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Abstract

Graphene coatings, which have many applications in electronics and biomedical, show high performance even when applied at a few
nanometers thickness, and have also been applied in solar systems. When graphene is applied to the glass surface of photovoltaic
(PV) modules, they result in more energy recovery and lower cleaning service fees due to their features such as high permeability,
hydrophobic self-cleaning, and low dust retention. In this study, it was determined how much energy gain and CO, emission reduction
could be achieved as a result of graphene-coating on PV modules compared to standard modules, and if PV modules are applied
under Turkish conditions, the investment costs, payback period, and return on investment to the user after the payback period was
determined. As a result of the calculations, although the initial investment cost of graphene coating is 0.78 %, more than the standard
modules, it is concluded that it offers a lower payback period and high return on investment due to the amount of energy it produces,

its ability to self-clean, and low dust retention.
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1 Introduction

Today, more than 40 % of total energy use is due to the
building sector in the European Union member states
2020).
Because of this consumption, which occurs above the level

(European Commission Energy Department,

of sustainability, high energy consumption and the provi-
sion of this energy from fossil fuels are among the factors
affecting the environmental problems arising from the built
environment. As a result of satisfying energy needs from
fossil fuels, environmental impacts such as climate change,
acidification, photochemical ozone gas formation, and eco-
logical poisoning occur. The most basic and effective way
to eliminate these effects is to meet energy demand from
renewable energy resources. When the energy crisis and
climate change are considered, solar energy stands out in
providing comfort such as heating, cooling, air condition-
ing, and lighting in the building sector. Photovoltaics (PVs),
also known as "solar electricity" or "solar cells", which gen-
erate electrical energy from sunlight, were first researched
by Becquerel in 1839, with modern PV cells (solar cells)

developed in 1954 and used as an expensive electricity
generator in space technology satellite vehicles (Erge and
Sick, 1996; Markvart, 2000). Although electrical efficiency
decreases with overheating in the modules featured, due
to the increasing intensity of sunlight, more energy can be
generated (Bedeloglu et al., 2010). Furthermore, depend-
ing on the developments in technology, industrialisation
in production and increased demand, they have been used
in watches and calculators, street lighting, and since 1981,
integrated into buildings (Celebi, 2002).

By concentrating scientific research on nanotechnology
and nanomaterials and transferring the gains to the indus-
try, innovative materials and elements can be obtained. As
a result of the integration of nanotechnology and nanoma-
terials into PV modules, significant improvements in pho-
tovoltaic systems can be achieved. When the literature and
PV industry are examined, it can be seen that there are
self-cleaning solar modules and "dye-sensitised" solar cells
that use an organic dye monolayer to help absorb sunlight,
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much as plants do for photosynthesis (Alanbari et al., 2019).
In addition, scientists from the Nano-Science Centre at the
Niels Bohr Institut, Denmark and the Ecole Polytechnique
Fédérale de Lausanne, Switzerland, have shown that a sin-
gle nanowire can concentrate the sunlight up to 15 times
the average sunlight intensity. This has resulted in a new
type of highly efficient solar cell (Krogstrup et al., 2013).
With these, the HZB Institute for Silicon Photovoltaics has
shown that graphene holds its important properties when
coated with a thin silicon film (Gluba et al., 2013).

Graphene, which resulted in the Nobel physics prize
for Andre Geim and Konstantin Novoselov in 2010, is one
of the allotropes of elemental carbon (carbon nanotube,
fullerene, diamond) and is a single-layered version of car-
bon atoms in two dimensions. It has a carbon-carbon bond
length of 0.142 nm (Singh et al., 2011; Slonczewski and
Weiss, 1958). Its graphene structure is six times lighter
than steel, and it has six times lower density but is six
times stronger and capable of stretching 13 times more
than steel. Graphene, which has at least ten times more
mobility than silicon technology, is a breakthrough in
many carbon-based areas with its very elastic and stable
structure (Singh et al., 2011; Zhang et al., 2005).

Graphene has high electron mobility (250000 cm?/Vs),
thermal conductivity (5000 Wm-1K-1), and 1 TPa Young
module at room temperature (Cetin, 2013; Singh et al., 2011).
It exhibits higher electrical conductivity in supercomputers,
is used in the formation of super-powerful composites, ultra-
thin and light aircraft, high-performance integrated circuits,
and multiple new nanoelectronics devices; the next-genera-
tion PV modules have been realised with the thinnest, light-
est, most flexible and conductive nanomaterial.

