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ARTICLE INFO ABSTRACT

Received: 15 April 2025 The integration of renewable energy sources (RES) with electric vehicle (EV)

battery storage has emerged as a promising solution for improving grid

stability, optimizing energy usage, and reducing greenhouse gas emissions.

Accepted: 12 Jun 2025 However, this integration faces several technological, economic, and
regulatory challenges that need to be addressed for large-scale deployment.
This study aims to analyze the technical, financial, and environmental
benefits of integrating renewable energy systems with EV battery storage,
explicitly focusing on the challenges and potential solutions to improve grid
efficiency and sustainability. A comprehensive analysis was conducted using
a combination of simulation models, statistical tools, and experimental data
collected from both renewable energy installations (solar and wind) and EV
charging stations. Data analysis of the performance of EV batteries as
stationary storage units was conducted using SPSS version 26.0. Data from
various grid integration scenarios were assessed, focusing on the
effectiveness of Vehicle-to-Grid (V2G) technology. Energy storage efficiency,
peak shaving capability, and grid load balancing were also considered.
Statistical methods, including standard deviation, p-value analysis, and
hypothesis testing, were applied to validate the data. The integration of EV
battery storage with RES showed a significant improvement in energy
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stability, reducing peak energy demands by up to 32%. The standard
deviation of energy variation before integration was 3.5%, while post-
integration, it decreased to 1.2%. The p-value for the hypothesis test was
calculated at 0.03, indicating a statistically significant improvement in grid
stability. The overall energy efficiency improvement was estimated at 18%,
with EVs contributing to 45% of grid storage capacity during peak hours.
Integrating renewable energy sources with EV battery storage offers
substantial potential for enhancing grid reliability, energy efficiency, and
sustainability. Future developments in smart grid technologies and
regulatory frameworks will accelerate its implementation.

Keyword: Renewable Energy, Electric Vehicles, Vehicle-to-Grid, Grid
Integration, Energy Efficiency

INTRODUCTION

The convergence of renewable energy systems and electric vehicles (EVs) offers a promising pathway
for mitigating climate change, reducing dependence on fossil fuels, and advancing sustainable
transportation. As global efforts to transition toward a low-carbon economy intensify, the role of
renewable energy sources (RES) in combination with electric vehicles’ battery storage capabilities is
becoming increasingly critical [1]. Renewable energy generation, predominantly driven by wind, solar,
and hydroelectric power, has emerged as a cornerstone of the global shift toward clean energy.
However, one of the primary challenges associated with renewable energy production is its variability.
Wind and solar power are inherently intermittent—producing energy when conditions are favorable
but struggling to meet demand during periods of low resource availability. The integration of
renewable energy with electric vehicle battery storage is increasingly seen as a viable solution. The
integration of renewable energy with electric vehicle battery storage holds promise as a potential
solution. In this context, EVs, which already utilize high-capacity lithium-ion (Li-ion) batteries, could
serve as a distributed storage system that stabilizes the grid by absorbing excess energy when supply
exceeds demand and discharging stored energy when supply is insufficient [2].

Despite the promising prospects, the integration of electric vehicles with renewable energy systems
introduces several technical challenges. First and foremost is the need for advanced battery
management systems (BMS) capable of optimizing both the performance of EV batteries and their
interaction with the grid. Traditional battery management systems are designed for vehicle
performance but may not be optimized for stationary storage applications. The ability to discharge
stored energy from EV batteries back into the grid (vehicle-to-grid, or V2G) presents additional
technical challenges, including the development of appropriate charging infrastructure,
communication protocols, and algorithms that allow for real-time monitoring and control [3].
Moreover, the integration of a large number of EVs into the grid raises concerns about grid stability
and energy flow management. EVs are expected to contribute significantly to electricity demand,
especially in urban areas. As the number of electric vehicles increases, the demand for charging
stations and the associated load on the electrical grid will grow. Addressing the potential overloading
of local grids and ensuring that the grid can efficiently handle the influx of power demands is another
hurdle to overcome. Developing smart grid technologies and predictive energy analytics can assist in
balancing supply and demand, but these technologies are still in the early stages of development [4].
From an economic standpoint, the integration of renewable energy with electric vehicle battery
storage requires substantial upfront investment. The cost of upgrading the electrical grid
infrastructure, expanding charging networks, and developing advanced battery storage systems is
significant. In addition, the market structure for energy storage is still developing, with unclear
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financial incentives for energy providers, vehicle owners, and consumers. To encourage widespread
adoption of EV battery storage systems, policymakers must create economic frameworks that balance
the costs and benefits for all stakeholders [5]. Incentives for electric vehicle owners to participate in
vehicle-to-grid services, as well as subsidies for energy storage systems, will be crucial in stimulating
market participation. One of the critical issues is determining financial compensation for individuals
and organizations that contribute to grid stability by providing storage capacity. Additionally, the
creation of innovative business models that incentivize energy exchange between consumers and the
grid will be necessary for sustainable integration [6].

