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Abstract — The rapid adoption of electric vehicles (EVs) presents both opportunities and challenges for
modern energy systems. With the growing integration of renewable energy resources (RES), such as solar
and wind, managing EV charging effectively has become a critical area of research. This thesis explores
advanced strategies for optimizing EV charging management in the presence of renewable resources to
enhance energy efficiency, grid stability, and sustainability.

The study proposes a dynamic charging management framework that leverages real-time data on renewable
energy generation, grid demand, and EV charging requirements. By employing techniques such as demand
response, load forecasting, and energy storage integration, the framework ensures the optimal utilization of
renewable energy while minimizing grid strain and peak demand issues. Furthermore, the research
investigates the role of smart grid technologies and vehicle-to-grid (V2G) systems in enabling bidirectional
energy flow, which enhances the grid’s resilience and supports renewable energy integration.
Simulation-based analyses are conducted to evaluate the performance of the proposed framework under
various scenarios, including fluctuating renewable energy supply and diverse EV usage patterns. The results
demonstrate significant improvements in energy efficiency, cost savings, and carbon footprint reduction.
Additionally, case studies highlight the potential benefits of adopting such strategies in urban and rural
settings with varying levels of renewable energy penetration.

This thesis contributes to the growing body of knowledge on sustainable energy management by offering
practical insights and innovative solutions for harmonizing EV charging with renewable energy resources.
The findings provide a foundation for policymakers, energy providers, and stakeholders to develop scalable
and efficient systems that support the transition to a cleaner, smarter, and more sustainable energy future..

Keywords: Electric vehicle charging management, renewable energy integration, smart grid, demand
response, vehicle-to-grid (V2G), energy optimization, grid stability, load forecasting, sustainable energy
systems.
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l. INTRODUCTION

The transition to sustainable energy systems has
accelerated with the increasing adoption of electric
vehicles (EVs) and renewable energy sources (RES) such
as solar and wind power. EVs are a crucial component of
global decarbonization efforts, reducing dependence on
fossil fuels and mitigating greenhouse gas emissions.
However, the widespread deployment of EVs presents
significant challenges to power grid stability, load
management, and energy distribution, especially when
charging patterns are uncoordinated. Additionally, the
intermittency of renewable energy sources further
complicates grid operations, necessitating advanced
energy management strategies to balance supply and
demand efficiently.

Smart energy integration offers a promising solution by
enabling the synergistic management of EV charging
with renewable resources through intelligent grid
technologies, demand response mechanisms, and real-
time energy optimization techniques. Smart charging
infrastructure, powered by Artificial Intelligence (Al),

trading, ensures that EVs are charged during periods of
high renewable energy availability, thereby reducing
stress on the grid and enhancing energy efficiency.
Moreover, Vehicle-to-Grid (V2G) technology enables
bidirectional energy flow, allowing EVs to act as mobile
energy storage units that can supply power back to the
grid during peak demand periods.

Effective load management requires a combination of
predictive analytics, decentralized energy storage, and
adaptive charging algorithms that can dynamically adjust
charging schedules based on real-time grid conditions,
energy prices, and renewable generation forecasts.
Additionally, policy frameworks and regulatory
incentives play a vital role in promoting sustainable
charging  behaviors,  grid-friendly infrastructure
deployment, and consumer participation in energy
markets. The integration of time-of-use (ToU) pricing
models and demand-side response programs further
enhances the economic and operational feasibility of
smart energy systems.
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This paper presents a comprehensive review of smart
energy integration, focusing on the technologies,
strategies, and regulatory frameworks that facilitate
efficient EV charging while maximizing renewable
energy utilization. It explores the challenges, emerging
trends, and future directions in the field, providing
insights into how grid modernization and decentralized
energy networks can support the transition toward a
sustainable and resilient power system.

