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Concerns about charging Infrastructure have arisen as electric vehicles (EVs)
gain popularity in the transportation sector. Like gas stations, the charging
infrastructure is mainly used to power the EV batteries until they are fully
charged. As a result, many alternative options for creating charging stations
were explored in the literature. This study proposes a grid-connected
photovoltaic-based microgrid for EV charging infrastructure. It has two
objectives: to design and model a grid-connected photovoltaic-based
microgrid and to analyze a hypothetical EV population charging. While
modeling, the realistic EV loads are considered, and the simulation is carried
out. Results of this study include the power generation potential from the solar
power plant, the energy mix of the microgrid (i.e., grid shared energy and onsite
solar generation), and supply and load mismatch relationships. The analysis
results include the weather parameter influence on power produced, followed
by sensitivity analysis quantifying the impact of scaled EV sessions over
microgrid power balances. Overall, it is understood that grid-connected
microgrids support the seamless charging of EVs even in the case of
uncertainties observed with onsite solar energy generation.

KEYWORDS

electric vehicles, charging stations, solar for EVs, microgrid-based EV charging
infrastructure, PV plant feasibility

1 Introduction

The growing climate change concerns for various reasons and the associated issues
with fossil fuel-based energy have resulted in the decarbonization of the transportation
sector. The transportation sector is still responsible for 24% of direct CO, emissions,
mainly attributable to fossil fuel consumption, according to the International Energy
Agency (IEA, 2021), suggesting the transition to the use of renewables for mobility. This
pressing need sparked e-mobility leading to electric vehicle (EV) manufacturing and
deployment in the market. Despite the growing EV adoption, it lags behind the
sophisticated and long-term charging infrastructure needed for charging vehicles. As a
result, charging stations were installed and powered mainly by the grid, which raised
many critiques from technical aspects and contributions to sustainability (Boschmann
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and Kwan, 2008). The technical aspects include many concerns,
for instance, voltage stability, power losses, reliability, and an
increase in peak load. These are the significant repercussions on
the energy sector. The sustainability-related concerns mainly
revolved around the grid energy mix; for instance, a country
with a significant share of fossil fuel energy mix powering EVs
may not be sustainable (Nallapaneni and Chopra, 2021). At the
same time, their participation in energy management and power
balancing services may also be not sustainable (Nallapaneni and
Chopra, 2021). Considering these raised concerns (Boschmann
and Kwan, 2008; Nallapaneni and Chopra, 2021), maintaining
energy sustainability was prioritized, leading to the development
of renewable-based EV charging infrastructure. As a result,
experts started focusing on developing EV charging
infrastructure with renewables as power sources.

We conducted a thorough literature review to better
understand the progress in the charging station research.
Sivadanam et al. (2020a) researched renewable energy sources
and concluded that renewable energy could be used for EV
charging as the power source in off-grid mode. Singh et al.
(2020) used a single voltage source converter combined with the
solar photovoltaic (PV) array, a storage battery, the grid, and a
EV

components. Later, with the rise of optimization-influenced

diesel generator as charging infrastructure power
decisions, researchers started applying optimization and
heuristic methods to improve infrastructure sizing and
performance further. For instance, a queuing model for a
stochastic optimization issue that incorporates RESs and EV
charging stations is investigated by Jin et al. (2014) to understand
the viability of the EV charging system. Rezaeimozafar et al.
(2017) showed the use of the genetic algorithm and particle
swarm optimization to size renewable energy sources integrated
EV charging stations. Commercial EV charging infrastructure is
also created using an integrated power system approach (Deb
et al, 2019). Sivadanam et al. (2020b) investigated the
implications of large-scale EV integration into the power
system. Later, Podder et al.(2021a) designed the solar plus
biogas-based EV charging station to power on-road three-
wheeler vehicles in developing nations. They mentioned that
integrated renewable energy-based systems are more reliable in
powering EVs (Podder et al, 2021b). Osorio et al. (2018)
proposed an EV charging model that examines the load
profile effect on the power system for various EV adoption
degrees using traditional. They considered solar PV and wind
as the power system component, followed by power conversion
devices. According to Osoério et al. (2018), integrating 15 EVs
raises the load by 2%, whereas integrating 50 EV's increases the
load by 7%. The above literature covered the apparent transition
of EV charging infrastructure research from planning to
performance concerning EV fleet increase in the system.
Based on the literature, it is understood that optimal
modeling of charging stations considering the scaled averaged
session of EVs for charging per day is more important.
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Hence, this study’s objectives align with the observed
EV fleet).
Nevertheless, when we look further at the EV charging

research gap (ie, optimal modeling per
infrastructure, the reliable operation may be considered a
critical issue. Researchers have proposed numerous options,
for instance, energy storage and backup power generators
(Das et al., 2020). Hence, in this study, we considered the grid
as a support power option. The key contributions of this study
include the formulation of a framework that aids in designing a
reliable EV charging station and understanding the performance

considering two objectives:

o To design and model the grid-connected photovoltaic-
based microgrid considering the EV population while
minimizing the peak load.

o To analyze the impact of the scaled average session of EV
per day over the charging station power source sizing.