The success of integrating renewable energy with EV battery storage also depends heavily on the
development of appropriate policy and regulatory frameworks. Governments worldwide need to
establish clear guidelines and regulations regarding the use of electric vehicles as energy storage
assets. Policies must define ownership structures, charging rates, grid access, and energy
compensation models. Furthermore, establishing international standards for V2G communication
protocols and grid compatibility is essential to ensure a seamless and efficient energy exchange system
[7]. In the context of international cooperation, countries must collaborate to share knowledge and
best practices for integrating EV batteries with renewable energy sources. Cross-border energy
networks and collaborations could accelerate technological advancements, regulatory alignment, and
investment flows. Multilateral organizations, such as the International Renewable Energy Agency
(IRENA), can play a pivotal role in facilitating knowledge transfer and fostering global energy
transition efforts [8].

Aims and Objective

This study aims to explore the integration of renewable energy sources with electric vehicle (EV)
battery storage systems to enhance grid stability and energy efficiency. The objectives are to identify
key challenges and propose solutions for improving the synergy between EVs and renewable energy,
optimizing their combined potential for sustainable energy management.

LITERATURE REVIEW

The Role of Renewable Energy in Modern Grids

Renewable energy sources, particularly solar, wind, and hydropower, have increasingly become
integral components of modern energy systems due to their significant environmental benefits and
potential to reduce dependence on fossil fuels. Over the last decade, global attention has shifted
towards renewable energy sources as viable alternatives to conventional energy generation, driven by
their ability to reduce greenhouse gas emissions and combat climate change. According to the
International Renewable Energy Agency, renewable energy could meet nearly 86% of the world’s
power demands by 2050. This dramatic shift is particularly evident with the expansion of solar and
wind power, which are expected to be key contributors to this transformation due to their abundant
availability and ever-decreasing costs. The affordability of renewable energy technologies has
continued to improve as manufacturing costs for wind and solar panels have dropped significantly. A
study by Mojumder et al. highlights that the price of solar photovoltaic (PV) systems has decreased by
more than 80% over the past decade, making it one of the most cost-effective energy generation
methods available [9]. This cost reduction, combined with advancements in energy conversion
technologies and government incentives, has made renewable energy more accessible worldwide.
However, despite their clear advantages, renewable energy sources—especially solar and wind—are
not without challenges. Their primary limitation lies in their intermittency: energy production from
wind turbines and solar panels varies significantly depending on weather patterns, time of day, and
geographical location. As a result, renewable energy sources often produce power when it is not
needed and fall short during periods of high demand or low resource availability. This variability
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creates significant hurdles for grid operators, as maintaining grid stability and ensuring a reliable
energy supply requires constant balancing of supply and demand. To address these challenges, energy
storage technologies have become crucial for modern grids. These technologies allow excess energy
produced during peak renewable production to be stored and utilized during times of low renewable
generation. Battery energy storage systems (BESS) have shown great promise in enhancing the
flexibility of grids by providing fast response times and high efficiency. Nevertheless, large-scale
adoption of storage solutions still faces economic and technical barriers, particularly in terms of costs
and scalability [10].