Il. PROPOSED METHOD

The proposed methodology aims to develop an efficient
framework for integrating RES into EV charging systems
while ensuring grid stability, minimizing costs, and
reducing carbon emissions. The process begins with
clearly defining the problem and setting objectives,
including optimizing EV charging schedules to align
with RE availability, maintaining grid reliability under
varying load conditions, and enhancing system
scalability and user satisfaction. The methodology
involves collecting and analyzing data from various
sources, including RE generation, grid load profiles, EV
charging patterns, and weather forecasts. This data forms
the foundation for creating predictive models to simulate
energy generation, consumption, and system dynamics.
The framework tested and validated through simulations
using platforms MATLAB based tools, evaluating its
performance under varying conditions, as fluctuating
renewable energy supply and dynamic EV charging
demand. Metrics like energy utilization, grid reliability,
and carbon emission reductions will be analyzed. To
demonstrate its adaptability, case studies will be
conducted in urban and rural settings with different levels
of RE penetration. Additionally, sensitivity analyses will
assess the framework’s robustness under diverse
scenarios, including changes in EV adoption rates,
energy generation patterns, and economic factors like
energy costs.
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Finally, policy recommendations will be developed to
support the implementation of the framework,
emphasizing incentives for renewable energy-powered

charging stations, standardization of protocols, and
investments in energy storage and grid upgrades. This
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methodology aims to create a sustainable and scalable
solution for integrating RE into EV charging systems,
contributing to a cleaner, more efficient energy
ecosystem.
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Figure 2 OCPP framework in EV charging

The proposed methodology is designed to create an
integrated framework for optimizing the charging of
electric vehicles (EVs) using renewable energy (RE)
sources while ensuring grid stability, energy efficiency,
and user satisfaction. The approach is structured into
several key phases: input phase, processing phase, and
output phase, each comprising specific steps that
contribute to achieving the research objectives.

1. Input Phase: Data Collection

This phase involves gathering and analyzing critical data
that forms the foundation for the proposed framework:
Renewable Energy (RE) Data: Historical and real-time
data on solar and wind energy generation to predict
energy availability.

Grid Data: Information about grid load profiles, peak
demand patterns, and available capacity.

EV Data: Charging patterns, energy consumption, and
user preferences for EV charging.

Weather Data: Weather forecasts and historical data
affecting renewable energy production.

The collected data is crucial for building predictive
models and understanding the dynamic interaction
between energy supply and demand.

2. Processing Phase

This phase focuses on processing the collected data and
implementing strategies to optimize energy utilization
and grid performance. It is divided into the following
steps:

a. Predictive Modeling

Forecasting: Predict renewable energy generation using
ML algorithms based on weather conditions and
historical patterns.

Demand Analytics: Analyze EV charging demand across
various locations and time intervals to ensure alignment
with energy availability.

Grid Impact Assessment: Simulate how varying energy
loads affect grid stability and performance.

b. Energy Management Strategies
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Vehicle-to-Grid (V2G) Integration: Enable bidirectional
energy flow, allowing EVs to supply excess energy back
to the grid during peak demand.

Demand Response Mechanisms: Dynamically adjust
charging schedules based on real-time grid conditions
and energy prices.

Load Balancing: Distribute charging demand across
different times and locations to avoid overloading the
grid.

c. Optimization Techniques

Machine Learning (ML): Use advanced ML models to
predict renewable energy availability and optimize
charging schedules.

Reinforcement Learning: Implement algorithms that
make real-time decisions to balance energy supply and
demand.

Cost Models: Develop optimization models to minimize
operational costs while maximizing energy efficiency.

d. Simulation and Validation

Simulations: Use tools like MATLAB, Simulink,
simulate real-world scenarios, including fluctuating
renewable energy supply and varying EV adoption
levels.

Performance Metrics: Evaluate the system’s efficiency,
grid stability, cost savings, and carbon emission
reductions.
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Figure 3 Proposed Flow
To strengthen the connection between EV charging and
renewable energy (RE), a smart charging strategy
involves programs that regulate the timing of EV
charging at residential or workplace locations. This
approach, also referred to as managed charging, can be
classified into unidirectional managed charging (V1G)
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and bidirectional managed charging (V2G). In V1G, the
charging system optimizes the time, rate, and duration of
charging by adapting to pricing signals and the power
grid's requirements. Utility operators provide signals
containing information on grid status and RE availability,
enabling the charging system to adjust accordingly. In
contrast, V2G allows EVs to function as distributed
energy storage systems, capable of supplying power back
to the grid when needed, thereby enhancing grid stability
and RE utilization.

I1l. SIMULATION RESULT

The simulation results highlight the effectiveness of IRE
sources, such as solar and wind, into electric vehicle
(EV) charging systems while ensuring grid stability and
energy efficiency. The analysis focuses on key
performance metrics under different scenarios to evaluate
energy utilization, grid impact, and overall system
efficiency.