This study is structured in four sections. Section 2 presents
the framework and methods adopted for modeling. Section 3
presents the discussion of the results, followed by the conclusion
and future work in Section 4.

2 Framework and methods

This section presents the framework that aids in designing a
reliable EV charging station for meeting the EV population’s load
demand without interruption, followed by the proposed system
and methodology used for modeling.

2.1 Framework

In Figure 1A, the framework is shown, where a time versus load
plot defines the reliable operation of charging Infrastructure,
highlighting the need for disrupted load compensation by any
power source. Therefore, considering the framework, a charging
infrastructure system shown in Figure 1B is considered. This
infrastructure has an onsite solar power plant that is used to
power the EV charging station and the grid to support reliable
operation. Additionally, an energy storage system (ESS) and a power
converter unit are used. The PV array and ESS are connected on the
direct current bus, the grid and EV's are connected on the alternating
current bus side, and a power converter is placed between the direct
current and alternating current bus.

In order to understand the reliable operation of the proposed
charging infrastructure, a power governance function is used as

follows:
Pryes = f(Pg> va), 1

where Pgycs is the power required by the EV charging station, P, is
the power from the grid, and P, is the power from photovoltaics.
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FIGURE 1

(A) Framework to ensure reliable operation of the EV charging
station. (B) Schematic representation of proposed grid-connected
photovoltaic-based microgrid as EV charging infrastructure.

As per Eq. 1, the power is maintained depending upon the
reliable operating condition. For instance, the grid would provide
support if there were disruptions on the solar PV array side. In all
other cases, maximized use of solar PV energy is considered.

2.2 Grid-connected photovoltaic-based
microgrid as charging infrastructure

In the below sections, the detailed modeling of individual
components of the EV charging station is shown.

2.2.1 Electric vehicle load

An EV population of 100 is considered for this study, with
150 kW as the maximum power required to charge the vehicle,
and the average duration of the vehicle charging is 50 min.

2.2.2 Modeling the power source

As shown in Figure 1B, the proposed system has two power
sources: the grid and the onsite solar PV power plant. The PV
plant’s electric power output is given as follows (Chowdary et al,
2020, Podder et al. (2021b):
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FIGURE 2

(A) Conceptual principle of peak shaving. (B) A simplified
optimization approach for peak shaving in electric vehicle
charging infrastructure.

P,, = ﬂpv-ﬂpc-Avapv(l + y(TC - Tref)), 2)

is the solar PV
power conversion efficiency, 7, is the power converter

where Py, is the power from photovoltaics, 7,,,
efficiency, Apy is the surface area of the solar PV array, Gy is
the solar radiation incident on the solar PV array (see
Supplementary Figure S1 for solar radiation profile), y is the
temperature coefficient, T’ is solar PV cell temperature, and T/ s
is the reference temperature (i.e., 25°C).

In solar PV installations, temperature plays a crucial role in
power performance. Hence, we considered temperature-
influenced power. For evaluating the cell temperature, a model
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FIGURE 3

Electric vehicle visits profile at the charging station.
TABLE 1 Electric vehicle charging session summary.
Sessions per Sessions per Annual energy Energy per Peak power Energy storage
day year served (kWh) session (kWh) (kW)
10 3,609 450,845 125 350 6
20 7312 912,965 125 600 11
30 11,058 1,382,360 125 700 17
40 14,466 1,808,302 125 840 19

shown in the following equation is used (Kumar et al, 2018;
Kumar et al., 2019):

0.32

————— .G, 3
8.91+2Ws> r 3)

T.=T,+ mc(
where T, is the ambient temperature (see Supplementary
Figure S2 for temperature profile), mc is the mounting
coefficient for rooftop or building attached or integrated
system, and W, is the wind speed (see Supplementary
Figure S3 for wind speed profile).

2.2.3 Modeling the power converter

A power converter is a device that helps convert the direct
current produced by a solar PV array to alternating current and
alternating current to direct current to charge the ESS with grid
power. Thefollowing equation governs the power converter
operation (Kumar et al., 2019; Chowdary et al., 2020).

Py, = rIPC'PP" (4)

where Py, is the power output from the power converter.
2.2.4 Energy storage system

We modeled the ESS as a charging station, where Eqs 5, 6
govern the charging and discharging patterns of the charging
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infrastructure based on the EV fleet (Kumar et al.,, 2018). Here,
the number of chargers is 40, with each charger’s capacity of
150 kW (Chowdary et al., 2020):

ZLIESS = Z; [(ESS(t - 1).(1 = DRuy)) + ((Py + Pp)

- PeV)'rIpc'rIess]’ (5)
Y ESS=Y" [(ESS(t-1).(1- DRuy)) + (Per1,
~(Po+Pp))) Q

where DRy is the self-discharge rate of the storage system, P,
is the power profile of the EV, 7, is the efficiency of the ESS, and
t is the time starting from 1 to .