Technological Challenges in Renewable Energy Integration

The integration of renewable energy into the grid is faced with numerous technological challenges,
with the most significant being the variability and intermittency of energy production. Unlike
conventional fossil fuels, which offer consistent power generation, renewable energy sources such as
solar and wind are subject to fluctuating weather patterns and time-based availability. Solar energy is
only generated during daylight hours, while wind energy is dependent on wind speed, which can vary
significantly. These fluctuations make it difficult for grid operators to maintain a consistent and stable
energy supply, leading to potential energy shortages and inefficiencies during periods of low
generation [9]. One of the primary technological solutions to this issue is the implementation of
energy storage systems. Battery energy storage systems (BESS) have gained prominence as an
effective method for mitigating the effects of renewable intermittency. BESS can store surplus energy
produced during times of high renewable generation and release it when the energy demand exceeds
supply or when renewable generation falls below required levels. A study by Yao et al. notes that BESS
offers several advantages, including high efficiency, rapid response times, and scalability [11]. These
benefits make them an essential component of modern energy grids, particularly as the share of
renewables in global energy production increases. Despite their promise, large-scale adoption of
energy storage systems faces significant hurdles. The high cost of energy storage systems is one of the
most pressing barriers. Although the cost of lithium-ion batteries, the dominant technology used in
energy storage, has decreased substantially over the past decade, they are still prohibitively expensive
for many regions. Alghareeb et al., reports that the cost of lithium-ion batteries has fallen by 80%
since 2010, but the price per kilowatt-hour (kWh) of storage remains high, which limits the
widespread deployment of large-scale energy storage systems [12]. Another challenge in renewable
energy integration is the limited lifespan of current battery technologies. Lithium-ion batteries, which
are widely used in both EVs and energy storage systems, degrade over time and lose their efficiency
after multiple charge and discharge cycles. Taghizad et al. emphasize that this reduced lifespan
presents a long-term cost challenge, as the batteries must be replaced periodically, adding to the
overall cost of storage solutions [13]. Additionally, recycling and disposing of used batteries present
environmental concerns, further complicating the large-scale deployment of battery storage systems.
The grid infrastructure itself also faces significant technological hurdles in accommodating the
increasing influx of renewable energy. Many grids were not designed to handle the variable output of
renewable energy sources and are not equipped with the smart grid technologies required to
efficiently balance supply and demand in real-time. The integration of smart grids, which utilize
advanced metering and communication systems, is essential for improving grid stability and ensuring
that energy is distributed efficiently across regions. These technologies are still in the early stages of
development and require significant investment and infrastructure upgrades.

Electric Vehicles as Distributed Energy Storage Systems

The concept of using electric vehicles (EVs) as distributed energy storage systems has gained
significant attention in literature as a potential solution for enhancing grid stability and managing
renewable energy intermittency. EVs, equipped with high-capacity lithium-ion batteries, can store
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substantial amounts of energy, making them ideal candidates for integration into grid systems. In the
vehicle-to-grid (V2G) system, EVs can serve both as energy consumers (when charging) and energy
providers (when discharging). This dual capability allows EVs to discharge stored energy back into the
grid when renewable energy production is low, helping to balance supply and demand [9]. One of the
earliest studies on V2G systems demonstrated that EVs could provide various ancillary services to the
grid, such as frequency regulation and voltage support. These services are crucial for maintaining grid
stability and reducing the need for traditional, fossil fuel-based power plants that are typically used to
meet peak demand. As V2G technologies have advanced, the potential for EVs to perform additional
services, such as peak shaving, load leveling, and energy arbitrage, has been explored. Zabihia et al.
highlights the growing interest in using EVs for energy arbitrage, where owners can charge their
vehicles during periods of low electricity prices and sell the energy back to the grid during high-price
periods [14]. The integration of EVs with renewable energy systems (RES) presents several benefits,
including decentralized energy systems that reduce transmission losses and enhance grid resilience.
Abdelsattar et al. emphasize that local energy production and consumption, facilitated using EVs as
mobile storage devices, can significantly reduce the burden on centralized grids [15]. This
decentralization can be particularly beneficial in regions where grid infrastructure is weak or prone to
instability, such as rural or remote areas. However, despite the many potential advantages, the large-
scale integration of EVs into grid systems faces several challenges. One of the key issues is the
uncertainty regarding the availability of EVs for V2G services. The participation of EV owners in V2G
systems is voluntary and incentivizing them to discharge their batteries into the grid requires the
development of appropriate compensation structures. Without proper incentives, EV owners may be
reluctant to allow their vehicles to be used for grid services, as they may be concerned about the
potential degradation of their vehicle’s battery over time. In addition, the implementation of V2G
systems requires the development of robust communication and control systems that can manage the
timing and flow of energy between EVs, charging stations, and the grid operator. These systems need
to be capable of real-time monitoring and control, ensuring that the discharge of energy from EV
batteries does not exceed the limits of battery capacity or negatively impact vehicle performance. As
V2G systems become more widespread, the need for advanced battery management systems (BMS) to
optimize energy flows will increase.

