anti-reflective coating.

An easy-to-clean coating on the surface of module

which shows an excellent water repellent property

can decrease the maintenance of any solar plant and

improve the plant throughput. For this, flow-coating

technique is an optimized coating technique due to

its uniform layered coating which shows a similar

power output when compared to other techniques

like, spray coating and brush coating.

In the present study, the efficiency of the panel is

being affected by a rise in temperature. Hence, the

future scope is to synthesize the solution which has

characteristics of both easy to clean with low emissive

property. With the property of low emissivity, this

solution would prove to be promising in controlling

the panel temperature and thereby not affecting the

efficiency of the panel, and the same coating can be

evaluated in a field conditions for higher capacity

modules. This work can be extended for a long time

performance study with consideration of coating

degradation on a photovoltaic system and its effect

on temperature changes.
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