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Abstract: Due to depleting fossil fuel reserves coupled with a climate crisis, sustainability is gaining
ground, and electric vehicles (EVs) are emerging to be the new face of this field. However, the
idea of EVs will be genuinely sustainable only if they are charged using renewable energy. This
paper presents results from the design of a solar-powered EV charging station for an Indian context.

check for PVsyst 7.2 software has been used for the system design. The analysis, based on the number of cars
updates charged annually, the monthly variation in energy generation, the investment cost, and the decrease
Citation: Singh, A; Shaha, S.S.; G, in carbon dioxide (CO;) emissions using different module technologies for six Indian cities, has been
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emissions by approximately 7950 kg. For cities near the equator, maximum energy is produced during
March or January, and for cities near the Tropic of Cancer, energy production maximizes during
May-June. The overall system has better energy generation and economy when monocrystalline
modules are used.
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1. Introduction
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fations. opened the doors for the electric mobility industry, and the world has witnessed a drastic
surge in the acceptability of EVs.

As India aims to decrease its carbon footprint like other nations and step into the

BY world of sustainability, the government is consistently introducing transport sector reforms
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reduce its carbon footprints, and reducing pollution have been discussed in detail, and
conclusions regarding India moving into the EV space following its global peers have
been made [6]. Moreover, new energy storage and transfer technologies that can be used
to implement the charging infrastructure have been studied according to the necessary
requirements [7-9].

It is essential to differentiate between what ‘looks sustainable” and what ‘is sustainable’
to implement sustainability. EVs are a formidable example of decreasing instantaneous
emissions, but they shift the energy demand from crude oil to electricity. This ultimately
increases the pressure on the grid infrastructure that is already facing an energy deficit [3].
In India, nearly 61% of the grid electricity is from coal-based thermal power plants, 15% is
from hydropower, 8% is from solar PV, 5% is from wind energy, 9% is from natural gas,
and 2% is from nuclear energy [10].

Upon considering three categories of vehicles, EVs running on electricity from the grid,
internal combustion engine-based vehicles (ICEVs), and EVs running on electricity from
solar photovoltaics (PV), and calculating their well-to-wheel CO, emissions, EVs running
on electricity from solar PV turned out to be the least polluting. Such an EV would lead to
only 0.6 kg of CO, emission per 100 km travelled. In contrast, a 5-seater gasoline-based
ICEV would produce about 13 kg of CO; in covering the same distance, and an EV running
on grid electricity would cause 10 kg of CO, emissions per 100 km travelled (considering
a similar share of the different sources, as listed above). The unavailability of charging
stations at regular intervals is another matter of concern, and nearly all of the available
ones are grid-tied. Hence, grid availability becomes a crucial point while deciding the
location of a charging station.

India is a sun-drenched country, which makes it ideal for the utilization of solar energy
for electricity production. When most of our energy requirements revolve around electricity,
solar PV has proven to be an excellent solution for localized electricity generation, even
for large-scale applications. Although renewables such as solar are climate dependent and
the Indian climate varies with geography, the flexibility of solar PV as stand-alone systems
with battery backup makes them quintessential for remote cities. Moreover, integrating
solar PV with charging stations can help us achieve power autonomy, generate electricity
more responsibly, and spare the land and marine ecosystem from the mining of coal and
crude oil [11].

Utilizing solar energy for charging electric vehicles is an evolving idea and has taken
ground over the past few years [12]. However, EVs have been in the market since the
1990s, and the literature related to charging station designs indicates the concern for grid
availability while designing and siting charging stations [5,7,13,14]. Over the past ten
years, researchers have tried to include solar energy for charging stations to ensure energy
autonomy and reduced emissions. Countries like the Netherlands, Macau, and Romania are
opting for solar energy to charge their EVs [15-17]. This has led to the development of smart
and efficient hybrid PV systems for charging stations that can predict the load requirement
and the energy generation [7,18,19]. However, most of them are for charging two-wheelers,
which have a smaller battery bank than four-wheeler EVs [7,18-21]. Moreover, these plans
and designs are suited to urban commercial buildings [7,12].

