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Abstract: Renewable energy and electric vehicle technology are the two pillars for achieving a
sustainable future. Floating solar power plants use PV modules on water infrastructure to save the
land and increase module efficiency. Furthermore, the reduction in evaporation saves water. Electric
vehicles are one of the fastest-growing markets and the most successful technologies to combat the
problem of energy and climate change. This research aims to construct a floating PV system on
the lake of the Vellore Institute of Technology (VIT), to analyze electric vehicle performance and
greenhouse gas (GHG) emissions when charged using the installed floating PV system. To address
this, a 1.5 MWP floating PV system was simulated and analyzed using Helioscope software. When
charged from the proposed floating PV plant, electric bikes, scooters, and cars saved CO2 emissions.
When charged from a floating PV, E-bike, E-scooter, and E-car Net CO2 emissions became zero in 25.5,
12.1, and 7.7 months, respectively. After the aforementioned time periods, all three electric vehicle
types were zero-emission vehicles. The required charge for all three types of vehicles (1,000,000 km)
was analyzed using a floating PV system. E-bike, E-scooter, and E-car CO2 emission savings were
−8,516,000 g/kWh, −328,000 g/kWh, and 525,600,000 g/kWh, respectively. All three types of electric
vehicles can reduce CO2 emissions for nations that rely on renewable energy, but only electric cars
save carbon emissions over fixed distances. Through this research, we finally conclude that electric
cars reduce CO2 emissions the most compared to other electric vehicles.

Keywords: floating PV system; evaporation; e-mobility; electric car; CO2 emission

1. Introduction

Climate change has led to habitable places turning into deserts as wildfires and heat-
waves occur increasingly around the world [1]. The warming of the Arctic has resulted in
the melting of permafrost, glacial retreat, and sea ice loss [2]. It has affected the environment
in very extreme ways, from sea levels rising to species going extinct. Climate change has
been referred to as one of the most dangerous threats to human health by the World Health
Organization (WHO) [3]. One of the best ways to mitigate the negative effects of climate
change is to reduce the use of internal combustion engine-based vehicles and by adopting
electric vehicles (EVs). Along with that, another way to mitigate the effects of climate
change is by adopting renewable energy sources. The world target regarding electricity
generated per year should be wholly from renewables compared to 25% (7000 TWh/year)
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at present. Among the various renewable energy sources available, solar energy has been
getting much attention. The total installed capacity of solar energy at present is 384 GW
and by 2050, the installation target is 8519 GW [4].

In recent years, a particular technology has been developed which involves fixing
PV systems on canals, conduits, and channels. This technology is popularly called the
floating solar PV system (FSPVS). The first proper FSPVS system was installed in 2007 in
Aichi, Japan. It slowly began to increase with the yearly installed capacity reaching up to
1096 MWp per year. By the end of August 2020, the total global installed capacity of FSPVS
would have reached 2.6 GWp. However, owing to COVID-19, installations were expected
to decelerate in 2020, as seen in Figure 1 [5–8]. According to the report presented in [9], the
worldwide floating solar market was valued at USD 2.55 billion in 2021 and is predicted
to increase to USD 10.09 billion by 2030, with a compound annual growth rate (CAGR) of
16.5% between 2022 and 2030. This can be easily inferred from Figure 2. The number of
research papers on floating PV systems in the last 15 years is shown in Figure 3. It is clear
that FSPVS is an exponentially growing technology.
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Due to favorable government laws and the benefits of zero land usage and reduced
evaporation, the deployment of PV systems on water bodies is quickly rising. The FSPVS
system consists of the floating system, the mooring system, the PV system, the wires, and
the connections.

(a) Floating system: The floating system is a combination of structure and floater. The PV
system is mounted on top of the floating system.

(b) Mooring system: A mooring system is any structure to which a vessel may be anchored
using cables or anchors. Mooring prevents FSPVS components from spinning or
floating away.

(c) PV system: A PV system consists of PV modules and other power conditioning
equipment for converting solar energy to electrical energy. In general, crystalline
solar PV modules are utilized, although there is ongoing research into the type of PV
modules installed in FSPVS. Sahu et al. [10] recently conducted an energy analysis of
thin-film PV technology on land, water, and submerged systems, demonstrating the
advantages of submerged installations.

