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ABSTRACT

The rapid growth of electric vehicles (EVs) has created a significant demand for sustainable
and intelligent charging infrastructure in future smart cities. Conventional grid-dependent EV
charging stations face several challenges, including increased peak power demand, higher
operating costs, grid congestion, and carbon emissions. Solar photovoltaic (PV)-based
charging stations integrated with battery energy storage systems (BESS) provide a promising
solution by improving renewable energy utilization and reducing dependence on conventional
electricity sources. However, the intermittent nature of solar generation and the uncertain
behavior of EV charging demand make optimal operation of charging stations a complex
energy management problem.

This paper proposes a multi-objective optimization framework for solar-powered EV
charging stations by integrating photovoltaic generation, battery energy storage, smart energy
management, and utility grid support. A mathematical model is developed to represent PV
power generation, battery state-of-charge (SOC), EV charging demand, and power exchange
with the grid. The proposed framework utilizes the Non-dominated Sorting Genetic
Algorithm II (NSGA-II) to simultaneously optimize multiple conflicting objectives, including
operating cost minimization, renewable energy utilization maximization, grid dependency
reduction, charging efficiency improvement, and carbon emission reduction.

The performance of the proposed framework is evaluated under different solar generation and
EV charging demand scenarios. The results demonstrate that the optimized energy

management strategy effectively coordinates PV generation, battery storage, and grid
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interaction, improving the overall technical, economic, and environmental performance of EV
charging infrastructure. The proposed approach provides a scalable and sustainable solution

for the development of next-generation solar-powered EV charging stations in smart cities.

KEYWORDS: Electric Vehicle Charging Station; Solar Photovoltaic; Battery Energy
Storage System; Multi-Objective Optimization; NSGA-II; Smart Energy Management; Smart
Cities; Renewable Energy.

1. INTRODUCTION

The rapid development of smart cities and increasing concerns regarding environmental
sustainability have accelerated the adoption of electric vehicles (EVs) as an alternative to
conventional transportation systems. EVs provide significant advantages in reducing
greenhouse gas emissions and fossil fuel dependency; however, their large-scale integration
introduces challenges related to charging infrastructure, increased electricity demand, peak
load conditions, and grid stability [1], [2].

Conventional grid-based EV charging stations may increase stress on power distribution
networks, particularly during peak charging periods. To overcome these challenges,
renewable energy-based charging infrastructure has gained significant attention. Among
renewable sources, solar photovoltaic (PV) systems are widely preferred due to their clean
operation, availability, and potential to reduce dependence on conventional electricity sources
(3], [4].

However, the intermittent nature of solar energy generation and the uncertain behavior of EV
charging demand create difficulties in maintaining reliable charging operations. Battery
energy storage systems (BESS) can overcome these limitations by storing excess solar energy
and supplying power during low generation periods. The integration of PV, BESS, and
intelligent energy management provides an effective solution for improving renewable energy
utilization and reducing grid dependency [5], [6].

Recent research has explored optimization-based energy management strategies for
renewable-powered EV charging stations. However, many existing studies focus on single
objectives, such as cost minimization or energy consumption reduction, while practical smart
city applications require simultaneous optimization of economic, technical, and
environmental objectives [7], [8]. Multi-objective optimization techniques, such as Non-

dominated Sorting Genetic Algorithm II (NSGA-II), provide an effective approach for
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handling these conflicting objectives and generating optimal energy management solutions
[9].

This paper proposes a multi-objective optimization framework for solar-powered EV
charging stations by integrating PV generation, battery energy storage, intelligent energy
management, and grid support. The proposed framework aims to minimize operating cost,
reduce grid dependency and carbon emissions, while maximizing renewable energy

utilization and charging efficiency [10].

The major contributions of this work are summarized as follows:

1. A solar-powered EV charging architecture integrating PV, BESS, grid support, and smart
energy management is developed.

2. A mathematical model is formulated for PV generation, battery operation, EV charging
demand, and energy flow management.

3. An NSGA-II-based multi-objective optimization framework is proposed to optimize
economic, technical, and environmental performance parameters.

4. The effectiveness of the proposed framework is evaluated through simulation-based

performance analysis under different operating conditions.
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Figure 1. Global Transition toward Solar-Powered EV Charging Infrastructure.
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2. Related Work

The integration of renewable energy sources with electric vehicle (EV) charging
infrastructure has attracted significant research attention due to the increasing demand for
sustainable transportation systems in smart cities. Recent studies have focused on
photovoltaic (PV)-based charging stations, battery energy storage systems (BESS), intelligent
energy management strategies, and optimization techniques to improve the technical,
economic, and environmental performance of EV charging networks. However, existing
approaches still face limitations related to renewable energy intermittency, charging demand
uncertainty, and multi-objective operational requirements [11].