In the context of the previous literature reported, it is evident that there is a consid-
erable gap in designing the aspects of a solar-powered EV charging station. Feasibility
analysis has been done on the Indian market for EVs, and it proves the viability of a
renewable-based charging station for the country [22]. This paper aims to fulfill those gaps
and thus specifically focus on the following objectives:

o Tosize an efficient, resilient, and sustainable off-grid solar PV system suitable for EV
charging stations in India.

e To analyze & compare its yearly and seasonal performance for six Indian cities. The
operational parameters include the number of cars charged, the monthly variation in
energy generation, PR, the decrease in CO, emissions, and the investment cost per km.
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The novel part of the study includes an attempt to optimize the size of the PV array
capacity based on the PR and the percentage of unused energy.

2. Method

System sizing starts with identifying the standards and regulations for EV charging
stations. This is followed by the selection of cities for which simulation will be performed.
Solar energy is directly related to the location’s climatology; hence, comprehension and
analyses of weather patterns become imperative. Next, a daily load for the charging station
is decided, after which suitable system components are chosen and manual calculations
are done to size the battery bank and the solar array capacity. Then, using simulation, the
system performance is analyzed, and the array capacity is altered to minimize unwanted
losses. Further simulations are performed on the new array capacity, and modifications are
done if required. This is an iterative process, and amendments are made to attain the most
optimized version of the solar PV system. Finally, the performance data, thus calculated,
are recorded and compared for different locations. Figure 1 represents the system sizing
methodology as a schematic.

Estimation of energy
requirement and
consumption pattern

Deciding the system
components and manual
calculations for battery
capacity and PV array
sizing

Selection of cities &
charging criteria based on
Indian EV charging
regulatory standards.

Recording final results
and discussions

PVsyst simulation &
generation of loss
diagram, performance
ratio and daily energy
generated, transported
and stored in the battery

Modifications to PV array
size for system
optimization

|\

Figure 1. Methodology for PV system design.

2.1. Standards

EV charging has been regulated by various institutions such as AIS, SAE, and IEC.
The charging level modes and specifications of the connectors have been clearly mentioned
in the guidelines issued by these organizations. Tables 1 and 2 summarize the different
standards for charging EVs.

Table 1. EV charging levels [22-24].

Charging Type Level 1 Level 2 Direct Current (DC) Fast
Charging time (h) 20 to 22 6to8 0.2t0 0.5
Charger location On-board (1 phase) On-board (1 or 3 phase) Off-board (3 phase)
Voltage supply (V) 120 240 208 to 600
Power level (kW) 1.3t0 1.9 up to 19.2 50 to 150
Travel range 2-5 miles/h of charging 10-20 miles/h of charging 60-80 miles in <30 min

Primary Use

Residential charging Residential and public charging Public charging
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Table 2. EV charger specifications [11,21,24].

Rated Output No. of Connector Charging Vehicle
Charger Type Charger Connector Voltage (V) Guns Type (W-Wheeler)
Combined charging system (CCS) . .
(Min 50 kW) 200-750 or higher 1 AW
Charge de move (CHAdeMO) .
Fast g —
(Min 50 KW) 200-500 or higher 1 AW
Type-2 alternating current (AC)
(Min 22 kW) 380415 1 4W, 3W, 2W
BHARAT DC-001 (15 kW) 48 1 4W, 3W, 2W
Slow /moderate BHARAT DC-001 (15 kW) 72 or higher 1 AW
BHARAT AC-001 (10 kW) 230 3 of 3.3 kW each 4W, 3W, 2W

2.2. Selection of Cities and Climate Analysis

India is located in the northern hemisphere, with the Tropic of Cancer (23.5° N) passing
through it. According to the National Building Code (NBC), India is majorly divided into
five major climatic zones: cold, composite, hot & dry, warm & humid, and temperate [25].
For this analysis, six Indian cities have been selected, each featuring a different region and
belonging to one of these climatic zones. The coordinates and altitudes for each of these

cities are given in Figure 2.
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Figure 2. Selected cities for the analysis [25-27].
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All these cities experience different weather conditions throughout the year. This
mainly depends on the latitude and altitude of a place and its distance from the sea. The
significant parameters that indicate a location’s weather condition, pertinent to solar PV,
are maximum & minimum ambient temperatures, cloud cover, total day length, number
of actual sunshine hours, atmospheric turbidity, global radiation, and the number of ‘full
Sun hours.” These factors vary for each city throughout the year, depending on the city’s
geography and population. Some of these critical parameters have been tabulated for these
six cities in Table 3.

Table 3. Weather parameters of the selected cities [26,27].