By coating PV modules with graphene, it is possible to
increase the power of PV modules. A system's performance
may decrease as a result of the increase in temperature
caused by sunlight in PV modules. According to a study on
this subject, the efficiency decreased by 1 % for every 10 °C
temperature increase (Alagakir, 1999). In graphene-coated
modules, the module temperature was 1 °C lower on aver-
age (max 2 °C) (Znshine Solar, 2019). In addition, graphene
coating glass reduces the risk of hot spots in modules and
provides safer use with reduced fire risk.

The pollution of the module surface and dust accumu-
lation are other important factors that reduce PV mod-
ules' efficiency (Eiffert and Kiss, 2000). Studies show
that PV performance decreases by 3.5 % due to pollu-
tion (Watt et al., 1999). Therefore, module surfaces need to
be cleaned periodically to improve performance. Periodic
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cleaning is an additional cost in solar system operation.
With a graphene coating on the PV module's glass surface,
dust accumulation can be reduced, as shown in Fig. 1.
In addition, graphene coating adds hydrophobic properties
to the glass surface, cleaning itself with rain and quickly
shedding the rain from the surface (Znshine Solar, 2019).
In this way, cleaning costs can be significantly decreased
by reducing the number of cleaning operations.

Currently, the graphene coat is applied to a single sur-
face of PV modules; studies are continuing regarding
covering both sides. The technical reason for applying
graphene to PV modules is to increase the photoelectric
conversion efficiency of solar cells by taking advantage
of graphene's high thermal conductivity and light trans-
mittance (AM1.5 transmittance is 94.05 %; visible light
transmittance is 94.20 %) and thus reduce the return time
of an investment. Energy production in graphene-coated
PV modules is approximately 2 % higher than in standard
modules. It ensures the longevity of the coated PV mod-
ules due to their high resistance to high and low humid-
ity (5 %—85 %), temperature differences (40 °C—85 °C),
acid and UV rays (Znshine Solar, 2019). Table 1 shows a
performance comparison of graphene-coated PV modules
with standard modules that are not coated. The graphene
coating can perform different light transmittance at differ-
ent wavelengths suitable for PERC and Black silicon tech-
nology. It can be applied to a standard double glass or dif-
ferent solar modules, allowing it to be perfectly integrated
into productivity-enhancing technologies.

Since the life of PV panels is about 25-30 years, life
cycle analysis should be performed in addition to deter-
mining electricity production. Within this context,
Farias-Rocha et al. (2019) conducted the life cycle cost
analysis of grid-connected PV solar modules in the
Philippines according to the principles of feed-in-tar-
iff and net metering. In this study, payback periods were
4.1 years for feed-in-tariff and 7.8 years for net metering.

Normal glass

Glass with graphene coated

Fig. 1 Comparison of the dust accumulation of glass with graphene-
coated and standard glass (Znshine Solar, 2019)
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Table 1 The comparison of the features of graphene-coated PV modules and regular PV modules (Znshine Solar, 2019)

Features

Graphene-coated PV modules

Regular PV modules

Transmittance

Dust accumulation comparison

Dust influence

Working temperature

Operation and Maintenance

Self-clean

Power generation

Degradation Rate

94.2 %,

6.28 g/m? (modules established outdoors for one
month) not easy to accumulate dust

2.85 % (same module, same quality and in same
environment)

lowers the temperature by 1 °C on average (max 2 °C)

reduces cleaning frequency of solar modules by
about 30 %

self-clean (super hydrophilic, allows water to flow
easily, organic materials can easily be broken down)

2 % higher

15 % for double glass graphene technology solar
modules in 25 years

93.70 %

13.82 g/m? (modules established outdoors for one
month) easy to accumulate dust,

8.52 % (same module, same quality and in the
same environment)

cannot lower solar module temperature

has no self-clean feature (hydrophobic, water does not
flow easily

19.32 % for single glass standard solar modules in 25
years

Rajput et al. (2018) conducted actual field performance
analyses of 3.2 kW capacity PV panels over a 30-year life
span and determined a payback period as 3.6 years.

