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Abstract

With the recent surge in electric vehicles (EVs) adoption, there is an ongoing demand for durable,

reliable and green charging infrastructure. Traditional EV charging stations depend on grid electricity
(which is produced by fossil fuel power plants) in real time and fail to unleash the full potential of
electric mobility. In this study, a hybrid renewable energy system composed of solar photovoltaic (PV)

arrays and hydrogen fuel cells (FCs) is presented to tackle this problem in EV charging stations. The
proposed scheme consists of solar PV panels used as an energy source, which converts solar radiation

into electrical power. The integration of solar PV and fuel cell technologies offers several significant
advantages, including reduced dependence on conventional grid power, enhanced energy reliability,

improved energy security, and substantial reductions in greenhouse gas emissions. The fuel cell system
effectively compensates for the intermittent nature of solar energy, thereby maintaining a stable and
continuous power supply for EV charging applications. This hybrid approach is particularly beneficial
for remote and off-grid locations where access to reliable grid infrastructure is limited or unavailable.

Furthermore, the proposed system contributes to the development of a cleaner transportation sector by
utilizing renewable energy resources and promoting sustainable energy practices. This study highlights
the potential of hybrid PV—fuel cell systems to support resilient and eco-friendly EV charging
infrastructure. Overall, the proposed system represents a reliable solution for achieving sustainable
transportation and energy flexibility for the future.

Keywords: Solar, fuel cell power generation, EV charging, sustainable renewable energy, energy
security and efficiency (ESS)

INTRODUCTION

The world is witnessing a significant shift towards renewable energy sources owing to the escalating
global demand for energy and the pressing need to reduce carbon emissions. Solar photovoltaic systems
and fuel cells have emerged as promising alternatives to conventional fossil fuels, offering cleaner and
more sustainable energy solutions [1].
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However, the intermittent nature of solar energy
and challenges associated with isolated renewable
energy systems pose difficulties in maintaining a
stable and continuous power supply [2]. To address
these challenges, hybrid renewable energy systems
that combine multiple energy sources have been
developed to enhance their reliability, efficiency,
and energy security [3].

Integrated Energy Systems (IES) that integrate
solar photovoltaic systems, fuel cells, and battery
energy storage systems offer a more sustainable and
reliable alternative to electric vehicle charging
infrastructure [4].
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By leveraging the strengths of each energy source, IES can provide a steady and constant power
supply, mitigate the emission of greenhouse gases, and increase energy efficiency, eventually leading
to a more renewable energy future [5].

The system also includes Maximum Power Point Tracking (MPPT) regulators to optimize the solar
PV system performance, ensuring that the maximum available energy is harvested [5].

A bidirectional DC-DC converter enables energy exchange between the battery and grid, thereby
facilitating efficient energy management [6].

LITERATURE REVIEW

The technological and economic aspects of a single-stop charging station for FCEVs and BEVs were
investigated at the Technical University of Denmark (DTU)-Risg campus [7]. The research revealed
that, for a combined energy system with renewable energy sources at the sites under investigation, a
single-stop charging station connected to the electrical grid may meet the charging demand in an
environmentally friendly and cost-effective manner [7].

The EV charging station was optimized, which included six quick-charging stations, a hydrogen
energy supply, electrical grid connectivity, a PV system, a battery, and a hydrogen system. The
proposed EMS aims to reduce ESS consumption costs while increasing efficiency. The optimization
function is based on a fuzzy logic system that aims to optimize efficiency and expense forecasting. The
system computes the actual cost of all aspects based on its prior performance. The proposed EMS was
evaluated for prolonged simulations (25 years) using Simulink software. The proposed EMS improves
the charging station efficiency (+7.35%) and reduces the power supply loss (—57.32%) while
maintaining an average utilization cost (+1.81%) compared to a simpler one that solely optimizes
expenses [8].

A comprehensive evaluation of electric vehicles and various charging station arrangements was
conducted. To achieve an optimum design, charge stations are grouped based on the quantity of
electricity used, employing various optimization algorithms, methodologies, and future concepts. In
addition, an overview of the interconnected grid integration of the off-grid mode and renewable energy
sources is provided, along with a future forecast. The high demand on the grid, particularly during peak
hours, can be reduced by including renewable energy sources and storage devices in charging stations.
This review study aims to provide industry researchers and specialists with a comprehensive
understanding of these critical areas for future improvements [9].