Goswami et al. [11] conducted a thorough analysis of the various designs and architec-
tures of floating FSPVS, as well as their economic implications. Theoretically, Sairam and
Oliveria [12] have suggested numerous creative concepts for improving the performance
of canal-top PV systems. The practical usefulness of these ideas, on the other hand, must
be investigated. The influence of PV cover on water quality, water body ecology, and
evaporation has been examined by Taye et al. [13]. Water bodies with excellent covering
may have less of an influence on their environment. Figure 4 presents the structure and
components of a PSPVS.

Many FPV projects have been researched in recent years. The most impactful ones
have been the high-capacity projects. In [14], a study of a 10 MWp FPV plant in Bakreswar
found that a floating solar PV plant has 10.2% more capacity than a land-based system.
In [15], 13 Kwp, 45.1 MWp, and 163 MWp FPV were analyzed to show that they are
cost-effective. In Mettur Dam, Tamil Nadu, a 150 MW FPV system with tracking on the
dam of the hydro plant was analyzed and observed that it can reduce CO2 emissions by
135.92 ktonnes [16]. Recently, in [17], a 6513 MW FPV was installed in Uttar Pradesh’s
Rajghat Dam to determine annual evaporation loss (or 0.9 L per kWh). The levelized
cost of energy (LCOE) is USD 0.036/kWh (INR 2.61/kWh) with an IRR of 8.55%, which
is encouraging for widespread FSPV deployment. This was the project with the highest
installed capacity in 2022.
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Along with advancements in renewable energy, EV has been the biggest change that is
being made in the world to lead a sustainable and clean future. The global electric sales
have gone up exponentially. It began with one million electric vehicles sold globally in
2015 and increased exponentially up to ten million in 2021 [18], China and Europe seem
to be the leaders in the EV market followed by Europe. The first milestone we expect
to reach is 20 million EVs by 2025. After that, low estimates mention 33 million EVs by
2030, whereas high estimates talk about 47 million EVs [19]. Figure 5 represents the EV
market Size from 2010–2020 and the projected market size till 2030. The low indicates the
case where sustainable development policies are not adopted while the high estimate of
47 million refers to the case when sustainable development is followed. This provides the
motivation to explore the performance analysis of EVs when charged by a FSPVS.
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A research study was conducted by the Department of Energy [20] in which the
complete cradle-to-grave lifecycle GHG emissions of EVs were compared to the average
gasoline vehicle, which reached the same results as in [19], that hybrid EVs (HEVs), PEVs,
and shorter-range BEVs cut greenhouse gas emissions, whereas longer-range BEVs are
equivalent to the typical gasoline vehicles. Michalek et al. [21] quantified the lifetime GHG
emissions and criteria pollutants of electric cars as well as the benefits of oil substitution.
They discovered that EVs with larger battery packs are more costly, heavier, and emit more
emissions than HEVs and PEVs with smaller battery packs, and that they give less emission
gains. In both the basic and optimistic cases, all EVs cut emissions when compared to
the average gasoline car. Shen [22] discovered that the manufacture of the EV accounts
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for 18.5% of the energy and 17% of the greenhouse gas emissions, while consumption
accounted for 81.5% and 83%, respectively. Each study that analyzes the whole cradle-
to-grave energy and greenhouse gas (GHG) emissions of electric vehicles concludes that
emissions from vehicle usage surpass emissions from vehicle production.

The literature highlights the need to drive towards a more sustainable future by
reducing the CO2 emissions in EVs. This led to the motivation to utilize FSPVS to perform
CO2 analysis of EVs. This has not yet been explored in the literature.