During the literature search on PV materials, we encoun-
tered three efficient materials that exhibit remarkable
PV properties. These three materials are TiO, nanopar-
ticles, polyaniline and graphene (Nemade et al., 2018a;
Nemade et al., 2018b). Among the directing polymers,
for example, polyaniline (PANi), poly-pyrrole (PPy) and
polythiophene (PTh), PANi has been broadly studied by
researchers. In addition, there are many studies on PANi/
graphene composite based solar cells (Nemade et al., 2018a;
Nemade et al., 2018b) and TiO, /graphene compos-
ites in hybrid solar cells (Wang et al., 2014; Saleem and
Habib, 2016). These studies are aimed at increasing photo-
voltaic and photocatalytic properties in solar cells. There is
no study of the economic gains of graphene-coated mod-
ules in the literature.

In this study, however, the energy gains to be achieved
by using graphene-coated PV modules and non-graphene-
coated standard PV modules in the structure, the invest-
ment costs and payback period and environmental and eco-
nomic gains during economic life were determined. It aims

to determine the investment costs in Turkey, the payback
period and environmental, economic, and energy gains
by using graphene-coated PV modules and non-graphene
coated standard PV modules in the structures. To com-
pare graphene-coated PV modules (PV-G) with standard
PV modules (PV-NG) in a simulation environment, a high
school building in Safranbolu was selected for field research;
and it was assumed that the modules would be integrated
into the roof of the building. Afterwards, the amount of
energy produced for the two module types, payback period
and environmental and return on investment over the mod-
ule life cycle, were analysed comparatively through the
PV-grid connected system. Therefore, this study can pro-
vide researchers, designers, engineers and investors work-
ing on PV systems with versatile information on graphene-
coated panels when selecting PV modules.

2 Materials and methods

2.1 Module types

ZNShine brand ZX series (ZXM6-LD72-375/P) 375 W
power heat-reinforced double glass with graphene-coated
(PV-G) and non-coated (PV-NG) modules were evaluated in
the scope of the present study (Table 2). The requirement
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Table 2 Properties of selected module type (Znshine Solar, 2019)

Propertics ZXM6-LD72-375/M ZXM6-LD72-375/M
P (Regular) (Graphene coated)

Module dimension 1978%992*30 mm 1978%992*30 mm

Solar cells Mono/156.75%¥156.75 mm  Mono/156.75*%156.75mm

2.0 + 2.0 mm heat
2.0 + 2.0 mm heat
Glass strengthened glass
strengthened glass .
+ graphene coating

Weight (kg) 25.5kg 25.5kg

Module efficiency (%) 19.11 19.11

Nominal Power Watt Pmax

375 375
(W)
Open Circuit Voltage Voc 483 483
V)
Short Circuit Current Isc 9.97 997
A)
Maximum Power Voltage
Vinp (V) 39.6 39.6
Maximum Power Current
Tmp (A) 9.47 9.47
Loss rate (%) 2 1

to meet the maximum amount of established power and the
south roof area has been effective in determining the appro-
priate power for the modules. The south roof of the building
and the shading factor stemming from the north roof were

ey @

- mes)

taken into account in the placement of photovoltaic modules.

2.2 Safranbolu vocational high school building (@) (b)
Safranbolu Vocational High School (SVHS) is an educa- TR T
tional structure located on a total 3108 m? area in the cen-

tre of the Safranbolu district of Karabuk province, with
a deviation of 12 degrees on the north-south axis, and is

located at 41.255 latitude and 32.677 longitude coordinates ~ [[][]] R TR T T T T T

(Fig. 2 (a)-(b)). The building is covered with two saddle R 8
roofs heading north and south. The south roof of the build- L e VL
ing is 400 m?, and its slope is 20° (Fig. 2 (b)-(c)). Due o 1

to a large number of workshop classes in the building,
an intense energy requirement was observed due to the (©
Fig. 2 (a) SVHS settlement plan; (b) West elevation; (c) Roof plan
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devices used in the workshops. It can be said that integrat-
ing PV modules into the southern front of the structure is
a very rational solution to provide this energy from renew-
able energy sources instead of fossil fuels.

The solar energy in the Black Sea region where the struc-
ture is located is reported as a maximum of 1704 kWh/m?/
year, while the average is 1086 kWh/m?/year. The location
of the SVHS building was determined from the Meteonorm
Database as 1361 kWh/m?/year (Meteotest, 2020). The sun-
shine duration for the same region is 1966 h/year. Monthly
and annual spherical and diffuse irradiation values and
temperature and air movement rate values for the build-
ing's location can be examined in Table 3.