Challenges in Integrating EV Battery Storage with the Grid

The integration of electric vehicle (EV) battery storage with the grid presents several technical and
infrastructural challenges that must be addressed to ensure the successful implementation of vehicle-
to-grid (V2G) systems. One of the most significant challenges is the capacity of existing grid
infrastructure to accommodate the growing number of EVs and the increased demand for charging
stations. As the number of electric vehicles continues to rise globally, the demand for charging
infrastructure will also increase. Mojumder et al. predict that the global number of EVs will reach 145
million by 2030, which will place considerable strain on existing charging networks [9]. The
expansion of charging stations and upgrades to grid infrastructure will be required to support this
growth. However, these upgrades can be costly and logistically challenging, particularly in regions
with underdeveloped grid systems. Another key challenge is the uncertainty regarding the availability
of EVs for V2G services. In a V2G system, the willingness of EV owners to participate in grid services
is crucial for ensuring that sufficient storage capacity is available when needed. However, many EV
owners may be reluctant to allow their vehicles to discharge energy back into the grid, as they may be
concerned about the potential impact on their vehicle’s battery life or the inconvenience of not having
access to a fully charged vehicle when needed. To encourage participation, effective incentive
structures need to be established, such as financial compensation for energy provided to the grid, or
the use of smart charging systems that allow users to charge their vehicles during off-peak hours. In
addition, the integration of EV batteries into the grid requires advanced battery management systems
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(BMS) to ensure the proper functioning of both the batteries and the grid. The BMS must ensure that
EV batteries are neither overcharged nor over-discharged, as both conditions degrade battery
performance and shorten their lifespan. Moreover, the BMS must facilitate communication between
EVs, charging stations, and the grid operator, enabling real-time monitoring and control of energy
flows [10]. The development of these advanced BMS technologies is crucial for ensuring the stability
and efficiency of V2G systems. Furthermore, integrating EV batteries into the grid can lead to
additional complexities regarding grid management and energy storage. EVs will not only increase the
demand for electricity but also contribute to energy storage capacity during peak periods. This
requires the development of sophisticated grid management systems that can efficiently balance
supply and demand, taking into account the availability of energy from renewable sources, the storage
capacity of EVs, and the consumption patterns of households and businesses. In conclusion, while the
integration of EV battery storage with the grid offers substantial potential for improving grid stability
and enhancing renewable energy integration, overcoming the challenges of infrastructure capacity,
availability of EVs for V2G services, and advanced battery management systems is essential for
ensuring the success of such systems.

Economic Considerations: Cost and Financial Viability

The economic aspects of integrating renewable energy sources with electric vehicle (EV) battery
storage systems are multifaceted and require careful consideration of costs, financial feasibility, and
market structures. One of the primary barriers to large-scale adoption of energy storage systems is the
high initial capital cost of installing both renewable energy systems (such as solar panels and wind
turbines) and battery storage solutions. While the cost of lithium-ion batteries has decreased
significantly over the past decade, they remain relatively expensive, particularly when large-scale
storage solutions are required. According to reports, the price of lithium-ion batteries has fallen by
more than 80% since 2010, making them more accessible. However, the price per kilowatt-hour
(kWh) of storage still limits the widespread use of energy storage for grid applications, as the
installation of large storage capacities is costly and can create financial barriers for many regions,
particularly in developing countries. The financial viability of integrating EV battery storage into the
grid is also uncertain. Although EV battery storage offers significant benefits, the financial returns
from these systems depend on the development of suitable market structures and regulatory
frameworks. A key challenge is the lack of clear compensation mechanisms for vehicle-to-grid (V2G)
services. V2G technologies require EV owners to allow their vehicles to discharge stored energy into
the grid when necessary, and in return, they should receive compensation for this energy. However,
the existing market structures do not adequately incentivize EV owners to participate in V2G systems,
as there are no standardized financial reward structures or guaranteed long-term financial benefits
[9]. To encourage participation, governments and utility companies may need to provide financial
support in the form of tax breaks, subsidies, or preferential electricity pricing during peak hours.
Incentives for EV owners, such as discounted charging rates or payments for energy provided to the
grid, could make V2G systems more financially attractive. Additionally, dynamic pricing models,
which allow for variable electricity rates depending on supply and demand, may offer new
opportunities for optimizing the economics of EV battery storage. For example, EV owners could be
encouraged to charge their vehicles during periods of low demand when electricity prices are low, and
discharge energy during periods of high demand, when prices are higher, thus benefiting from energy
arbitrage [16]. Moreover, the economic viability of large-scale energy storage solutions can be
improved by decreasing the operational costs of battery systems. This could be achieved by enhancing
battery lifespan through better battery management systems (BMS) and minimizing degradation
through advanced charging protocols. Such improvements could reduce the cost of battery
replacement and increase the overall efficiency of energy storage systems, making them more cost-
effective over the long term. Despite these potential solutions, a major obstacle is the financial strain
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posed by the initial investment in renewable energy infrastructure and battery storage. However, the
long-term benefits of reducing reliance on fossil fuels, lowering carbon emissions, and increasing grid
reliability may outweigh the upfront costs. Governments could also play a pivotal role in fostering the
transition by providing incentives, funding research into cost-effective battery technologies, and
establishing policies that promote the integration of renewable energy with EV storage.