2.1 Solar PV-Based EV Charging Stations

Solar photovoltaic-based EV charging stations have emerged as a promising solution for
reducing dependence on conventional grid electricity and supporting sustainable
transportation development. Several researchers have investigated PV-assisted charging
systems by integrating solar generation with EV charging infrastructure to improve renewable
energy utilization and reduce carbon emissions [12].

PV-based charging systems provide clean and decentralized energy generation; however, their
performance is highly influenced by solar irradiance variations, weather conditions, and
mismatch between solar generation and EV charging demand. To overcome these limitations,
recent studies have explored the integration of energy storage systems and intelligent control
techniques for improving charging reliability [13].

Although PV-powered EV charging stations provide significant environmental benefits, many
existing studies mainly focus on system design and energy generation analysis while giving
limited attention to advanced optimization and real-time energy management [ 14].

2.2 Integration of Battery Energy Storage Systems

Battery Energy Storage Systems (BESS) play an important role in improving the reliability
and flexibility of solar-powered EV charging stations. BESS enables excess photovoltaic
energy generated during high solar availability periods to be stored and utilized during low
generation conditions or peak charging demand periods [15].

Previous studies have demonstrated that PV-BESS integrated charging systems can reduce
grid dependency, improve renewable energy penetration, and support peak load management.
Battery storage also provides operational advantages such as power fluctuation mitigation
and improved charging continuity[16].

However, existing research often considers battery operation mainly from an economic

perspective, such as electricity cost reduction, while limited studies simultaneously address
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battery performance, renewable energy utilization, charging efficiency, and environmental
sustainability objectives [17], [18].

2.3 Energy Management Strategies for EV Charging Infrastructure

Efficient energy management is essential for coordinating power exchange among
photovoltaic generation, battery storage, EV charging loads, and utility grids. Several energy
management approaches have been proposed, including rule-based control, fuzzy logic
control, model predictive control (MPC), and artificial intelligence-based strategies [19].
Rule-based energy management systems provide simple implementation and low
computational requirements but lack adaptability under dynamic operating conditions. Fuzzy
logic controllers can handle uncertainty in renewable generation and charging demand,
however, they require appropriate membership function design. Model predictive control
approaches provide accurate optimization but depend on accurate system models and higher
computational resources [20], [21].

Recently, artificial intelligence and machine learning-based energy management techniques
have gained attention due to their adaptive capabilities. However, these methods often require
large datasets, complex training processes, and high computational resources, which may
limit practical deployment in large-scale smart city charging networks [22].

2.4 Optimization Techniques for Solar-Powered EV Charging Systems

Optimization techniques have been widely applied to improve the performance of renewable
energy-based EV charging systems. Traditional optimization methods generally focus on
single objectives, such as minimizing operating cost or reducing grid power consumption
[23].

Evolutionary algorithms, including Genetic Algorithm (GA), Particle Swarm Optimization
(PSO), and Non-dominated Sorting Genetic Algorithm II (NSGA-II), have been extensively
used for solving complex energy management problems involving multiple constraints and
conflicting objectives [24], [25].

Among these techniques, NSGA-II has gained considerable attention due to its ability to
generate Pareto-optimal solutions while maintaining solution diversity. It has been
successfully applied in renewable energy scheduling, microgrid optimization, and EV
charging management [26].

However, many existing optimizations approaches mainly emphasize economic performance
and do not simultaneously consider renewable energy utilization, charging efficiency, carbon

emissions, and grid dependency within a unified framework.
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2.5 Research Gap
Based on the existing literature, the following research gaps are identified:
o Most existing studies focus on single-objective optimization, such as cost minimization or

grid power reduction.

o Limited research integrates PV generation, BESS, grid support, EV charging demand, and

intelligent energy management into a single framework.

o Environmental objectives, such as carbon emission reduction, are often ignored during

optimization.

o Existing approaches provide limited comprehensive performance evaluation under

different smart city operating scenarios.

Therefore, a comprehensive multi-objective optimization framework is required to

simultaneously improve economic performance, renewable energy utilization, charging

efficiency, and environmental sustainability of solar-powered EV charging stations.