2.3 Simulation software

In the research, PV*SOL simulation software was used to
analyze the energy performance of the PV modules that
were coated with graphene and the uncoated double glass
surfaces. The program can approximately present one-
year outcomes of the system to be established by hosting
various power, voltage, and brand inverter and module
information on its interface. The program obtains climate
data from the Meteonorm Database.

2.4 Data determination and acceptances

If PV modules are integrated into the southern roof of
the SVHS building, some building features and system
to be established should be known; calculations should
be made according to these features. One of the data
obtained depending on the building is the determination
of the estimated established power. For this purpose, the
institution's management was contacted, and the actual

electricity consumption value of the building for one year
was determined as 79.06 MW/year (Verbal Interview by
Hac1 Ugar, 2019). Data about the building were entered into
the simulation software; following the selection of modules,
the inverter model and power were selected. The number
of inverters required for the solar system was proposed by
the software, depending on the modules. The software sug-
gested an inverter with the properties specified in Table 4
for this system. The maximum power the solar module
could produce when the sun's rays arrived at the right angle
and intensity was determined as 47.25 kWp.

Another datum obtained depending on the building is the
surface azimuth angle, which is the angle between the build-
ing and the south. The surface azimuth angle for the SVHS
building was calculated as 12° using geometric data. For
modules to be established on the southern roof of the build-
ing for high performance, the optimum module suitable
for Turkey's location was decided according to plane tilt
by using Eq. (1). The optimum module plane tilt obtained
depending on Eq. (1) was calculated as 32.1° (Eq. (2)). Since
the SVHS southern roof has a 20° tilt, the modules were
decided to place on the roof with a 12° tilt.

Bopt =3.7°+(0*0.69), 1)

in where:
» Popt: Optimum plane tilt
* ¢: latitude angle of building.

Accordingly, the foreseen optimum module plane tilt;

Bopt =3.7°+(41.255*%0.69),
Bopt =32.1°.

@

Table 3 Meteorological data from the SVHS area

Months Horizontal global irradiation

Horizontal diffuse irradiation

Temperature (°C) Wind velocity (m/s)

(kWh/m?.mth) (kWh/m?.mth)
January 39.8 27.8 6.3 2.80
February 48.3 30.4 6.5 2.90
March 89.5 55.3 8.9 2.59
April 131.4 76.5 11.2 2.29
May 180.4 71.1 15.6 2.19
June 193.4 80.2 19.9 2.40
July 201.6 81.8 23.1 2.40
August 176.6 74.2 23.2 2.50
September 123.7 61.1 19.4 2.59
October 83.1 47.6 16.0 2.60
November 55.4 31.7 11.7 2.60
December 38.6 25.8 8.2 2.80
Annually 1361.8 663.5 14.2 2.6




Table 4 Properties of the inventer

Inverter

Trade String inverter

Type SUN2000-40KTL
Dimensions (mm) 550 x 770 x 270 mm
Weight (kg) 50

DC max power (W) 36700

Max efficiency (%) 98.8

Operation temperature range —25 °C ~+60 °C (-13°F ~ +140°F)
Internal consumption at night <1IW

2.5 Calculation of payback period and assumptions
Within the scope of the study, the retail prices of the
two modules were obtained from ZNShine Company.
The price for the graphene-coated module (PV-G) was
0.265 USD/W (including shipping prices), while the price
for the module without any coating on the glass surface
(PV-NG) was 0.260 USD/W (including shipping prices).
A quote was requested from Tureco Solar Company for
inverter and installation, maintenance and cleaning ser-
vices for local service procurement under Turkish condi-
tions; the installation, maintenance and cleaning costs in
the research were determined through this proposal. In
converting energy acquisition to financial value, Turkish
energy prices were taken into account and the unit price,
including taxes and distribution charges for 1 KWh of
energy, was determined as 0.12 USD (The exchange rate
was 1 USD = 5.74 1). For this system to be established in
Turkish conditions, the cleaning and maintenance service
fees for one occasion were 525 USD and 871 USD, respec-
tively, obtained from Tureco Solar Company.