Maximum Minimum Month with Month with Annual Average
City Ambient Ambient Maximum. Global Maximum Linke Number of Full Sun
Temperature (°C)  Temperature (°C)  Radiation (kWh/m?) Turbidity Factor Hours (kWh/kWp)
Ladakh 15 —14 June: 215 April: 2.751 5.2
April-August,
Delhi 44 5 May: 220 October— 4.0
November: 7.0
Tawang 24 -3 June: 170 April: 4.59 3.6
Jaisalmer 43 8 May: 220 April-August: 7 4.6
Chennai 40 20 March: 197 May: 6.594 44
Bengaluru 37 13 March: 210 May: 5.395 4.2

Day length is the time between sunrise and sunset, whereas the ‘actual number of
sunshine hours’ refers to the effective day length without cloud cover. Linke turbidity
is a factor assigned for the level of suspended particles in the atmosphere. This can be
smoke, dust, fog, or small water droplets. The higher the concentration of suspended
particles, the higher the turbidity factor. Due to variations in the instantaneous ambient
temperature, global irradiation, cloudiness levels, and turbidity values, a fixed parameter
known as ‘average full sun hours” has been computed for every city. This represents the
annual average of the number of units of energy produced by a 1 kWp installation per
day if it is tilted at the latitude angle. This parameter is essential for initial system sizing;
however, it does not mention instantaneous energy generation.

2.3. PV Sizing

Any PV system sizing can be divided into two stages: preliminary calculations and
system optimization. Usually, the client provides an initial value for any specific parameter,
which becomes the base for all prelusive measures and further optimization. This boundary
condition can vary from a budget limit to a spatial limit depending on the situation. Since
this work does not predicate any such restrictions, the preliminary system sizing is initiated
with the selection of the type of system. Here, off-grid PV system is chosen for the charging
station. The load requirement is fixed and the load profile per day is determined. The entire
battery bank and array have to be designed to sustain peak load demands for off-grid
systems, resulting in extensive systems with high costs. Hence, for the charging station,
the consumption profile is assumed to be constant throughout the day at 2.5 kW per
hour, equivalent to a load of 60 kWh per day. Figure 3 shows the working of the off-grid
PV system.

The PV array generates energy from morning to evening during the sun hours. After
fulfilling the load, the remaining energy is fed to the battery. The charge controller ensures
that the instantaneous energy generation does not exceed the energy requirement of the
consumer and the battery capacity available. The energy is supplied to the EVs from night
to the early morning hours by the battery bank.
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Figure 3. Generation vs. requirement profile of the charging station for a day.

The selection of the station structure is another important criterion that depends on
the solar PV application. A carport structure is preferred for the concerned design since
this integrates the parking area with the array installation area. The array also acts as the
roof for the parking zone and the battery room. Since most carport structure manufacturers
allow only a 5-10° tilt, a south-facing roof with a 10° tilt is opted for the charging station.
The azimuth angle of the solar array is entirely subject to the available space. Figure 4
shows a carport integrated charging station.

Figure 4. Schematic representation of carport charging infrastructure.

The determination of the charging criteria is crucial, as it directly affects the system
sizing and economics. Therefore, the system voltages and the charging conditions are
governed by the codes and standards mentioned in Section 2.1. Here, the station design
has been carried out according to Level-2 charging with a BHARAT DC-001 15 kW (240 V)
GB/T connector. Following this, the major components of the charging station are selected,
such as the PV array, battery bank, charge controller, EV charger, cabling, accessories,
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fasteners, and carport structure. The PV module, charge controller, and battery are the key
elements of any off-grid solar PV plant.

In this case, the aim is to compare two module technologies that would only be fea-
sible if the modules are manufactured by the same company and have the same rated
power. Modules with higher power ratings cost more but are required in less quantity.
Minimizing the station area is also necessary for system optimization; hence, a higher
power rating module has been selected. Two modules from ‘AEG Solar’ (a monocrystalline
and a polycrystalline) of 325 Wp and 72 cells are selected (Figure 5) and compared for
this design. The 325 Wp modules have been chosen since this was the highest common
rated power in the PVsyst database for two different module technologies from the same
manufacturer. Monocrystalline technology is more efficient and more expensive, while
polycrystalline technology is less efficient and cheaper. The modules’ responses to varia-
tions in temperature and irradiation differ, since the actual conditions are not similar to the
‘Standard Testing Conditions (STC). Therefore, the polycrystalline module has been used
for the initial array optimization part. The system performance data have been generated
with both the modules and are mentioned in Section 3. Figures 5 and 6 show the efficiency
curves for the monocrystalline and polycrystalline modules, respectively.