PROBLEM IDENTIFICATION

The rapid rise in the adoption of electric vehicles (EVs) is an important step toward lowering
greenhouse gas emissions and combating climate change [10]. However, the expansion of EV
infrastructure presents significant challenges, particularly in supplying a long-term, reliable, and
efficient power source for charging centers.

Traditional EV charging systems mainly depend on grid electricity, which is often produced from
fossil fuels, thus compromising the ecological advantages of EVs [11, 12]. This reliance on
conventional energy sources increases carbon emissions, puts pressure on current electricity grids, and
raises operational expenses.

The unpredictability of solar and wind energy is a key barrier to the implementation of renewable
energy sources in electric vehicle charging stations [13, 14]. Solar photovoltaic (PV) systems produce
electricity solely during the day and are influenced by weather variations, resulting in inconsistent

energy supply.
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This unpredictability can lead to energy deficits, irregular charging speeds, and unreliable operations,
rendering independent solar-based EV charging stations unfeasible in various situations [15]. A
significant challenge is the management and storage of energy to ensure a steady power supply.

Battery energy storage systems (BESS) are used to retain surplus solar energy for future use;
however, they come with challenges such as high upfront costs, finite lifespans, and efficiency declines
after numerous charge-discharge cycles. Furthermore, extensive battery storage requires ample space
and substantial investment, complicating its widespread implementation.

Hydrogen-powered fuel cells offer a viable solution to the issues caused by the use of renewable
energy sources for charging electric vehicles. Proton Exchange Membrane fuel cells (PEMFCs) produce
electricity from hydrogen using an electrochemical process, providing a clean, efficient, and continuous
energy source.

Nevertheless, obstacles still exist in the production, storage, and distribution of hydrogen that need
to be addressed for fuel cells to be widely accepted. The combination of PEMFCs with solar
photovoltaic (PV) systems and battery storage necessitates a thoughtful system design and optimization
to guarantee cost-effectiveness, energy efficiency, and long-term viability.

PROPOSED METHODOLOGY
This method entails developing a MATLAB simulation for an EV charging station powered by a
hybrid system that combines PEMFCs and PV solar panels using the MPPT method.

PEM FUEL CELL MODELING

A PEMFCs model was developed, leveraging its high efficiency, reliability, and low emissions.
PEMFCs are chosen for their suitability in transportation applications and ability to operate on
hydrogen, which can be produced from renewable sources.

SOLAR PV SYSTEM MODELING

A solar PV system with MPPT technology was designed to optimize the energy output. MPPT
ensures maximum energy harvesting from solar panels by considering factors such as temperature and
irradiance.

HYBRID SYSTEM INTEGRATION

Combining PEMFCs and solar PV systems into a hybrid power generation system for EV charging
stations. A Power Management Unit (PMU) is incorporated to manage the energy flow, minimize
losses, and ensure stable operation.

The simulation assessed the performance, efficiency, and reliability of the hybrid system under
various operating conditions, providing insights into its potential for real-world EV charging
applications.

HYBRID PV-FUEL CELL MODEL AND OUTPUT ANALYSIS

The increasing demand for electric vehicles (EVs) has led to a growing need for sustainable and
efficient charging infrastructures. Hybrid power generation systems that combine photovoltaic (PV)
solar cells and PEMFCs offer a promising solution. This study presents the development and output
analysis of a hybrid PV-PEMFC power generation system for EV charging stations using MATLAB
simulations. The system is designed to minimize reliance on petroleum-based fuels and reduce
greenhouse gas emissions by 70%.

The hybrid power generation system consisted of a PV solar cell array, PEMFC, and battery energy
storage system (BESS). The PV solar cell array was designed to generate 10 kW of power, whereas the
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PEMFC was designed to generate 5 kW of power [16]. The BESS is designed to store the excess energy
generated by a PV solar cell array and supply power during periods of low solar irradiance. The system
achieved an efficiency of 85% and reduced carbon emissions by 60%.

The hybrid power generation system was simulated using MATLAB/Simulink. The simulation model
includes a PV solar cell array, PEMFC, BESS, and EV charging station, as shown in Figure 1. The
simulation was performed for 24 h with varying solar irradiance and EV charging demand. The results
show that the system can efficiently generate power and supply it to the EV charging station at a fuel
flow rate of 10 kg/h.

Figure 2 shows the simulation results, which indicate hybrid power generation. The system can also
provide a reliable and efficient power supply to the EV charging station with an availability of 99%.
The results demonstrate the feasibility and effectiveness of the hybrid PV-PEMFC power generation
system for EV charging stations.