Case 1: Grid and Renewable Energy (RE) Integration for
EV Charging

In this scenario, the grid and RE sources, such as
photovoltaic (PV) systems and wind turbines, were
integrated to support EV charging. The simulation
demonstrated that during peak RE generation periods
(e.g., midday for solar and high wind speeds for
turbines), the dependency on grid power was reduced by
65%. This resulted in significant cost savings and
minimized carbon emissions. However, during low RE
generation periods (e.g., nighttime for solar), the system
relied more on grid power to meet EV charging demands,
highlighting the intermittency challenge of renewable
energy.

700k —
if I Capital Cost
I Operation and Maintenance
600k~ [ NetPresent Cost
500k
400k
& 300k
"g P
S 200k -
100k
0 -
-100k
-200k . T T
. Base Case . Ca§e-1 Cas_e-2
Figure 4: Economic comparison of EV charging
scenarios

Figure 4 shows results emphasize the financial viability
IRERs and battery energy storage systems (BESS) into
existing grid infrastructures for EV charging, with Case-1
demonstrating the highest economic advantages.

Case 2: Grid, Renewable Energy, and Battery Energy
Storage System (BESS) Integration
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The second scenario involved integrating a BESS with
the grid and RE sources to mitigate the intermittency of
renewable energy. Simulation results revealed that
surplus energy generated during peak RE periods was
effectively stored in the BESS and utilized during
periods of low RE availability. This setup achieved a
90% reduction in grid dependency during optimal
conditions, ensuring uninterrupted EV charging and
reducing peak load stress on the grid. Additionally, the
system improved the load factor and enhanced grid
stability by distributing charging loads more evenly.
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Figure 5 Annualized savings analysis
Figures 5 and 6 illustrate distinct seasonal variations in
EV charging patterns, grid transactions, and photovoltaic
(PV) production under Case-1. In winter, particularly
during a day in Jan., the EV load peaks at 24.16 kW
around 11 a.m., primarily supported by grid purchases
amounting to 21.95 kW. PV production contributes
modestly, peaking at 12.16 kW at 10 a.m., resulting in a
minor grid sale of 0.72 kW. During the evening hours
(7-9 p.m.), the EV load increases again to 17.5%, with
no support from PV generation.
In contrast, summer demonstrates stronger PV
production, significantly influencing grid interactions.
PV output reaches its peak of 69.22 kW at 2 p.m., while
the highest EV load of 22.5% is observed at 4 p.m. and 6
p.m. During the morning hours (6-9 a.m.), substantial
grid sales occur due to high PV output combined with
low EV demand, reaching 24.59 kW at 9 a.m. However,
as PV production declines in the evening (6—7 p.m.), grid
purchases are necessary, with 3.5 kW drawn from the
grid at 6 p.m. to meet the EV load, which remains
significant at 16.67%.

These findings highlight the seasonal variability in
energy dynamics, with PV production playing a pivotal
role in balancing grid interactions and meeting EV
charging demands. The results emphasize the importance
of aligning renewable energy generation with
consumption patterns to optimize energy efficiency
across different seasons.
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Figure 7 Summer dynamics in Case-1.

As shown in Figures 7and 8, the battery's state of charge
(SoC) in Case-2 remains stable at 10.2% during the early
hours, gradually rising to 100% by noon and maintaining
this level until the evening. Peak PV production occurs at
noon, reaching 81.66 kW, during which grid sales are
observed. A grid purchase is noted at 11 p.m., indicating
active energy management.
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Figure 7 Winter in Case-2 with Battery SoC
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Figure 8 Summer Case-2 with Battery SoC.

I\VV. CONCLUSION

Smart energy integration represents a transformative
approach to managing EV charging with renewable
energy (RE) sources, addressing critical challenges of
grid stability, energy efficiency, and environmental
sustainability. By aligning EV charging schedules with
RE generation, leveraging advanced technologies such as
vehicle-to-grid (V2G) systems, and employing intelligent
energy management strategies, this integration creates a
symbiotic relationship between the energy and
transportation sectors.

Through predictive modeling, real-time optimization, and
effective use of energy storage systems, smart energy
integration not only reduces reliance on fossil fuels but
also enhances grid reliability. The deployment of
controlled charging frameworks, supported by robust
communication protocols and data-driven insights,
ensures that energy flows are managed -efficiently,
balancing supply and demand while meeting user
expectations for cost-effective and seamless EV charging
experiences.
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