PV module: AEG, AS-M1206B(V0)-325
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Figure 5. Efficiency curve for the selected monocrystalline module.

As far as the battery is regarded, two main technologies are available commercially:
lead-acid and lithium-ion. Out of these two, lithium-ion is relatively new for large-scale
applications. On the other hand, lead-acid has been used for several years for energy
storage, specifically in large-scale applications, and is cheaper than lithium-ion by a consid-
erable margin. However, there are some advantages of lithium-ion over lead-acid batteries.
For example, they have a higher depth of discharge (DoD), lower maintenance issues, a
longer life, inbuilt safety switches for each battery, a lower C-rating, no exposed wires,
no toxic fumes, and compact. On the other hand, Lead-acid batteries release toxic fumes,
require large ample space, have no safety switches, have a lower DoD, have a shorter
life, have a higher C-rating, have exposed wires, and have frequent maintenance issues.
Hence, lithium-ion batteries have been selected here for the charging station design. The
specifications for the battery are given in Table 4.



World Electr. Veh. ]. 2021, 12,132

8 of 18

PV module: AEG, AS-P728-325
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Figure 6. Efficiency curve for the selected polycrystalline module.
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Table 4. Specifications of the battery considered for the analysis [source- PVsyst 7.2 database].

Battery Parameters

Technology
Nominal Voltage (V)
Capacity at C10 in Ampere hour (Ah)
DoD
Life at 95% DoD (years)

Lithium ion

25.6

180

95%
5

The technical specifications of the module and battery are utilized for the preliminary
manual calculations. These calculations give an initial set of values for the nameplate
battery capacity, battery series, parallel configuration, and array capacity. These preliminary

calculations are performed using the following set of equations.

{Uday X Days of autonomy x 1000]

breq =

Breq =

C1 battery =

Total number of batteries required =

Bseries -

[DOD X Vsystem}

[breq X Vsystem}

1000
[Cl battery X 1000}

Vnominal

[Byeg x 1000]

)

2

®)

Vsystem

Vnominul

Total number o f batteries required

[Vnominal X € battery:|

4)

©)

Bpumllel =

Bseries

(6)
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bgiven = C1 battery X Bpamllel @)
B o [Vnominal X Bseries X bgiven] 8
given — 1000 (8)
Breq
Sreq = Esti ) (9)
stimated charge controller ef ficiency
S
Areq = % (10)
A;eq = Apeg X 1.2 (11)

Areajngs = A;eq x Number of panels per kW installation x Area of 1 panel in m*  (12)

where,

breg: Required battery bank capacity in Ah

Ugqy: Usable battery storage required per day in kWh
Vsystem: System voltage in V

Breg: Required battery bank capacity in kWh

C1 pattery: Capacity of 1 battery in Ah

C1 pattery: Capacity of 1 battery in kWh

Vyominar: Nominal voltage of 1 battery in V

Bgeries: Number of batteries in series

Byaralier: Number of parallel strings of the batteries
bgiven: Provided battery capacity in Ah

Bgiven: Provided battery capacity in kWh

Sreq: Required solar array capacity in kWh

h: Average number of full sun hours per day

Apreq: Required solar array capacity in kW

Al Required solar array capacity after DC oversizing in kW

Area;,q;: Area required for installation in m?

The system voltage is fixed at 240 V, with two days of autonomy to balance re-
silience and the system size. The higher the autonomy, the higher the resilience, array, and
battery size. The required battery capacity is the minimum nameplate battery capacity
needed to sustain the load with two days of autonomy. This is computed to be around
526.32 Ah/126.32 kWh. The given battery capacity denotes the battery capacity closest
to the required battery capacity that is possible with the chosen battery model. In this
case, the given battery capacity is 540 Ah/129.6 kWh in 10 series X 3 parallel configuration.
Maximum power point tracking (MPPT) technology is preferred for the charge controller
since it has better efficiency and allows for a higher solar array voltage. For the MPPT
charge controller efficiency, a generic value of 98% is chosen. The charge controller rating
depends on the required array size, which is subject to alterations. The solar array necessary
capacity obtained from these manual calculations is around 36 kWp. This would require
an area of around 220 m?,