In determining the payback period and Return on
Investment (ROI) for the modules, two main and two sub
scenarios were used. These scenarios are as follows:

1. The first scenario is the calculation of the payback
period for (PV-G) and (PV-NG), which are obtained
due to the economic comparison of initial investment
costs and annual energy gains, which are the sum
of installation and module fees. In this scenario, the
payback period was calculated using Egs. (3) and (4):

e=FExx, 3

in where:
e E:annual energy gain (kWh)
* e: annual economic energy gain (USD)
e x: energy unit price (USD).
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P=i(USD)+e, @)

in where;
* P: payback period (year)
* i initial investment cost (USD)
* e: annual economic energy gain (USD).

The second scenario is the calculation of the payback
period as a result of comparing the total installation, mod-
ule and system maintenance, repair and regular cleaning
fees with the annual energy gains. However, the price of
the cleaning service will be different for graphene-coated
modules and non-graphene-coated modules. Therefore,
four different assumptions were proposed for this sce-
nario. These assumptions are as follows:

2. It is assumed that the cleaning service is performed
twice a year for the module (PV-NGa) without any
coating on the glass surface. Under the scenario a,
the life span of the modules is regarded as 30 years.
Maintenance and repair services are planned to be
performed once per year. In this scenario a, the pay-
back period was calculated using Eq. (5).

P(PV —=NGa) =(i+30xm)+(60xc))+(30xe), (5)

in where:
e P: payback period;
e :initial investment cost;
* m: maintenance cost;
 c: cleaning cost;
e ¢: annual economic energy gain

Due to the self-cleaning feature of the graphene-coated
module (PV-G), the cleaning service will likely be less than
the non-coated module. Therefore, three different assump-
tions were envisaged for the graphene-coated module, in
which the cleaning service is performed once every year
(PV-G,), once every two years (PV-G,, ), and once every
three years (PV-G, ). Under the scenario b, the life span
of the modules was regarded as 30 years. It is foreseen that
maintenance and repair services will be performed once
w» PV-G,,, and PV-G,,
were calculated using Egs. (6)-(8), respectively.

a year. Payback periods for PV-G

P(PV-G,,)=(i+(30xm)+(30xc))+(30xe), (©6)
P(PV=G,,)=(i+(30xm+(15xc)))+(30xe), ™

P(PV =Gy, )=(i+(30xm)+(10xc))+(30xe), ®)
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in where:
* P: payback period;
* {: initial investment cost;
* m: maintenance cost;
* ¢: cleaning cost;
* e: annual economic energy gain.

2.6 Calculating the ROI of the solar systems
throughout their life cycles

In calculating the economic gain that the systems estab-
lished with PV-G and PV-NG will provide to their inves-
tors during their life cycle (30 years), 1. and 2. scenarios
given in Subsection 2.5 were taken as a basis. Therefore,
the economic gains provided to the users after the pay-
back period (30-P) were determined based on three dif-
ferent scenarios. According to this, the total ROI of the
solar system (PV-NG,) established with graphene-un-
coated modules were calculated by Eq. (9). The total ROI
of the solar system established with graphene-coated
b PV'sz’
PV-G,, ) during its life cycle was calculated according to
Egs. (10), (11) and (12), respectively.

modules with different cleaning periods (PV-G

tROI (PV — NGa)

=((30—P)xe)—((30—P)xm)+((30— P)x2xc)), ©
ROI(PV -G,,)

(10)
= (((30—P)xe)—((30—P)><m)+((30—P)xc)),
tROI(PV -G,,) an
=((30-P)xe)—((30-P)xm)+((30-P)x(c/2)),
(ROI (PV -G,

(12)

=(((30-P)xe)—((30-P)xm)+((30— P)xc/3)),

in where:
» {ROI Total return on investment;
* P: payback period;
* m: maintenance cost;
* c: cleaning cost;
* e: annual economic energy gain.

3 Results

3.1 Number of required modules and placement of
modules

In the placement of photovoltaic modules, the southern
roof of the structure and the shading factor caused by the
northern roof were taken into consideration. In this case,

as can be seen in Fig. 3, 126 modules were placed on the
surface of the south roof with 21 rows in the x-direction
and six rows in the y-direction. According to these rows,
the operating system’s efficiency is 83.1 %, and it can be
said that it is of high performance.

3.2 The comparison between the PV-G and PV-NG

In this section, as a result of the integration of two differ-
ent types of modules into the roof of the SVHS building,
the amount of energy obtained from these two systems
and the reduction of CO, emissions, investment costs, pay-
back period and ROI were analysed comparatively.