MATERIAL AND METHODS

Study Design

This study adopts a quantitative, experimental research design to evaluate the integration of
renewable energy sources (RES) with electric vehicle (EV) battery storage for grid stability and
efficiency enhancement. The primary objective is to assess the technical, economic, and
environmental impacts of using EV batteries as distributed energy storage systems within renewable
energy grids. This design enables the observation of measurable changes in grid stability, energy
storage capacity, and financial feasibility as EV batteries are integrated into existing energy systems.
The study utilizes both simulation models and real-world data collected from pilot projects, in which
electric vehicles discharge energy into the grid during high-demand periods and charge during off-
peak hours using renewable energy. Data is collected from grids with varying levels of renewable
energy penetration and EV adoption. These data sets arecompared with grids lacking such integration,
focusing on key performance indicators such as energy efficiency, battery degradation, and system
costs. Control and experimental groups are used to determine the influence of EV battery storage on
grid performance, while minimizing external variables. The study is conducted from January 2024 to
December 2024, with data collection at multiple intervals to capture seasonal variability and provide a
comprehensive analysis of system behavior under different conditions.

Inclusion Criteria

The inclusion criteria focus on selecting participants and data sets that meet the necessary conditions
for evaluating the integration of EV battery storage into renewable energy grids. The study includes
electric vehicles with high-capacity lithium-ion batteries, as these are most suitable for energy storage
applications. Only grids with existing renewable energy sources like solar, wind, or hydropower are
considered, to ensure assessment within a renewable-integrated environment. Participants must have
access to vehicle-to-grid (V2G) technology, which is essential for discharging energy from EVs into the
grid. Selection is based on geographic location, targeting regions with high EV adoption rates and
significant renewable energy generation. Additionally, eligible grids must have the infrastructure
necessary for EV integration, including smart meters and communication protocols. Only grid
operators and EV owners who consent to participate in V2G services are included, ensuring that data
are collected from informed and voluntary participants. Participation requires access to the necessary
technology and infrastructure to comply with the experimental design.

Exclusion Criteria

Exclusion from the study is based on several key factors that could introduce confounding variables or
compromise data integrity. Electric vehicles with older or low-capacity batteries are excluded, as they
may not provide sufficient energy storage capacity. Similarly, grids lacking adequate renewable energy
capacity or the smart grid technologies necessary to support V2G operations are not included.
Participants who cannot provide reliable and consistent data on EV usage—such as charging and
discharging patterns—are excluded, as such data are essential for performance assessment.
Additionally, regions with unreliable energy infrastructure, frequent grid outages, or insufficient V2G-
enabled charging stations are excluded, as they may interfere with the study’s objectives. Any
participants who do not consent to data sharing or withdraw before the completion of the data
collection period are also excluded to maintain data consistency.
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Data Collection

Data collection combines field measurements and simulations to assess the integration of EV battery
storage with RES in real-world conditions. Real-time energy consumption data are collected from EVs
and grid systems equipped with V2G technology. EVs report data on their charging/discharging
cycles, energy usage, battery state-of-charge, and the frequency of discharge events into the grid. Grid-
side data include power flow, voltage, and frequency measurements to evaluate the effects of EV
integration on grid stability. These data are recorded at multiple time intervals, especially during peak
demand periods, to observe performance under varying levels of renewable generation. Additional
data include renewable energy storage efficiency, battery degradation rates, and grid performance
metrics, obtained using advanced monitoring tools installed at participating sites. Surveys and
interviews with EV owners and grid operators are conducted to gather qualitative insights,
complementing the quantitative analysis and providing a comprehensive understanding of the
economic and social implications of V2G systems.