To check the performance of this system, PVsyst 7.2 is used. The results obtained
from the preliminary calculation and other previous assumptions are used to create this
off-grid PV plant on the software, and the simulation is carried out for an entire year.
The simulation on PVsyst 7.2 includes nearly 50 variables, including the weather data,
component details, and system losses. These variables are taken from Meteonorm and
PVsyst’s database. Using the ‘One-diode” model, the array’s hourly and monthly energy
balance values are computed for an entire year. Here, the entire module is considered as a
single diode instead of multiple cells connected together. Figure 7 shows the inputs given
in PVsyst 7.2 for the simulation.
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Creation of meteo data:

Coordinates and altitude- According
to Figure 2

Time zone- UT + 5.5
Database- Meteonorm 7.3

Type of system:
Stand alone system with batteries

System parameters:
Planned autonomy- 2 days
System voltage- 240 V
Battery model- 25.6 V, 180 Ah, Li LFP
Type- Constant over the year Battery configuration- 10 series X 3

Average requirement- 60 kWh per parallel
day Planned array capacity- 8.1 kWp, 9.8 kWp,
14.6 kWp, 20.8 kWp and 35.8 kWp

PV module- AS-M1206B(V0)-325 and AS-
P728-325

Charge controller- MPPT, Universal
Battery temperature- External ambient

User needs:

Figure 7. Simulation inputs for PVsyst 7.2 [28-30].

System orientation:
Mounting- Fixed tilt
Tilt angle- 10 ‘south facing
Azimuth angle- 0 °

System losses:

Array soiling losses- 3%
Thermal loss factor- 29 W/ sq. m K
Wiring ohmic loss- 1.5% at STC
Series diode loss- 0.2% at STC
Light induced degradation- 2%
Module quality loss- 0.8%

Module mismatch losses- 2% at MPP

Strings mismatch loss- 0.1%

Incidence effect for Fresnel smooth glass

and spectral correction included

The results generated found that the PR was extremely low for the 35.8 kWp system in
all six cities, and the percentage losses due to full batteries were high. The PR shows how
much energy is practically supplied to the consumers compared to what the system would
have generated if it had worked under ideal STC conditions. When the array’s energy
production exceeds the combined load requirement of the station battery bank and the EV,
the charge controller prevents the array from generating more energy. These losses are
considered as unused energy losses. Unused energy is the difference between the plant’s
actual energy generation and the plant’s energy generation potential under STC conditions.
The array size is gradually decreased to optimize the system, simulations are done for
all the iterations, and the PR and losses due to unused energy are recorded. The values
obtained for all the cities have been mentioned in Figures 8 and 9.
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Figure 8. Performance ratio (PR) for different array sizes in all six cities.
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The highest PR for all cities is achieved with a 9.8 kWp array. For all cities, the losses
due to unused energy are the least for the 8.1 kWp array, and the PR is also significantly
high. Therefore, the 8.1 kWp array is selected for carrying out further analyses. The MPPT
charge controller for this system is selected according to the new array size.

The final technical details of the proposed system are given in Table 5, and its electrical
layout is shown in Figure 10.

Table 5. Technical specifications of the optimized 8.1 kWp system.
System Technical Specifications
Station Structure PV Array Orientation
Structure Carport Total capacity 8.1kWp Tilt 10 degrees
Area 80 m? Module wattage 325 Wp Azimuth 0 degrees for sgnulatlon
(south facing)
Battery Bank Charging Conditions Load Profile
Autonomy 2 days Category Level-2 DC charging Daily load 60 kWh
Technology Lithium ion Charger BHARAT DC-001 Hourly load 2.5 kW per hour
DoD 95% System voltage 240V DC Profile Constant
Life 5 years

Capacity 540 Ah/129.6 kWh

After the simulation of this system for all six cities, for both PV modules, the daily and
monthly energy balance charts are generated for an entire year, which depict the relation
between energy consumption, energy generation, stored energy, and energy supply. All
these results have been tabulated and discussed in Section 3.
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Figure 10. Single line diagram of the charging station.
3. Results

From the energy balance data generated using PVsyst, the monthly and annual energy
supplied by the system to EVs can be tabulated. The energy generated and provided by
the 8.1 kWp charging station in each city is different for each month and varies depending
on the climatic factors present there. Figure 11 shows the PR comparison for the system

using monocrystalline and polycrystalline modules.
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Figure 11. Performance ratio for the station in all six cities with different module technologies.

