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Abstract - The rapid global rise of Electric Vehicles (EVs)
poses a major challenge to traditional power grids. It requires
a smart and sustainable charging system. This paper
introduces an Energy Management System (EMS) for an EV
charging station that works with renewable energy sources
(RES), mainly solar panels (PV), and a Battery Energy
Storage System (BESS). The main goal of the EMS is to
effectively manage the power flow between the PV system,
BESS, utility grid, and EVs. The system focuses on charging
vehicles directly from solar energy to maximize the use of
renewables. Any extra solar power is stored in the BESS for
future use when energy production is low or electricity prices
are high. The EMS uses smart control algorithms that take
into account real-time data, such as solar irradiance, grid
electricity prices, the state-of-charge (SoC) of the BESS, and
the charging needs of EVs. By carefully scheduling when to
charge and discharge, the EMS aims to lower operational
costs, ease peak load stress on the utility grid, and reduce the
charging station's carbon footprint. This setup offers a
reliable, affordable, and eco-friendly solution, which is
essential for incorporating EVs into a sustainable
transportation system.
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1.INTRODUCTION

As global concerns about climate change and energy
sustainability rise, the transition toward electric mobility has
accelerated significantly. Electric Vehicles (EVs) represent
an effective solution to reduce fossil fuel consumption and
greenhouse gas emissions. However, their large-scale
integration increases pressure on conventional power grids
due to unpredictable and high charging demands. To address
these challenges and ensure eco-friendly operation, Energy
Management Systems (EMS) have become essential for
renewable-powered EV charging stations. Maintenance
requirements and reduced chances of breakdowns, translating
to cost and time savings. EVs offer instantaneous torque,
delivering impressive acceleration. They also provide a
quieter and smoother driving experience, setting them apart
from their noisy, gas-powered counterparts.

A emerging green technology with significant promise for the
future is biobatteries. These innovative batteries harness
biological materials to generate electricity. An EMS is an
intelligent control framework that monitors, optimizes, and

coordinates energy flow among renewable sources (such as
solar and wind systems), energy storage units, the electric
grid, and EV chargers. Its main objective is to maximize
renewable energy utilization, improve efficiency, reduce
operational costs, and maintain grid stability. Since
renewable sources are intermittent by nature, the EMS
balances energy generation, storage, and consumption
through real-time monitoring and automated decision-
making.

In a typical renewable-powered charging station,
components include photovoltaic panels, wind turbines,
energy storage batteries, converters, and control modules.
The EMS continuously analyses data on solar irradiance,
wind speed, battery state-of-charge, and charging demand to
determine the best energy distribution strategy—such as
whether to charge vehicles directly from renewables, store
excess energy, or draw from the grid during scarcity. It also
enables demand-side management, cost optimization, and
supports vehicle-to-grid (V2GQ) interactions, where EVs can
supply stored energy back to the grid when needed.
Advanced EMS solutions integrate [oT, AI, and cloud
computing to enable real-time data collection, predictive
analytics, and remote control. Machine learning algorithms
can forecast renewable generation and EV load demand to
improve decision accuracy. Furthermore, standardized
communication protocols like OCPP and ISO 15118 ensure
interoperability among chargers, vehicles, and grid operators.

By intelligently managing diverse energy sources,
EMS enhances reliability, achieves peak load reduction,
minimizes carbon emissions, and supports sustainable
transport. It transforms renewable-powered EV charging
stations into smart microgrids capable of independent and
optimized operation. As renewable energy and EV adoption
continue to expand, EMS development remains vital for
building a cleaner, more resilient, and economically efficient
energy infrastructure.