1.1. Contribution

At present, the literature on Floating PV systems focuses mostly on installation and
design approaches, but there has been nothing in the literature examining the system’s
benefits when charging electric vehicles. The implementation of EVs cannot help greatly
towards the reduction in CO2 emissions until or unless they are charged from a green grid
instead of a conventional thermal grid. In this paper, a FSPVS of 1.5 MWp capacity has
been designed and simulated at the natural lake of VIT, Vellore. The generated power has
been analyzed and used to charge the E-bicycle, E-scooter and E-car to calculate the zero
CO2 emission periods of the said vehicles when life cycle CO2 emission from each vehicle
has been considered. The CO2 emission profile of the said vehicles considering the fixed
distance covered and charged from the FSPVS also has been analyzed. The FSPVS is further
used to quantify the reduction in the rate of evaporation for a 1-year period. The objective
of the present study is to:

• Design a floating system for VIT Lake, VIT, Tiruvalam Road, Katpadi, Vellore, Tamil
Nadu, India;

• To analyze the annual energy generated from the FSPVS;
• Analyze the savings in water due to the prevention of evaporation by the FSPVS;
• Analyze and compare the performance and impacts on the environment while charg-

ing different electric vehicles by taking factors such as CO2 emissions into consideration.

1.2. Structure of the Paper

The current paper has been organized as follows: after the Introduction, the Material
and Methods behind this work is explained, in Section 2. Section 3 focuses on the results
obtained and discussions related to them. The Results section focuses on the results
obtained with the floating plant analysis and charging of EV using a floating solar PV
system. Lastly, the work concludes in Section 4.

2. Materials and Methods

A simulation was made using Helioscope software to analyze the power generated
when a floating PV system was employed at the suggested site location and the greenhouse
gases emitted by different types of electric vehicles were compared. The data obtained
from the simulation of the floating PV system were obtained and filtered. These data were
then used as a reference for the case when different electric vehicles are charged. The setup
was further used to quantify the reduction in the rate of evaporation for a 1-year period.
We used a pre-existing analytical model to do this.

2.1. Case Study Area

The FSPVS of 1.5 MWp was proposed at the VIT Lake. The VIT Lake is the lake which
is located inside the Vellore Institute of Technology University at Vellore in India. The
VIT Lake is the largest lake at the Tiruvalam Road Area, located at 12.9723◦ N latitude
and 79.1596◦ E longitude, respectively. The climatic parameters served as the input to
our research.

2.2. Resource Assessment

The average temperature at Vellore was obtained for every month. The data regarding
the average temperature were collected from [23]. The average temperature at Vellore was
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22.6 ◦C during the month of January. It increased and peaked in May at a temperature
of 31.2 ◦C. After that it decreased gradually until it became 22.5 ◦C. A similar trend was
noticed for minimum temperature and maximum temperature. The detailed temperature
data is presented below in Figure 6a. The average wind speed at Vellore followed a trend
where it increased till July and then it decreased continuously till December, as shown in
Figure 6a. In January the wind speed remained 7 mph. In March, there was a slight increase
in the average wind speed to 7.5 mph. It increased further up to 10.6 mph. After July, the
wind speed decreased to 6 mph which was the lowest of the year. After that it increased
again up to 7.8 mph. The minimum and maximum solar potential increased till May and
then decreased in June. It further increased till August and September before decreasing
till December. This can be seen in Figure 6b. The performance of the solar PV system is
affected by rainfall. Figure 6c describes the average rainfall and total number of rainy days
in Vellore. We can see that on the month of October, the energy produced was lower than
other months. This can be attributed to the total number or rainy days. The average sun
hours remained low at 7.8 h in January but it then steadily increased and peaked in May at
10.6 h. It then decreased till December, becoming 6 h. This is described in Figure 6d.
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The GHI irradiance/day for each month can be obtained from the research article [23].
Using the helioscope software, one can also obtain similar GHI values for the solar PV
system. Figure 6e shows the GHI emissions obtained through the helioscope software.

2.3. System Design

4688 PV modules of Trina Solar TSM-PD14 3209 (May 15) [24] were chosen for installa-
tion. The STC Rating of the module was 320 W. The PV modules were connected to copper
switches which were in turn connected to 50 nos. of SMA Sunny Tripower 24,000TL-US
inverter [25]. The maximum input voltage of the inverter was 1000 V. The AWG Copper
wires [26] were of string type and were 52,660 ft long. The component specifications are
tabulated in Table 1.

Table 1. Specifications of module, inverter, and wire schedule.