3.2.1 Energy production and CO, reduction

As shown in Fig. 4, the energy generation obtained from
the system, which consists of 126 pieces of 375 W mod-
ules integrated into the roof of the SVHS building, was
determined as 61.91 MWh/year and 61.19 MWh/year
for graphene-coated and non-graphene-coated modules,
respectively. It was observed that approximately 1 % more
energy was obtained from graphene-coated modules.
The system, created with graphene-coated modules, was
calculated to prevent the release of 36.86 tons of CO, emis-
sions per year into the environment. Fig. 3 is 36.49 tons/
year for the solar system created with uncoated modules.

(a)

008

Fig. 3 (a) Placement of module on the roof (3d); (b) Placement of
module on the roof (2d)
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0 10 20 40 50 60 70 80 90
Energy Production (MWh/year) CO2 Reduction (ton/ year) Self Consumption (%)
1PV-NG 61.19 36.49 77.39
1PV-G 61.91 36.86 78.3

1PV-NG ®PV-G

Fig. 4 Comparison with the PV-G and PV-NG with the context of energy production, CO, reduction and self-consumption ratio

In this case, it was determined that 0.37 tons of CO, per
year would be prevented from being released into the atmo-
sphere by using graphene-coated modules in the system.
Also, 0.37 ton/year CO, is substantial as it is equivalent
to driving 905 km with an average passenger car (United
States Environmental Protection Agency, 2019). Since the
consumption of the SVHS building is 79.06 MWh/year,
the amount of energy obtained with the system established
with graphene-coated modules can account for 78.3 %
of the consumption, compared to 77.39 % in the system
established with uncoated modules.

Fig. 5 shows the monthly energy production values of
the system integrated into the roof surface with modules
with two different surfaces. The highest energy gain was
observed for both systems in July, with the minimum amount
of energy generated by the system being 3.136 MWh/year
for graphene-coated modules in December. In uncoated
modules, this production is 3.091 MWh/year.

3.2.2 Investment costs
The module price-offer for PV-G and PV-NG was obtained
from ZNShine, and the installation and design quote was

obtained from Tureco. Investment costs include modules,
inverters and shipping costs, project costs, consumables
and labour costs required to install the system. As shown
in Table 5, the initial investment cost of the system estab-
lished with PV-G was 34.368 USD. The initial investment
cost of the solar system established with PV-NG was cal-
culated as 34.102 USD. Therefore, the difference between
the initial investment costs of the systems established with
two different modules based on graphene coating was
266 USD. This difference is 0.78 % of the initial invest-
ment cost and is a low figure. This means that the graphene
coating adds a 0.78 % additional cost to the system.

3.2.3 Payback periods

The payback period for (PV-G) and (PV-NG) obtained
from the economic comparison of the initial investment
costs and annual energy gains, which are the sum of instal-
lation and module fees, are 4.62 and 4.64 years, respec-
tively. The energy production of the graphene-coated
module is 1 % more than the non-graphene-coated mod-
ule, which eliminates the difference of 266 USD in the
investment cost and brings the investor a small additional
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Monthly Energy Production (MWh/year)

' Gt o

(MWhyyear)

N

1 2 3 4 5 6 7 R 9 10 Ll 12
mPV-G 3.193 3.299 5.209 5.712 6.459 6.569 7.098 6.925 5.859 4.839 3.625 3.136
mPV-NG 3.153 3.245 5.181 5.665 6.392 6.498 6.931 6.883 5787 4.781 3.592 3.091

0

mPV-G mPV-NG

Fig. 5 Comparison with the PV-G and PV-NG with the context of monthly energy production

Table 5 Comparison of the PV-G and PV-NG in terms of the initial investment cost

Equipment and labor Price $ for PV-G Price $ for PV-NG
Project costs 3052 3052
Module (Znshine ZXM6- 12511 12285

LD72-375W) - shipping cost
Inverter (Huawei 2000-40

KTL) and Smart Logger 3250 3250
Building/Insurance 250 250
Construction 2000 2000
Cable channel and Pan 270 270
Power Cables 1743 1743
Grounding 300 300
Mechanical labour cost 1500 1500
Electrical labor cost 1750 1750
Warning Sign 200 200
Taxes 5242 5202
Total 34368 34102

Difference +266/0.78 % 0




profit on an annual basis. Therefore, it was determined
that graphene-coating shortened the system's payback
period by approximately 0.02 years, or seven days, as a
result of calculations made using Eq. (3).