Figures 12 and 13 show the monthly variation in the energy supplied by the system in
six different cities from monocrystalline and polycrystalline modules, respectively. Such a

monthly analysis helps to create a charging schedule for the station.
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Figure 12. Monthly variation in energy supplied to EVs by the charging station using monocrystalline modules.
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Figure 13. Monthly variation in energy supplied to EVs by the charging station using polycrystalline modules.

The number of EVs charged by the charging station depends on the vehicle’s battery
capacity and the energy supplied to it by the charging station. Here, the number of EVs with

30 kWh battery capacity, which can be completely charged with each city’s charging station,

has been calculated [31]. Figures 14 and 15 represent the annual energy supplied by the
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charging station to EVs and the number of EVs completely charged using monocrystalline
and polycrystalline modules, respectively.
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Figure 14. Annual energy supplied to EVs by the charging station using monocrystalline panels.
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Figure 15. Annual energy supplied to EVs by the charging station using polycrystalline panels.

The decrease in emissions has been computed with respect to the amount of CO,
that would have been emitted if the same amount of energy was taken from the grid
(proportionate to the share of different energy generation sources contributing to the grid).
Figure 16 shows the reduction in emissions by the system using monocrystalline and
polycrystalline panels.
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Figure 16. Reduction in CO, emissions by the charging station using monocrystalline and polycrystalline panels.

The cost of each component and the system’s total cost were calculated over its lifetime
(20 years) by considering component costs. This was converted to investment cost per
kilometer for ease of comparison. Then, the total number of kilometers that can be covered
by EVs using the energy supplied by the charging station in Tawang in 20 years was
calculated for both the monocrystalline and polycrystalline systems. Out of all the cities
chosen, Tawang has the least energy generation and supply; hence, it was used to analyze
the worst-case scenario. The results have been tabulated in Table 6.

Table 6. Investment cost per km comparison.

Investment Cost over 20 Years

Total Distance in 20 Years Investment Cost Per Unit

System Type (INR) (Assuming No Inflation & in km (Considering Distance (INR/km)
Depreciation) Tawang’s Data)
8.1 kwp 6,022,050 1,485,660 4.05
(monocrystalline array)
8.1 kV.VP 5,997,675 1,465,728 4.09
(polycrystalline array)
Gasoline stations 7,428,300 (Gasoline cost) 1,485,660 5 (can go up to 7 if station cost

is included)

4. Discussion

Table 7 represents the factors affecting the monthly energy output from the PV array
for all of the six cities chosen. The monthly energy supplied by the system shown in
Figures 11 and 12 for the six cities concurs with the climatic factors described in Table 7.
Months with less atmospheric turbidity, sparse cloud cover, and longer days with high
radiation increase the energy supply from the system.

Although the energy data is different for monocrystalline and polycrystalline panels,
the system’s trends in energy generation and supply to the EVs are similar. Out of the
two modules, monocrystalline panels have higher energy generation due to their better
efficiency; therefore, the system utilizing these has a higher energy supply, as can be seen
in Figures 12 and 13.

Figures 14 and 15 indicate that the charging station in Bengaluru has the potential
to charge maximum EVs since it supplies the maximum energy annually. Similarly, the
charging station in Tawang supplies the least amount of energy annually, so it can charge
the fewest number of EVs. From Figures 14-16, it can be inferred that the decrease in CO,
emissions is directly proportional to the amount of energy supplied to the EVs. Therefore,
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the charging station in Bengaluru mitigates the maximum CO, emissions, and the station
in Tawang reduces the fewest CO, emissions.

Table 7. Factors affecting the monthly energy supplied by the system in all six cities.