Item name Model Parameter Value

PV module Trina Solar
TSM-PD14 320

STC Rating 320 Wp

Vmp 37.1 V

Imp 8.63 A

Voc 45.8 V

Ioc 9.1 A

Quantity 4689

Solar inverter
SMA Sunny Tripower

24,000 TL-US

Max AC Power Rating 24,000 W

Max Input Voltage 1000 V

Quantity 50

Wires Wire schedule

Tier String

Wire 250 × 10 AWG

Length 4958 ft

The PV modules were used to create a floating solar PV system. The panel consisted
of a number of series and parallel connections of solar cells. The first panel was made up of
two strings that represent the maximum number of PV modules that may be linked in series.
In this string, 42 PV modules were used to give the proper voltage to the inverter. The
voltage from the panel can be 1000 V as input of the inverter. The inverter was delivered
in the 450 V to 800 V MPPT range. The inverter was connected to the external circuit and
then this was then connected with the AC disconnector to protect the service panel from
overvoltage and overcurrent follow.

2.4. EV Specifications

The specifications of the different vehicles are tabulated in Table 2 [27–29].

Table 2. Different electric vehicle parameters and CO2 emission of electric vehicles.

Parameters
Battery

Capacity
(kWh)

Motor Power
(kW)

Maximum
Speed
(km/h)

Maximum
Torque
(Nm)

Energy
Consumption

(Wh/km)

CO2 Emission
(g/psngr/km)

E-bike
(BH27) 0.28 0.25 25 40 7.9 16.1

E-scooter
(Ather 450X) 2.61 6 80 26 30.7 29.8

E-car
(Tesla Model 3) 50 336 162 639 151 92.4
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2.5. Associated CO2 Emissions Calculation for EVs

The energy consumed per km of different types of EVs was obtained from previously
conducted studies and the CO2 emissions were also obtained [30]. The CO2 emission from
the coal-based plant was 1000 g/kWh whereas the same was 40 g/kWh for the PV-based
plant. The energy consumed per km for electric cars was 151 Wh, while it was 7.9 Wh
for E-bikes and 30.7 Wh for E-scooters. From the analysis conducted using Helioscope,
the annual energy generated from 1.5 MWp FSPVS was 2387.89 MWh. The total annual
distance covered by the vehicle when charged from the generated energy of FSPVS is
given by

annual distance covered in km (Dk=1,2,3) =
EG
ECk

(1)

where EG represents the annual energy generated from a 1.5 MW floating PV plant (Wh)
and ECk represents the energy consumption per km. The distance covered is represented
by Dk, where k = 1 for the Bike, 2 for the Scooter and 3 for the car.

The percentage km covered more by the vehicle is given by:

Dmore,k =
EG

ECk+1 − EG
ECk

EG
ECk+1

(2)

The annual CO2 emission of the vechicle is given by the following equation

Annual CO2 emission, ACEk=1,2,3 =
EG
ECk

∗ CEk (3)

where CEk represented the life cycle CO2 emission/km from the vehicle. The saving
in CO2 emission per unit is seen as the difference between the CO2 emission from the
coal plant and the CO2 emission from PV plant, where CEcp and CEpv represent the
CO2 emission from coal − based and PV − based plants, respectively.

Saving in CO2 emission per unit(S) = CEcp − CEpv (4)

The total CO2 emission savings (when charged from FPVS instead of the conventional
grid) is given by the following equation,

Total CO2 emission savings(TCE) = EG ∗ CEcp − CEpv
1000

(5)

Finally, the CO2 emission saving when PV is used to charge the different types of EVs
are calculated using

CESk=1,2,3 = TCE − ACEk=1,2,3

The analysis of the emission saving by assuming 10 ×105 km distance covered by the
EVs have been calculated. The energy required for the EV to cover 10 ×105 km is given:

Ek=1,2,3 = ECk=1,2,3 ∗ 10 × 105 (6)

The percentage energy requirement more required by different EVs compared to the
other is given by

Emorek=1,2 =
ECk+1 − ECk

ECk
(7)

The annual CO2 emission from different EVs are given by the following equation:

ACEk=1,2,3 = CEk=1,2,3 ∗ 10 × 105 (8)



Appl. Sci. 2022, 12, 12552 9 of 14

The total CO2 emission saving (when charged from FPVS instead of conventional grid)
for different types of EVs are given by the following equation:

TCEk=1,2,3 =
(CEcp − CEpv)× Ek=1,2,3

1000
(9)

Finally, the CO2 emission saving when FSPVS is used to charge the different types of
EVs are given by