The payback period for (PV-G) and (PV-NG) obtained
by comparing the installation, module and total mainte-
nance and cleaning fees of the system with annual energy
gains were calculated separately for scenarios A and B
using Eqgs. (4) to (7) and the results are given in Table 6.
As shown in Table 6, the payback period was calculated
to be 6.8 years, taking into account the costs of the sys-
tem established with graphene-uncoated PV modules
for its life cycle. The increase in this number is due to
the twice-yearly cleaning service fees. Thus, due to its
self-cleaning and low dust retention, the payback period
of the system established with graphene-coated PV (Sc/
PV-G, ) modules, where cleaning service is performed
once a year, is 5.52 years and the payback period over its
life span is 15.4 months shorter, although its investment
cost is higher compared to the standard modules. As pre-
dicted, as the periods of cleaning services decreased, the
payback period decreased as well. The payback periods
were calculated as 4.95 and 4.76 years, in the case of clean-
ing services in graphene-coated modules performed once
every two years and once every three years, respectively.
This situation indicates that the solar system to be estab-
lished provides a shorter payback period to its investors if
the environment contains less dust and less air pollution.

3.2.4 Economic gains

Considering the cleaning and maintenance costs of sys-
tems established with PV-G and PV-NG, the ROI for the
investor after the payback period (30-P) was determined
as 125.765 USD for the solar system established with non-
graphene-coated modules. As shown in Table 7, the ROI of
the system established with graphene-coated PV modules
as a net profit after the payback period is 147.692 USD for
the PV-G,, scenario, 157.707 USD for the PV-G,, scenario
and 161.112 USD for the PV-G,, scenario. Total economic
gains are expected to increase depending on payback peri-
ods and cleaning service periods. In this case, although

Table 6 Payback period calculated for scenarios

Scenarios Payback period (years) Payback period (months)
PV-NG, 6.80 81.6
PV-G,, 5.52 66.2
PV-G,, 4.95 59.4
PV-G,, 4.76 57.1
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Table 7 Total economic gain calculated for scenarios

Scenarios Total ROI (USD)
PV-NG, 125.765
PV-G,, 147.692
PV-G,, 157.707
PV-G,, 161.112

the initial investment fee of the solar system established
with graphene-coated modules is higher, it was observed
that it offers greater economic benefits to its investors
throughout its lifecycle.

4 Conclusion

Within the scope of the study, the effect of graphene coat-
ing applied to the module surface on annual energy pro-
duction, CO, reduction and payback period shortening
and ROI were investigated. In the system established with
graphene-coated PV modules (PV-G), approximately 1 %
more energy production and CO, emission reductions were
determined compared to the system established with non-
graphene coated PV modules (PV-NG). The initial invest-
ment cost is 266 USD higher in the solar system established
with PV-G due to graphene coating. The payback periods
of the system were calculated for two different methods
based on the initial investment cost and the cost of main-
tenance and cleaning services that stand out during the
usage phase after the initial investment cost. In calcula-
tions based on the initial investment cost, the PV-NG sys-
tem payback period was 4.64 years, and PV-G was 4.62
years. If the payback period is calculated by investment
costs and maintenance and cleaning services required for
its life cycle, the payback period increased to 6.8 years
due to high cleaning fees in non-graphene-coated modules
(PV-NGQG). Considering the ability of the system established
with graphene-coated modules (PV-G) to clean itself and
accumulate less dust on its surface, if a cleaning service
is performed once every year (PV-G, ), once every two
years (PV-G,,) and once every three years (PV-G,, ), the
payback periods are determined as 5.52 years, 4.95 years
and 4.76 years, respectively. The payback period of the sys-
tem established with PV-G, which is planned to be cleaned
once a year, is 15.4 months shorter than the payback period
of the system established with PV-NG. However, the solar
system established with PV-NG brings a 125.765 USD
profit to its investors after the payback period; however,
the profit of the solar system established with PV-G, which
will be cleaned once a year, will be 147.692 USD after the
payback period throughout the life cycle of the solar sys-
tem, i.e. 21.927 USD increased profit.
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Nanocoatings have started to take their place in the
construction and materials industry with their superior
performance features and further development of nano-
technology. If the environment in which the solar system
will be established contains less dust and less air pollution,
graphene, which is used as a nanocoating in solar systems,
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