2. LITERATURE REVIEW

In a recent publication by Govindaraj Ramkumar et al.
(2025), the integration of renewable energy systems into
electric vehicles is comprehensively reviewed. The study
emphasizes solar, wind, hydrogen, and biofuels as key
renewable sources and highlights innovative technologies
like smart charging, vehicle-to-grid systems, and
decentralized energy networks to boost sustainability and
energy efficiency. It analyzes global case studies, addresses
technical and economic challenges, and proposes a strategic
roadmap for achieving carbon-neutral transportation by 2050
through international cooperation and innovation[1].  The
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Jon Olano et al. propose a new methodology for developing
energy management systems (EMS) for electric vehicle
charging stations integrated with battery energy storage
systems. The research focuses on minimizing operational
costs while addressing battery degradation. Various EMS
approaches, including rule-based and fuzzy logic optimized
by genetic algorithms, are designed and tested. Applied to an
urban electric bus fleet, the methodology demonstrates
improved energy management and a return on investment of
103%, highlighting the economic and technical viability of
advanced EMS for sustainable EV infrastructure [2]. The
study analyzes adoption trends across various global regions,
highlighting leading countries like Denmark, Germany,
China, and India for their significant renewable energy
integration. It discusses drivers, challenges, and policy
frameworks influencing renewable expansion. The research
emphasizes the importance of tailored investments and global
collaboration to accelerate the transition, projecting
renewable sources to supply up to two-thirds of global energy
by 2050, marking a critical shift toward sustainable energy
futures[3].

Optimization techniques improve energy performance and

efficiency of Energy Management Systems (EMS) in
renewable-powered electric vehicle (EV) charging stations by
dynamically managing energy flow and load distribution.
Common strategies like dynamic pricing, vehicle-to-grid
(V2G) technology, and smart charging algorithms reduce
peak demand and balance grid load. EMS integrates
renewable sources such as solar and wind with battery
storage, maximizing clean energy use. Advanced control
techniques—such as model predictive control and Al-driven
decisions—optimize charging schedules and extend battery
life. These methods increase sustainability, reduce costs, and
enhance grid stability, supporting efficient and eco-friendly
EV charging infrastructure [4].By maximizing the use of
clean energy sources such as solar and wind, EMS minimizes
reliance on fossil-fuel-based electricity, thereby lowering
greenhouse gas emissions associated with EV charging.
Smart charging algorithms and vehicle-to-grid (V2G)
technology enable charging during periods of high renewable
generation and allow EVs to feed energy back to the grid,
reducing the need for carbon-intensive peak power plants.
Additionally, efficient energy storage management prevents
wastage of renewable energy. Collectively, these features
help achieve carbon neutrality goals and support the global
transition toward sustainable, low-emission transportation
systems[5].

3. METHODOLOGY:

An Energy Management System (EMS) optimizes energy
use by controlling and balancing energy supply, storage, and
consumption. In renewable-powered EV charging stations,
EMS integrates solar, wind, and battery storage with grid
energy. It intelligently schedules charging, maximizes
renewable energy use, manages battery storage, and interacts
with the grid to ensure efficient, cost-effective, and eco-
friendly vehicle charging, enhancing sustainability and grid
stability.

3.1 System Modelling:

System modeling for an Energy Management System
(EMYS) in renewable-powered EV charging stations involves
creating mathematical and simulation models representing
the key components and interactions of the system. This
includes modeling renewable energy sources such as solar
PV and wind turbines, which have variable and intermittent
outputs influenced by environmental factors
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BATTERY ENERGY EMS CONTROLLERS,
STORAGE SPSTEM SYSTEM CONVERTERS,
(BESS) ENERGY FLOW MGM.
A
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Fig:1 System Modelling for EMSJ[1].

The battery energy storage system (BESS) is modeled to
manage charging and discharging cycles efficiently, ensuring
power availability and prolonging battery life. EV charging
demand patterns are captured to predict load requirements
accurately. The system model integrates grid connectivity,
power converters, controllers, and energy flow management,
allowing optimization of power distribution. Accurate system
modeling enables simulation and validation of EMS
strategies, ensuring efficient, reliable, and sustainable
operation of EV charging stations while minimizing grid
stress and maximizing renewable energy use.