City November-January February-April May-June July—October
Low solar radiation .
. . Low ambient temperature .
Low ambient temperature Less atmospheric . g Low ambient
L Less atmospheric turbidity
Shorter days turbidity Hieh solar radiation temperature
Ladakh High atmospheric turbidity Low ambient gLon or davs Less atmospheric
Sun path near horizon temperature & e turbidity
Sun path near the zenith
Dense cloud cover Moderate-dense cloud Sparse cloud cover
Sparse cloud cover
cover
Low ambient temperature . . Decrease in ambient
S . High solar radiation
Low solar radiation Low atmospheric Hieh ambient temperature temperature
Delhi High atmospheric turbidity turbidity & P Moderate-high
. . Longer days . -
Shorter days Higher solar radiation . atmospheric turbidity
. Sun path near the zenith
Sun path near horizon Dense cloud cover
Low ambient temperature Increase in solar High solar radiation -
S - Longer days Low solar radiation
Low solar radiation radiation . .
. Ambient temperature close Ambient temperature
Tawang Shorter days Ambient temperature o L
. - to STC limit close to STC limit
Sun path towards the horizon near STC limit .
Sun path near the zenith Dense cloud cover
Sparse cloud cover Sparse cloud cover
Moderate cloud cover
Less atmospheric High solar radiation Less-moderate
Low ambient temperature osp Less atmospheric turbidity atmospheric turbidity
turbidity . . . .
. Shorter days . ; High ambient temperature Slight decrease in
Jaisalmer . High ambient c
Sun path near the horizon Longer days ambient temperature
temperature .
Sparse cloud cover Sun path near the zenith Sparse-moderate
Sparse cloud cover
Sparse cloud cover cloud cover
High atmospheric turbidity
Ambient temperature slightly Moderate-dense Dense cloud cover Dense cloud cover
above STC limit cloud cover High solar radiation High atmospheric
Chennai  Sun path in southern sky close High solar radiation Sun path in the northern sky turbidity
to zenith High atmospheric close to the zenith Moderate-high ambient
Dense cloud cover turbidity High ambient temperature temperature
Shorter days
Moderate atmospheric
turbidity High ambient Moderate ambient Slight decrease in
Shorter days temperature :
. temperatures . ambient temperature
Partially cloudy sky . Sun path in northern sky .
Bengaluru T Sun path vertical to the . Sun path in southern
emperatures below the close to the zenith .
. PV plane sky close to the zenith
STC limit Longer days

Sun path in the southern sky
close to the zenith

Dense cloud cover

Dense cloud cover

Dense cloud cover

From Table 6, it is observed that the lower cost of polycrystalline panels coupled
with the lesser energy generation leads to a higher investment cost per kilometer than
monocrystalline modules. However, despite the high initial cost, the overall economy of
solar-powered charging stations is better than gasoline stations, mainly due to the low
maintenance cost and free fuel. For gasoline stations, the initial investment is low, but
the cost of gasoline is high and is expected to rise even more in the future. Therefore, the
investment cost is also high.

Figures 12 and 16 and Table 6 demonstrate that the higher energy generation and
supply and the lower cost per km of the monocrystalline module chosen make it a better
option than the polycrystalline module.
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5. Conclusions and Future Scope of Work

e  Out of all the array sizes selected, the 8.1 kWp solar PV system with two days of
battery autonomy (129.6 kWh battery capacity) has the fewest unused energy losses
and a good PR in all six of the cities: Delhi, Chennai, Jaisalmer, Tawang, Ladakh,
and Bengaluru.

e An annual average of 12,428.8 kWh of energy can be generated from this system,
which is sufficient to charge 414 vehicles with a battery capacity of 30 kWh. This
would help in decreasing CO; emissions by around 7950 kg per year.

e  For cities near the Tropic of Cancer, namely, Delhi, Tawang, Jaisalmer, and Ladakh,
maximum energy is produced from May-July, and for cities near the Equator, namely,
Bengaluru and Chennai, more energy is produced during November—January and
February—April, respectively. Out of all of the cities, the maximum energy supplied
in a month is 1444 kWh in Bengaluru in January, and the minimum is 685 kWh in
Ladakh in December.

e According to the annual energy supplied by the charging station, the maximum
number of cars can be charged in Bengaluru and the minimum number of cars can be
charged in Tawang.

e  The investment cost per km over 20 years of system life for the 8.1 kWp array with
two days autonomy is INR 4.05 if monocrystalline panels are used and INR 4.09 if
polycrystalline panels are used. Therefore, the least possible investment cost per km
for a gasoline station is INR 5, and it can go up to INR 7.

e  Despite having the same rated wattage, the monocrystalline panels have a better
performance than the polycrystalline panels in terms of the energy supplied to EVs,
CO; mitigation, and the investment cost per km.

e Compared to grid-tied EV charging stations, this station design does require 16 times
more space. Still, its resilience and sustainability make it a good option for frontier
regions such as Ladakh and Tawang, where grid availability is sparse.

e  The current trend is to shift towards swappable batteries, and such a station can
also be designed. Furthermore, chargers that are capable of charging different types
of vehicles can also be used, and the system can be integrated with other forms of
renewable energy, depending on the location.
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