ESk=1,2,3 = TCEk=1,2,3 − ACEk=1,2,3 (10)

2.6. Analysis in Evaporation

FSPVS are self-regulating and the FSPVS may increase their producing efficiency by
11% over land-based PV systems as temperatures rise [26]. In addition to limiting water
evaporation, the floating solar panels also block excessive sunlight, avoiding an algal
growth in the process. Layout of the PV site is shown in Figure 7.
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The perimeter proposed PV plant is 53 × 104 m while the area of the PV plant is
0.15 × 1011 m2. The overall evaporation/ water saving will be 37,125 kL/annum [31],
lowering the plant’s specific water usage.

3. Results
3.1. Floating Plant Analysis

Block diagram of the floating SPV plant is shown in Figure 8. The GHI, POA irradi-
ation and shaded irradiation from the floating plant obtained by month is given below
in Figure 9a. One can see that the radiation increased from January to March. It then
decreased from March to December. About 200.2 kWh of GHI was present during the
month of March. The least amount of GHI can be seen in the month of November where
the GHI was 130.3 kWh/m2. A similar trend is seen for POA and shaded radiation. It can
be seen that the POA was highest in March, at about 206.6 kWh/m2, while it was lowest
during June and July with about 145.4 kWh/m2. The total energy extracted from the grid
and the nameplate energy is given below in Figure 9b. The nameplate kWh is the energy
that should be generated under the ideal case. There are a many losses associated with
a floating PV system. such as AC system losses, inverter losses, charging losses, wiring
losses, mismatch losses, temperature losses, shading losses, reflection losses, soiling losses
and irradiance losses. The highest loss was due to reflection losses of about 3.2%. There
were also a significant number of losses due to soiling. There were also significant losses
due to the SMA Sunny Tripower 24,000 TL-US inverter. The inverter has an approximate
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efficiency of 98% and thus there was about 2% loss due to the inverter. Figure 9c shows the
distribution of different losses and Figure 9d describes the performance ratio over different
months of a year.
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The total energy provided to the grid was 2387.89 MWh while the nameplate energy
was 2800.03 MWh. This is because there were various losses. Firstly, there were losses due
to output at irradiance level which led to a decrease in the energy to grid of about 0.4%.
Then there were losses due to cell temperature which led to losses of up to −9.2%. There
was a further decrease of up to −2.9% due to mismatch losses. Furthermore, when the
optimal DC output is considered, there was a further decrease leading to 2450.03 MWh of
energy. When the constrained DC output is considered, there was a further reduction in
the actual energy provided to the grid of 0.1% leading to 2447.69 MWh. Considering the
inverter output, there was a further decrease in energy of up to 2.0%. Thus, the final energy
provided by the floating PV system to the grid was 2387.89 MWh.

The actual energy generated was 2387.89 MWh while the energy generated under
the ideal case was 2800.03 MWh. Thus, the performance ratio of the floating PV system
was 0.8528 and the performance ratio was 0.8528. The calculation of the performance ratio
of the PV system was also calculated for every month and it is given in Figure 9d. The
performance ratio of the PV system was also calculated for every month and is given in
Figure 9d. The above graph in Figure 9d shows the performance ratio by each month. The
highest performance ratio was given during the month of December with a performance
ratio of 0.87. It can be seen that the performance ratio was high at the beginning of the year
with a performance ratio of 0.86 in January. The performance ratio slowly decreased until
March where the performance ratio was 0.83. It increased in April where the performance
ratio was 0.84 but then it again decreased during the month of May where the performance
ratio was 0.84. It then increased after the month of May gradually until December where it
reached 0.87.

3.2. Charging of EVs from FSPVS

In this work, three types of electric vehicles were considered: electric scooters, electric
bikes and electric cars. The annual CO2 emission savings are tabulated in Table 3.

Table 3. Annual CO2 emission savings for different types of EVs when charged from FSPVS.