Table 1. Comparative Analysis

of Existing Studies on Solar-Powered EV Charging

Systems.
Ref. Year | System Method /| Main Objective Limitations
Components | Technique
[1] 2022 | PV-based EV | Heuristic Renewable energy | Battery  storage
Charging Energy utilization for EV | integration = was
Station Management | charging not considered
[2] 2022 | PV + Grid | Linear Optimal  energy | BESS operation
Connected EV | Programming | scheduling and | and battery
Charging cost reduction constraints were
ignored
[3] 2023 | PV + Battery | Cost Reduction of | Focused mainly
Energy Optimization | electricity cost and | on economic
Storage grid dependency objective only
System
(BESS)
[4] 2023 | Grid- Smart Peak load | Limited
connected EV | Charging reduction and | renewable energy
Charging Scheduling charging integration
Infrastructure management
[5] 2023 | EV  Charging | Review-Based | Study of EV | No optimization
Network Analysis charging framework  was
infrastructure proposed
challenges
[6] 2024 | PV + BESS + | Energy Improved Limited
EV Charging | Management | renewable energy | consideration of
System Strategy utilization and | environmental
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charging reliability | objectives
[7] 2024 | Smart Grid + | Al-Based Intelligent Requires  large
EV Charging | Energy charging control | datasets and high
Management | and adaptive | computational
operation resources
[8] 2024 | Renewable Multi- Balancing  cost, | Battery
Energy-Based | Objective efficiency, and | degradation and
EV Charging | Optimization | energy utilization | smart city
scalability — were
not fully
addressed
Proposed | 2026 | PV + BESS + | NSGA-II Optimize cost, | Comprehensive
Work Grid + Smart | Based Multi- | renewable framework
EMS + EV | Objective utilization, addressing
Charging Optimization | charging existing research
Station efficiency, grid | gaps
dependency, and
carbon emissions
simultaneously

Research Gap Identified

From the above comparative analysis, it is observed that existing studies mainly focus on
individual aspects of solar-powered EV charging systems. Several limitations remain:

o Single-objective optimization is commonly used instead of multi-objective approaches.

e Complete integration of PV generation, BESS, grid support, and intelligent energy
management is limited.

o Environmental factors such as carbon emission reduction are often neglected.

o Comprehensive performance evaluation under smart city operating conditions requires

further investigation.

The proposed work addresses these limitations by developing an integrated PV-BESS-EV
charging framework based on NSGA-II multi-objective optimization for sustainable smart

city applications.

3. METHODOLOGY

The proposed methodology aims to evaluate and optimize the performance of a solar-
powered electric vehicle (EV) charging station integrated with a battery energy storage
system (BESS) and the utility grid for sustainable smart city applications. The proposed
framework consists of four major components: a photovoltaic (PV) array, battery energy
storage system, EV charging units, and the utility grid. An energy management system (EMS)

is employed to regulate the energy flow among these components based on the availability of
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solar power, battery state of charge (SOC), and EV charging demand. The overall objective is
to minimize the operating cost, carbon emissions, and charging waiting time while
maximizing renewable energy utilization through a multi-objective optimization approach
[27], [28].

Initially, hourly solar irradiance, ambient temperature, EV charging demand, electricity tariff,
and battery parameters are collected for one year (8760 hours). The PV system converts solar
energy into electrical energy, which is directly supplied to the connected EV charging
stations. Whenever the PV generation exceeds the charging demand, the excess energy is
stored in the battery energy storage system. During periods of insufficient solar generation,
the stored battery energy is utilized to satisfy the charging demand before importing
electricity from the utility grid. If both PV generation and battery energy are inadequate, the

remaining demand is supplied by the grid to ensure uninterrupted charging services.

Solar Irradiance
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Figure 2 Proposed Solar-Powered EV Charging Station Architecture.

The electrical power generated by the photovoltaic array is calculated as

Ppy(t) = npy ApyG(t) (1)

where Py (t)is the PV output power (kW), 17z-represents the conversion efficiency of the PV

module, A is the effective area of the PV array (m?), and G (t)denotes the solar irradiance
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(W/m?). The influence of ambient temperature on PV performance is incorporated using a
temperature correction factor.

The battery energy storage system is modeled using the state of charge (SOC), which is
updated at every simulation interval according to

P.—P;/h
[ d.fhiﬁt

soc(t+ 1) =50c(t) + T - (2)
B

where P.and Pjrepresent the charging and discharging power of the battery, respectively,
n.and 77 denote the charging and discharging efficiencies, and Cgis the battery capacity. To

enhance battery lifetime, the SOC is constrained between 20% and 90% throughout the
simulation [29], [30].
The EV charging demand is modeled as the aggregation of charging power required by all

connected electric vehicles. The total charging load is expressed as
J"!I-

FOEDRACHNC

i=1

where Nrepresents the number of charging vehicles and P;(t)denotes the charging power of
the i *electric vehicle.