3.2 Data Acquisition and Monitoring:

Data acquisition and monitoring in renewable-powered EV
charging stations begins with deploying sensors on renewable
sources (solar panels, wind turbines), battery storage units,
and EV chargers to capture real-time data such as power
output, state-of-charge, and grid status. Collected data is
transmitted via IoT networks to a central Energy
Management System (EMS) platform, ensuring integration
and synchronization. Real-time monitoring dashboards
provide visualization and alerts for efficient system operation
and fault detection. Advanced analytics, including machine
learning models, are employed to predict energy generation,
optimize charging schedules, and anticipate maintenance
needs. This data-driven approach enables dynamic control of
energy flows, maximizes renewable energy use, improves
efficiency, and supports grid stability, thereby enhancing the
overall performance and
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sustainability of EV charging infrastructure.
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Fig:2 Data Acquisition and Real Electrical vehicle charging stations[2].
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Forecasting and prediction in renewable-powered EV
charging stations involve using historical and real-time data
to estimate future energy generation and demand. Machine
learning models like regression, support vector machines, and
neural networks analyze patterns in solar and wind
availability, along with EV charging behavior. This enables
accurate prediction of load demand, renewable output, and
peak usage times. Integrating weather forecasts and grid
conditions improves model reliability. Predictive analytics
help schedule charging optimally, reduce wait times, balance
grid load, and anticipate maintenance needs. These forecasts
enable dynamic decisions, improving energy efficiency, cost
savings, and system reliability in EV charging infrastructure.

3.4 Optimization and Algorithms:

Optimization renewable-powered EV charging stations are
designed to enhance energy efficiency, reduce operational
costs, and manage the complexity of charging multiple
vehicles with limited resources. These methodologies use
optimization algorithms—such as genetic algorithms (GA),
particle swarm optimization (PSO), and war strategy
optimization—to solve multi-objective problems that balance
various factors including energy demand, renewable energy
availability, battery health, and user charging priorities. The
algorithms dynamically determine optimal charging
schedules, prioritize vehicles based on urgency or battery
state, and manage load distribution to prevent grid overload.
By using real-time data from energy generation and demand,
these algorithms adjust charging sessions to maximize the use
of clean renewable energy, reduce the peak load on the grid,
and minimize energy costs.

The methodologies are tested and validated using simulation
platforms like MATLAB or Python, which allow fine-tuning
and assessment of system performance under different
scenarios. This ensures that the optimization strategies are
practical, efficient, and capable of improving renewable-
based EV charging station operations.

3.5 Control Strategy Implementation:
The implementation of a control strategy for electric
vehicles involves designing a system that manages the

vehicle's power flow, energy efficiency, and safety by
coordinating various electrical components. The control
system typically includes a vehicle controller, motor
controller, battery management system, and auxiliary
subsystems, all communicating via a network such as the
CAN bus. It begins by collecting signals from driver inputs
like the acceleration pedal and brake, along with real-time
vehicle and battery data, to interpret the driver’s intention and
operating conditions. Then, through a hierarchical control
structure, the system optimizes torque output, manages
energy flow, and ensures efficient battery usage and motor
performance.
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Fig:3 EV charging methods [3]

The strategy must adapt to varying driving conditions—such
as road type and speed demands—by regulating power
dynamically for acceleration, cruising, and braking while
maintaining safety parameters. Fault diagnosis and system
monitoring are integral parts, providing real-time feedback
and ensuring reliability. Overall, the control strategy is
modeled and tested extensively, often using simulation tools
like MATLAB/Simulink, to refine performance and ensure a
seamless driving experience with sustainability and
efficiency as core goals.

3.6 Integration and Communication:

Integration and communication in electric vehicle
control systems involves establishing seamless data exchange
between various subsystems and external entities to ensure
coordinated, efficient operation. Initially, standardized
communication protocols such as Controller Area Network
(CAN), Open Charge Point Protocol (OCPP), and ISO 15118
are selected to enable compatibility and interoperability
among the vehicle control unit, battery management system,
motor controller, and charging infrastructure. The
communication interface acts as a translator facilitating two-
way data flow, allowing real-time monitoring and control
signals to be shared, such as battery state of charge,
temperature, and charging status. System integration includes
linking the EV with external grids or cloud services for smart
charging, demand  response, and  vehicle-to-grid
functionalities. Effective integration ensures that different
modules work harmoniously, optimizing energy usage,
enhancing safety, and improving system reliability. The
methodology also emphasizes protocol adherence, fault
tolerance, and data security to support robust communication
in a dynamic operating environment.
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3.7 Simulation and Validation:

Simulation and validation of an energy management
system (EMS) in renewable-powered electric vehicle
charging stations involves creating a comprehensive
simulation model that integrates multiple components such as
photovoltaic (PV) arrays, battery energy storage systems
(BESS), grid connection, power converters, and EV charging
loads. Using software tools like MATLAB/Simulink, these
models replicate real-world operational scenarios to optimize
system performance and reliability. The EMS simulation
incorporates maximum power point tracking (MPPT)
algorithms for efficient renewable energy extraction, control
strategies for battery charging and discharging, and
bidirectional converters to handle power flow between the
grid, renewables, and EVs. Validation is performed by testing
various charging modes—solar-only, grid-only, battery-
supported—and their combinations to evaluate system
response under different load demands and environmental
conditions. Key performance indicators such as energy
efficiency, grid dependency, battery state of charge, and
power quality are analyzed. This process helps identify
limitations such as energy shortfall during low solar
availability and ensures robust EMS operation by fine-tuning
control parameters. Through iterative simulation and
validation, the EMS is refined to facilitate seamless
integration of renewable energy, enhance charging station
flexibility, minimize costs, and reduce grid impact, thus
supporting sustainable electric vehicle infrastructure
3.8 Real World Application:

Real-world application of energy management systems
(EMS) in renewable-powered electric vehicle (EV) charging
stations involves several critical steps to ensure efficient,
reliable, and sustainable operation. Initially, a thorough site
assessment is conducted to evaluate renewable resource
availability, such as solar irradiance or wind potential, and
existing grid infrastructure. Based on this, the EMS is tailored
to integrate renewable energy sources, battery storage, and
grid connection for optimal energy flow. The system
continuously monitors energy generation, storage status, and
EV charging demands in real-time using sensors and smart
meters. Control strategies dynamically adjust charging rates,
prioritize renewable energy usage, and manage battery
charge/discharge cycles to minimize grid dependency and
operational costs. Communication protocols enable
interaction between the EMS, grid operators, and EV users to
facilitate smart charging, demand response, and load
balancing. Additionally, cybersecurity and fault-tolerance
mechanisms are implemented for system robustness. The
EMS undergoes rigorous field testing to validate performance
under fluctuating environmental and load conditions.
Continuous data analysis and adaptive algorithms help refine
system efficiency and resilience. This methodology ensures
that renewable-powered EV charging stations operate
sustainably, reduce carbon footprint, enhance user
experience, and support grid stability in real-world
conditions.

4.A1 INTEGRATION WITH RENEWABLES:

Al integration with renewables significantly enhances the
efficiency, reliability, and flexibility of clean energy systems
by leveraging intelligent algorithms and vast data analytics.
Artificial intelligence automates essential workflows, from
optimizing energy production and real-time forecasting to
predictive maintenance and dynamic grid management. For
example, Al models analyze live and historical weather
patterns to forecast wind and solar power generation,
enabling grid operators to balance supply and demand more
accurately.

4.1 Predictive Analytics and Forecasting:

Predictive analytics and forecasting in renewable energy
leverage artificial intelligence (AI) and machine learning
(ML) to overcome the intermittency and unpredictability of
sources like solar and wind power. Traditional forecasting
models often struggle with the variability of renewables due
to their reliance on historical data and limited computational
power. Al, however, can process vast, heterogeneous datasets
in real time, including weather data, satellite imagery, and
sensor inputs, enabling more accurate and dynamic energy
generation forecasts.

Al predictive models use deep learning, convolutional neural
networks,support vector machines, and reinforcement
learning to capture complex weather patterns and nonlinear
relationships in energy systems. These models continuously
learn and adapt to new data, enhancing forecast precision
over time. For example, Al forecasts solar irradiance by
analyzing cloud movements captured in satellite images,
while wind power predictions benefit from real-time wind
speed and direction analysis.

4.2 Intelligent in Energy Allocation:

Al-powered intelligent energy  allocation
revolutionize the way energy is distributed, consumed, and
managed across power grids, industries, and buildings. These
systems use real-time monitoring, advanced analytics, and
optimization algorithms to dynamically allocate energy

systems

resources where they are needed most, responding instantly
to fluctuations in supply, demand, and generation.