Parameters Value

Annual distance covered
D1 302.3 × 106 km
D2 77.8 × 106 km
D3 15.8 × 106 km

Percentage km covered more Dmore1 289
Dmore2 392

CO2 emissions (g/psngr/km)
CE1 16.1 g/psngr/km
CE2 29.8 g/psngr/km
CE3 92.4 g/psngr/km

Annual CO2 emissions
ACE1 4866.5 Ton/psngr
ACE2 2317.9 Ton/psngr
ACE3 1461.2 Ton/psngr

CO2 emissions from plants Coal based plants 1000 g/kWh
PV based plant 40 g/kWh

Savings in CO2 emissions 960 g/unit

Total CO2 emission savings TCE 2292.38 Ton

Annual emission savings
when EV charged from FPVS

Electric bike −2574.1 Ton
Electric scooter −25.5 Ton

Electric car 831.2 Ton

Net Zero CO2 emission time
period (months)

Electric bike 25.5
Electric scooter 12.1

Electric car 7.7
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The annual CO2 emission was also measured by assuming a fixed coverage distance
of 10 ×105 km. The annual CO2 emission of bike, scooter, and car was obtained by the
equations mentioned above. Finally, the emission saving when PV is used along with
electric bike, scooter and car was calculated and compared. Table 4 presents the CO2
emission parameters assuming constant distance coverage.

Table 4. CO2 emission parameters assuming constant distance coverage.

Parameters Value

Energy required
E1 7.9 Wh/km
E2 30.7 Wh/km
E3 151 Wh/km

Percentage energy more
required

Emore1 289
Emore2 392

Annual CO2 emissions
ACE1 161 Ton/psngr/km
ACE2 298 Ton/psngr/km
ACE3 924 Ton/psngr/km

Total CO2 emission saving
when EV charged from FPVS
instead of conventional grid

TCE1 75.84 Ton/psngr/km
TCE2 294.72 Ton/psngr/km
TCE3 1449.6 Ton/psngr/km

Emission savings when FPVS
is used to charge EV

Electric bike −85.16 Ton
Electric scooter −3.28 Ton

Electric car 525.6 Ton

It can be seen that the CO2 emission savings was positive in the case of the E-car,
but it turned out to be negative in the case of the E-bike and E-scooter. According to the
research, when charged by floating PV, the net CO2 emission for an e-bike, e-scooter, and
e-car, respectively, was zero in just 25.5 months, 12.1 months, and 7.7 months. All three
types of electrical cars were zero emission vehicles after the aforementioned time periods.
The analysis also took into account the predetermined distance (10 ×105 km) that each of
the three types of vehicles must travel in order to charge. When using a floating PV system
to charge electric vehicles, carbon emissions were reported to be positively reduced for
electric vehicles but not for electric scooters or cycles. In such situation, it was estimated
that using an electric bike, scooter, or automobile would result in CO2 emission reductions
of −85.16 Ton, −3.28 Ton, and 525.6 Ton, respectively. For countries that rely on renewable
energy generation, analysis reveals that all three types of electric vehicles are successful
in lowering CO2 emissions, but when a set distance travelled is taken into account, only
electric automobiles reduce carbon emissions. The electric car is the best option for reducing
CO2 emissions out of all the electric vehicles that have been taken into consideration.

4. Conclusions

In this article the performance of a 1.5 MWP floating PV system using Helioscope
software has been simulated and performance of the same has been analyzed to charge
different types of EVs, such as the E-bike, E-scooter and E-car. The annual energy generation
from the 1.5 MWp floating PV plant is of 2387.89 MWh. The analysis shows that the
charging of EV using a floating PV system is more efficient from the point of view of CO2
emission. The findings indicate that an E-bike, E-scooter, or E-car will be a net zero CO2
emission vehicle in 25.5 months, 12.1 months, and 7.7 months, respectively, when charged
from floating PV plant. When the floating PV system is used to charge various types of
electric vehicles for a fixed distance coverage of 10 ×105 km, it has been observed that the
CO2 emission savings for the E-bike, E-scooter, and E-car are −85.16 Ton, −3.28 Ton, and
525.6 Ton, respectively. According to the findings of the analysis, all three types of electric
vehicles are effective in reducing CO2 emissions for nations that rely on renewable energy
generation; however, when considered for a fixed distance covered, only electric cars save
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carbon emissions. It can be seen that, among the various types of electric vehicles that have
been considered, the E-car is the most effective choice in terms of the reduction in CO2
emission. Additionally, 37,125 kL of water will be saved annually from evaporation owe to
the installation of the floating PV plant.
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