The power balance within the charging station is maintained according to

FPV[tj + FEnrrary(t) + PG:I'E:! (tj = PEV(tj + PL-ﬂss(tj (4)

which ensures that the charging demand is continuously satisfied while maintaining system
stability.

After developing the mathematical model, the performance of the charging station is
optimized using the Non-dominated Sorting Genetic Algorithm-1I (NSGA-II). The
optimization simultaneously minimizes the operating cost, carbon emissions, and EV
charging waiting time while maximizing renewable energy utilization. The objective

functions are formulated as

min fl = CGJ'id + C.E‘RETEI:"}' + C;'d':zinra:lm:lzca (5)
E

maxf, = BV (6)
El-ond

min f; = C0O, (7

min fy, = Tyyaieing (&)
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The optimization process is subjected to battery SOC limits, PV generation capacity, grid
power constraints, charger capacity, and energy balance conditions to ensure realistic
operation of the charging station. During each iteration, NSGA-II generates multiple feasible
charging schedules, evaluates their objective values, performs non-dominated sorting and
crowding-distance calculations, and finally produces a Pareto-optimal solution set. The best
compromise solution is selected based on minimum operating cost, maximum renewable

energy utilization, and minimum environmental impact.
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Figure 3. Flowchart of the proposed research methodology.

The proposed model is implemented in MATLAB/Simulink, where the simulation is carried
out for an annual operating period of 8760 hours. The performance of the proposed solar-
powered EV charging station is compared with conventional grid-based charging and PV-grid
charging configurations. The effectiveness of the proposed optimization framework is
evaluated using performance indicators such as annual operating cost, renewable energy
utilization, battery utilization, grid dependency, carbon emission reduction, average charging

waiting time, and overall system efficiency.
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4. RESULTS AND DISCUSSION

4.1 Simulation Environment

The proposed solar-powered EV charging station integrated with a photovoltaic (PV) system,
battery energy storage system (BESS), and utility grid was simulated in MATLAB/Simulink
to evaluate its operational and optimization performance under different charging scenarios.
The NSGA-II algorithm was employed to optimize the charging strategy by simultaneously
minimizing operating cost, grid energy dependency, carbon emissions, and EV waiting time
while maximizing renewable energy utilization. The simulation was carried out using hourly
solar irradiance and EV charging demand over an annual operating period. The adopted

system parameters and optimization settings are summarized in Table 1.

Table 1. Simulation parameters used for the proposed PV-BESS-based EV charging

station model.

Parameter Symbol Value Unit
PV Rated Capacity (P_{PV}) 100 kW
Battery Capacity (C {BESS}) |200 kWh
Battery Charging Efficiency (\eta_{ch}) 95 %
Battery Discharging Efficiency | (\eta {dis}) 95 %
Initial Battery SOC (SOC 0) 50 %
Minimum Battery SOC (SOC {min}) | 20 %
Maximum Battery SOC (SOC {max}) | 90 %
EV Charger Rating (P_{EV}) 22 kW
Number of Charging Points (N _{EV}) 10 —
Grid Import Capacity (P_{Grid}) 150 kW
Simulation Duration (T) 8760 h
Optimization Algorithm — NSGA-II | —
Population Size — 100 —
Maximum Generations — 200 —
Crossover Probability (P o) 0.90 —
Mutation Probability (P m) 0.10 —

The simulation parameters listed in Table 1 were adopted to evaluate the performance of the
proposed solar-powered EV charging station under different operating conditions. The
selected values represent a medium-scale charging facility integrated with a photovoltaic
array, battery energy storage system, and utility grid. These parameters were used
consistently throughout the MATLAB/Simulink simulations to assess the effectiveness of the

proposed NSGA-II-based energy management strategy.
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4.2 Performance Analysis of the Proposed Solar-Powered EV Charging Station
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Figure 4 Hourly energy distribution of the proposed solar-powered EV charging station.

Figure 4 illustrates the hourly energy distribution among the photovoltaic array, battery
energy storage system, utility grid, and EV charging load under a typical operating day.
During the early morning hours, the charging demand is primarily supplied by the utility grid
due to the absence of solar generation. As solar irradiance increases after sunrise, the PV
array gradually becomes the dominant power source and significantly reduces the
dependency on grid electricity.

During the peak solar period between 11:00 h and 14:00 h, the photovoltaic system generates
sufficient energy to satisfy most of the charging demand while simultaneously charging the
battery energy storage system. The stored battery energy is later discharged during the
evening peak charging period, thereby reducing the requirement for grid electricity when
solar generation becomes unavailable. This coordinated operation effectively balances
renewable generation and charging demand throughout the day.