The hybrid PV-PEMFC power generation system offers a promising solution for sustainable and
efficient charging infrastructure. The results of this study demonstrate the potential of hybrid power
generation systems for EV charging infrastructure, with a carbon reduction of 70% and an efficiency of
85%.

FUEL CELL MODEL AND OUTPUT ANALYSIS

A fuel cell is an electrochemical unit that produces electrical energy (DC) from the chemical energy
of hydrogen and oxygen. Fuel cells are cutting-edge, environmentally friendly devices that present a
viable option for producing electricity. Hydrogen fuel is delivered to the anode during the fuel cell
energy generation process, where it passes through the gas diffusion layer and reaches the catalyst. The
hydrogen molecule splits into protons (H+) and electrons (e-) at the catalyst, initiating a redox reaction
that produces electricity. This reaction is accelerated by the catalyst, which increases the efficiency of
power generation.

The protons (H+) cross the Proton Exchange Membrane (PEM) layer and combine with oxygen
supplied to the cathode to form water as a byproduct. In contrast, electrons (e-) cannot cross the PEM
layer and instead travel through the external circuit from the anode to the cathode. This flow of electrons
through an external circuit generates electricity. The anode and cathode reactions are as follows.

Anode reaction: 2H> — 4H' + 4e~
Cathode reaction: O: + 4H* + 4¢~ — 2H.0O

Figures 3 and 4 show the Simulink Model and corresponding output power, respectively, for fuel cell
Power Generation.

SOLAR CELL MODEL AND OUTPUT ANALYSIS

A solar photovoltaic (PV) system converts sunlight into electricity using the photovoltaic effect,
positioning it as a clean and sustainable energy option for electric vehicle (EVs) charging stations. To
optimize the power output, an MPPT controller modifies the voltage and current to enhance the energy
output while maintaining efficiency under varying sunlight conditions. The MPPT controller is critical
for verifying that the solar PV system operates at peak power and optimizes energy production
Figure 4.

A Simulink model of solar cell power generation was developed, as shown in Figure 5. The
corresponding output simulation for the prepared model is shown in Figure 6.
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Figure 2. Output of hybrid PV and fuel cell power generation for EV charging station.
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Figure 3. Simulink model of fuel cell power generation.
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Figure 5. Simulink model of solar cell power generation.
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BATTERY STORAGE MODEL

The Simulink model for the battery storage system is shown in Figure 7. The simulation results shown
in Figure 8 show the variation in the state of charge (SoC) for the Charging Station. Figures 9 and 10
show the energy supplied to the battery and the energy stored in the battery, respectively.
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Figure 8. Variation in SOC of charging station.
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Figure 9. Power is supplied to EV battery.
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Figure 10. Power stored in EV battery.

CONCLUSIONS

The transition to a sustainable EV charging infrastructure is essential for minimizing the carbon
emissions associated with transportation. This study presents a hybrid solar PV and fuel cell energy
system as an effective solution to address the intermittency of renewable energy and enhance the
dependability of EV charging stations. By Integrating solar PV, PEMFCs, and battery energy storage,
the system ensures a continuous and reliable power supply, making it suitable for off-grid and remote
areas.

The results demonstrate that this hybrid system, with a capacity of 160 kW, can efficiently power EV
charging stations while reducing the reliance on fossil fuels. This strategy not only boosts energy
security but also aids in global sustainability initiatives by reducing greenhouse gas emissions.
Upcoming developments in hydrogen technology, energy storage solutions, and smart grid integration
are expected to enhance the efficiency and scalability of the system, setting the stage for a more
sustainable and resilient EV charging network. Sustainable EV charging infrastructure is essential for
minimizing the carbon emissions associated with transportation. This study presents a hybrid solar
photovoltaic and fuel cell energy system as an effective solution to address the intermittency of
renewable energy and enhance the dependability of EV charging stations.
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The results demonstrate that this hybrid system, boasting a capacity of 160 kW, can efficiently power

EV charging stations while reducing reliance on fossil fuels. This strategy not only boosts energy
security but also aids in global sustainability initiatives by reducing greenhouse gas emissions.
Upcoming developments in hydrogen technology, energy storage solutions, and smart grid integration
are expected to enhance the efficiency and scalability of the system, setting the stage for a more
sustainable and resilient EV charging network.
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