In smart grids, Al continuously analyzes grid data—such as
production, consumption patterns, and weather forecasts—to
optimize the distribution of renewable energy and prevent
bottlenecks or overloads. For instance, during peak demand
periods, Al directs available power from solar, wind, or
storage systems to high-priority users, while surplus energy is
diverted to batteries or redirected to other consumers. This
dynamic balancing helps minimize energy waste, improve
grid stability, and maximize renewable energy integration.
4.3 Real Time Data Processing:

Real-time data processing is transforming the energy
sector by enabling instantaneous monitoring, analysis, and
action across renewable energy systems, smart grids, and
individual assets. This approach involves collecting diverse
data streams from IoT sensors, smart meters, weather
stations,andindustrial controllers, and immediately analyzing
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the  to facilitate informed decision-making and  system
optimization.

In renewable energy, continuous feedback on solar or
wind generation allows operators to promptly detect
inefficiencies, faults, or variations in power output,
minimizing downtime and maximizing efficiency. Ultility-
scale deployments benefit from instant load balancing, where
real-time algorithms redistribute power and storage resources
to stabilize the grid and integrate fluctuating renewable
sources dynamically. Facilities and grid operators can detect
abnormal spikes or drops in energy use, enabling the
prevention and rapid resolution of operational issues, such as
blackouts or equipment failures
S5.RESULTS AND DISCUSSION:

The proposed Energy Management System (EMS) was
tested using MATLAB/Simulink under varying solar
irradiance, EV load, and grid conditions. The results
validated the effectiveness of the EMS in optimizing
renewable energy utilization, minimizing energy costs, and
maintaining power stability for electric vehicle charging.
Renewable Utilization and Cost Reduction:

The EMS achieved a smooth balance among solar
photovoltaic (PV) generation, battery energy storage system
(BESS) operation, and grid power exchange. During peak
sunlight hours, 85-90% of charging energy was supplied
directly from solar PV, while excess energy was stored in the
BESS for use during cloudy or high-tariff periods. Simulation
results indicated areduction in grid dependency by
approximately 60% and operational cost reduction of up to
75% compared to conventional static charging control
methods. The fuzzy logic-based optimization minimized real-
time charging costs during off-peak hours and maximized
renewable usage. Compared to a flat-rate tariff system, the
optimized EMS decreased charging costs by 46.15% on
weekdays and 55.22% on weekends. This was attributed to
real-time adaptation to solar availability and dynamic power
pricing, leading to economically efficient operation.

Grid Stability and Load Management:

Dynamic power flow management reduced the peak load
stress on the grid by nearly 30%, allowing smoother
integration of EV charging stations with existing grid
networks. The EMS scheduled EV charging primarily during
off-peak hours (11 PM—5 AM), flattening load profiles and
enhancing voltage stability. Real-time monitoring and control
loops prevented overloading of either grid or battery
components, ensuring reliable charging.

Environmental Impact and GHG Reduction:

A comparison between utility-supplied and renewable-
powered stations showed significant environmental benefits.
The hybrid renewable EMS emitted 0.22 kg CO: per kWh,
nearly one-third of the 0.64 kg CO: per kWh typical for fully
grid-powered stations. Implementation of solar and biogas
hybrid operation reduced greenhouse gas emissions by up to
54.86%, contributing to climate goals for sustainable EV
infrastructure. Furthermore, the study demonstrated that daily
integrated power generation (~110 kWh) could fully support

1520 EVs daily while maintaining carbon neutrality.
Additional Dbiogas digestate byproducts can also be
repurposed for agriculture, enhancing the system’s circular
economy potential.

Socio-Economic Viability:

Economic evaluation confirmed that the payback period
was below five years, making the system not only
environmentally friendly but also financially sustainable.
Both EV station operators and users benefited from reduced
energy charges and predictable pricing. Renewable
integration further lowered operational and maintenance costs
by minimizing reliance on external grid energy.

In summary, the Energy Management System developed
for renewable-powered EV charging stations effectively
integrates renewable generation, energy storage, and smart
control strategies. It demonstrates substantial advantages
in energy cost reduction, emission mitigation, grid stability,
and economic feasibility, confirming its applicability for
sustainable transportation infrastructure.
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