The proposed energy management strategy continuously determines the optimal power
contribution from the PV system, battery storage, and utility grid according to real-time
operating conditions. Consequently, the charging station maintains uninterrupted charging

services while minimizing unnecessary grid power import. The simulation results indicate

Copyright@ Page 12



International Journal Research Publication Analysis

that the coordinated utilization of solar energy and battery storage substantially enhances
renewable energy penetration and improves the operational efficiency of the charging station.
Compared with the conventional grid-based charging system, the proposed configuration
exhibits lower grid dependency and higher renewable energy utilization, demonstrating the
effectiveness of integrating photovoltaic generation with battery energy storage for

sustainable EV charging infrastructure.

4.3 Multi-Objective Optimization Results Using NSGA-II

Pareto-optimal Solutions Obtained Using the NSGA-II Algorithm
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Figure 5 Pareto-optimal solutions obtained using the NSGA-II algorithm.

Figure 5 presents the Pareto-optimal solutions generated by the proposed NSGA-II algorithm
after optimizing the conflicting objectives of operating cost, renewable energy utilization,
carbon emissions, and EV charging waiting time. The optimization process produces multiple
non-dominated solutions, providing different trade-offs between economic and environmental
objectives.

Initially, the candidate solutions are widely distributed throughout the search space. As the
optimization progresses, the solutions gradually converge towards the Pareto front, indicating
the effectiveness of the evolutionary search process. The final Pareto front demonstrates that
operating cost can be significantly reduced by increasing the utilization of photovoltaic

energy and battery storage. However, excessive reduction in operating cost may slightly
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increase battery cycling, illustrating the inherent trade-off among the selected objective
functions.

The best compromise solution was selected from the Pareto front based on the minimum
operating cost, maximum renewable energy utilization, and acceptable battery operating
conditions. The optimized charging strategy considerably reduces electricity purchase from
the utility grid while maintaining reliable charging services and minimizing carbon
emissions. These findings confirm that the proposed NSGA-II framework efficiently balances
multiple conflicting objectives and provides a practical charging strategy for sustainable

smart city applications.
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Figure 6. Pareto-optimal Solutions Obtained Using the Proposed NSGA-II Algorithm.

Table 2 compares the performance of the conventional grid-based charging station, PV-grid
charging system, and the proposed PV-BESS charging station with NSGA-II optimization.
The proposed framework demonstrates noticeable improvements in renewable energy
utilization, charging efficiency, operating cost, and environmental performance. The
coordinated scheduling of photovoltaic generation, battery charging/discharging, and grid
interaction enables better utilization of locally available renewable energy while maintaining

reliable charging operation under varying demand conditions.
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4.4 Comparative Performance Analysis

The overall simulation results demonstrate that the proposed multi-objective optimization
framework consistently outperforms conventional charging strategies in terms of technical,
economic, and environmental performance. The intelligent coordination between
photovoltaic generation, battery energy storage, and utility grid interaction significantly
reduces grid dependency while improving renewable energy penetration and charging
reliability. Furthermore, the NSGA-II algorithm effectively identifies optimal charging
schedules that balance conflicting objectives without violating system constraints. These
results confirm that the proposed solar-powered EV charging station provides an efficient and

sustainable solution for future smart city transportation infrastructure.

Convergence Characteristics of NSGA-II
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Figure 7 Convergence characteristics of the proposed NSGA-II optimization algorithm.

5. CONCLUSION

This study presented a multi-objective optimization framework for a solar-powered electric
vehicle charging station integrated with a photovoltaic system, battery energy storage system,
and utility grid. A comprehensive mathematical model was developed to analyze energy flow,
charging demand, and battery operation under different operating conditions. The NSGA-II
algorithm was employed to simultaneously minimize operating cost, carbon emissions, and

EV charging waiting time while maximizing renewable energy utilization.
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Simulation results demonstrated that the proposed framework effectively improved the
overall performance of the charging station by reducing grid dependency, enhancing
renewable energy penetration, and maintaining battery operation within the prescribed limits.
The coordinated energy management strategy enabled efficient utilization of solar energy
during peak generation periods and reliable charging support during low irradiance
conditions through battery storage. Furthermore, the Pareto-based optimization approach
provided a balanced trade-off among economic, technical, and environmental objectives,
making the proposed system suitable for sustainable smart city applications.

Overall, the proposed methodology offers a practical and scalable solution for next-
generation EV charging infrastructure and can support the transition toward cleaner, more

reliable, and energy-efficient transportation systems.
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