2.3 Optimization method

The proposed system in this study is a grid-connected PV-
based microgrid as EV charging infrastructure and is modeled
considering Visakhapatnam city as the study location. The
solar radiation, clearness index, temperature, and wind speed
profiles are considered per the location; see Supplementary
Figures S1-53. Based on the discussed mathematical model in
Section 2.2, the system is the preliminary model was modeled
in the HOMER Grid tool (Grid, 2022). The peak-shaving

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.961734

Chowdary and Rao 10.3389/fenrg.2022.961734

100
75
X 50
25
0
0 30 60 90 120 150 180 210 240 270 300 330 360
Year
B
24
08 120
812 82.5
- 6 X 45
7.5
0 -30
0 30 60 90 120 150 180 210 240 270 300 330 360
c Year
100
75
X 50
25
0
0 30 60 90 120 150 180 210 240 270 300 330 360
Year
D
24
1
o '° 100
312 75
I g X 50
25
0 0
0 30 60 90 120 150 180 210 240 270 300 330 360
Year
FIGURE 4
The energy storage state of charge in %. as per the scaled average daily sessions. (A) 10, (B) 20, (C) 30, and (D) 40.
strategy used for energy management was modeled in minimizing the optimization function below (Karmiris and
MATLAB 2019 (Mathworks, 2019), which was then Tengnér, 2013).
coupled to the HOMER Grid optimization tool for further Objective function:
simulation and analysis. ¢ t
min f (x) = |Ces — <max J L(t).dt — min J (L(t) - x).dt)l,
. to t0
2.3.1 Peak-shaving controller )
A peak-shaving controller similar to the load leveling
controller is used. The proposed controller proactively Leveling constraints:
manages the EV overall load demand and, while managing it, L) e < x < L(E) i )
eliminates the short-term demand spikes; see Figure 2A for a " "
conceptual understanding of the peak-shaving strategy. To Figure 2B shows the flowchart for solving the
implement this strategy, we used the optimization approach optimization problem, starting with input parameters
that selects the shaving level governed by LEq. 8 while selection followed by shave level selection and
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TABLE 2 Energy storage system sizing and energy results.

Quantity Value for each scenario of scaled sessions per day
10 20 30 40

Energy storage properties

Batteries (qty) 6.00 11.0 17.0 19.0
String size (batteries) 1.00 1.00 1.00 1.00
Strings in parallel (strings) 6.00 11.0 17.0 19.0
Bus voltage (V) 380 380 380 380
Energy storage statistics
Nominal capacity (kWh) 1,260 2,310 3,570 3,990
Lifetime throughput (kWh) 4,610,417 7,479,453 9,897,110 13,321,341
Expected life (yr) 10.0 10.0 10.0 10.0
Energy storage result data
Annual throughput (kWh/yr) 461,042 747,945 989,711 133,213
Losses (kWh/yr) 28,228 45,529 59,732 81,214
Storage depletion (kWh/yr) —-1,260 -2,310 -3,570 -3,990
A 24
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FIGURE 5
Power output from the solar photovoltaic plant as per the scaled average daily sessions. (A) 10, (B) 20, (C) 30, and (D) 40.
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FIGURE 6

Power imports from the grid as per the scaled average daily sessions. (A) 10, (B) 20, (C) 30, and (D) 40.

optimization problem solving, then checking the decision
whether the objective function error is minimized or not. If
not minimized, it again checks by selecting different shave
levels following Eq. 7.

2.3.2 Sensitivity analysis

For any EV charging station, the problem of the number of
EVs connected could arise; hence, we considered the number of
vehicles that could be connected to the charging station in a day
as a sensitive parameter. Based on the visits/hour, the number of
vehicles that can be connected to the charging station during the
hour is calculated. For this, scaled average sessions/day is
the range of 10-40. Additionally,
irradiation in the given location is considered a sensitive

considered in solar

parameter.
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3 Results and discussion

This section presents simulated results of the proposed grid-
connected microgrid as an EV charging infrastructure. The
results include the EV session per day’s influence on the
infrastructure design, powerful performance of microgrid, and
the impact of scaled EV sessions over microgrid power balances.

3.1 Analysis of the charging station design

-

Figure 3 represents the EV average visits profile at the
charging station on a 24h time scale. Based on this, the
applied sensitive cases of sessions per day varying from 10 to

40 resulted in a considerable impact on the energy served at the
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FIGURE 7

Power exports to the grid as per the scaled average daily sessions. (A) 10, (B) 20, (C) 30, and (D) 40

charging station. The summary of the session profile and its
impacts on energy served and peak demand are provided in
Table 1.

Table 1 shows that the observed peak power demand varied
from 350 to 840 kW. Furthermore, the energy storage strings
required varied from 6 to 19. Table 2 presents the charging
station’s ESS properties and results. The nominal capacity is
varied from 1,260 to 3,990 kWh. The observed annual
throughput varies from 461,042 to 133,213 kWh/yr, whereas
the energy losses range between 28,228 and 81,214 kWh/yr.

In Figure 4, the state of charge results is presented. The microgrid
system design size also varied to power these varying energy needs. As
a result, the component sizing of the microgrid that is believed to serve
as a power source for a charging station is affected. Additionally, grid
support was considered to ensure reliable operation.

Frontiers in Energy Research

3.2 Power performance results of
microgrid

The proposed microgrid’s primary power generation source is a
solar PV power plant. The grid is a backup that provides and takes
energy depending upon the situation of surplus and deficit based on
the uncertain operation of solar and load. Figure 5 shows the DMap
showing the solar PV power outputs for the whole year. This indicates
that the PV plant supplies power to the charging station mostly
between 06:10 and 18:00 h on a given day throughout the year with
2%-5% of the hourly variation. However, depending on the scaled
session, the required peak capacity of the solar power plant varied; see
Figures 5A-D. The observed mean power output from the solar power
plant is varied between 2,592 and 4,753 kWh/day, depending on the
peak installed capacities. The average capacity factor of the
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FIGURE 8
The energy storage state of charge in %. as per the scaled
average daily sessions. (A) 10, (B) 20, (C) 30, and (D) 40.

photovoltaic plant is observed to be 18%. The total operating hours of
the photovoltaic power plant is 4,343 h/y based on the incident solar
radiation (ie., 5.07 kWh/Sq.m/day) and the clearness index (i.e., 0.67).
The total energy production under the four scaled sessions varied from
946,235 to 1,734,764 kWh/y. The observed solar power penetration
was around 97%.
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Figure 6 shows power imports from the grid to the charging
station. Due to the solar PV plant’s uncertain operation, gird
support became obvious in meeting the EV charging station
demand. The observed grid imports are 1.54% (i.e., 14,840 kWh/
yr), 12.7% (i.e., 137,344 kWh/yr), 18.4% (i.e., 284,113 kWh/yr),
and 15.7% (i.e., 322,092 kWh/yr) for 10, 20, 30, and 40 scaled
averaged sessions per day, respectively.

Apart from imports, the proposed microgrid also exported some
power share, as shown in Figure 7. The observed grid imports are
46.9% (ie, 397,502 kWh/yr), 7.01% (i.e., 68,848 kWh/yr), 2.74%
(ie., 38,935 kWh/yr), and 4.13% (i.e., 77,973 kWh/yr) for 10, 20, 30,
and 40 scaled averaged sessions per day, respectively.

3.3 Impact of scaled EV sessions over
microgrid power balances

As discussed in Section 3.2, charging station interaction with
solar PV plant and utility was evident, and this interaction varied
dynamically. It is observed that the proposed peak-shaving
control strategy proactively managed the EV overall load
demand while eliminating the short-term demand spikes, as
shown in Figure 8. To be more precise, a day’s results
(i.e., 2 September) are shown where the interactions are
clearly shown. Figures 8A-Dshow that the power imported
from the grid is varied both quantity-wise and consumption
time-wise. It is also observed that the highest percentage of power
is imported in the case where averaged sessions per day are more.

4 Conclusion and future work

This study proposed a grid-connected photovoltaic-based
microgrid as an EV charging infrastructure. Its design and
modeling are carried out, followed by an analysis. While
modeling, realistic EV loads are considered and simulated in four
scenarios based on the scaled averaged session per day. The analysis
included the results mainly focusing on power generation potential
from the solar power plant, energy mix of the microgrid (i.e., grid
shared energy and onsite solar generation), and supply and load
mismatch relationships for the EV charging station. Based on the
observed results, the following conclusions were drawn:

o The proposed peak-shaving dispatch strategy eliminated
short spikes, so incorporating this in the size optimization
plays a crucial role.

The proposed model showed a high solar fraction with a
minor share of imports from and exports to the grid. This
clearly showed that EV charging stations could be made grid-
independent; however, keeping the uncertain renewable
operation, it is suggested to have grid connectivity.

Based on the scaled sessions per day, there is a possibility of
increased peak capacity installation of the PV plant, which
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might influence the overall cost of the charging
infrastructure. This could be considered a research

direction.

The future work includes placing the proposed microgrid-
based EV charging station in the distribution system by
identifying a suitable location, to understand the techno-
economic feasibility of such integration.
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