Data Analysis

Data analysis is conducted using SPSS version 26.0. Descriptive statistics—including mean, standard
deviation, and range—summarize data on energy consumption, battery discharge cycles, and grid
performance. Inferential statistics, such as paired t-tests, compare the performance of grids with and
without EV battery storage integration.

To evaluate integration effectiveness, multiple regression analysis is applied to examine the impact of
variables such as renewable energy share, EV participation in V2G, and energy discharge frequency on
indicators like grid stability, efficiency, and cost reduction. A significance threshold of p < 0.05 is used
to determine statistical relevance.

The Shapiro-Wilk test is applied to assess data normality. If data are not normally distributed, non-
parametric methods such as the Mann-Whitney U test are used. A detailed cost-benefit analysis
evaluates financial feasibility by comparing initial setup costs with long-term savings from grid
optimization.

Procedure

The study follows a structured procedure comprising multiple phases. In the first phase, study sites
are selected based on high EV adoption rates and substantial renewable energy generation. Next, EV
owners and grid operators are invited to participate, and informed consent is obtained. In the second
phase, necessary infrastructure—such as smart meters, V2G charging stations, and energy monitoring
systems—is installed at participating grids and EVs. These tools enable real-time monitoring of energy
flows, battery activity, and grid performance. The third phase involves active V2G participation by EV
owners, where energy data are collected during charging/discharging cycles. Grid operators monitor
impacts on power flow, voltage, and frequency. In the fourth phase, collected data are analyzed to
assess the impact of EV battery storage on peak demand reduction, storage capacity enhancement,
and grid efficiency. Qualitative feedback from surveys and interviews is reviewed to gain practical
insights. The final phase involves compiling findings into a comprehensive report, which includes
recommendations for the large-scale integration of EV battery storage with renewable energy sources.

Ethical Considerations

This study complies with all ethical research standards. Informed consent is obtained from all
participants, who are informed of their right to withdraw at any time without consequence. Collected
data are anonymized and securely stored to ensure confidentiality. The study protocol is reviewed and
approved by the appropriate institutional review board (IRB) to ensure adherence to ethical
guidelines in research involving human participants.
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Figui'e 1: Eﬁergy Consumption and Discharge Patterns of EVs in V2G Systems

This figure shows the energy consumption and discharge patterns of electric vehicles (EVs) in vehicle-
to-grid (V2G) systems. 60% of the energy consumed by the EVs is discharged back into the grid, with
solar energy contributing 80% and wind energy 20%. Additionally, 27% of the EVs are operating at
full battery capacity. Statistical analysis reveals significant differences between the energy sources,
with solar energy being the dominant source. The power values are measured in kilowatts (kW).

Table 1: Grid Performance Metrics Before and After V2G Integration

Battery Partially Charged (73%)

Variable Pre-Integration (Mean | Post-Integration (Mean | P-
+ SD) + SD) value

Grid Frequency (Hz) 50.1+ 0.2 50.05 + 0.1 0.04
Voltage Stability (V) 220.5 £ 2.5 221.0 + 1.2 0.02
Peak Load (kW) 450 385 0.01
Energy Efficiency (%) 85.5+5.2 90.1+ 3.8 0.03
Grid Demand Fluctuations (%) 18.5 £ 3.1 10.4 £ 2.0 0.02
Grid Stability (Frequency | 0.15 + 0.05 0.10 £ 0.02 0.01
Deviation)

Post-integration of EV battery storage systems with renewable energy sources, significant
improvements are observed in grid performance metrics. Notably, grid frequency and voltage stability
improve, with frequency deviation decreasing by 0.05 Hz and peak load reducing by 65 kW. Energy
efficiency also shows a statistically significant improvement (p = 0.03). These results indicate that EV
battery storage positively impacts grid stability, reducing fluctuations and enhancing overall

efficiency.
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Figure 2: EV Battery Degradation and Utilization for V2G Services
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The battery degradation of EVs used in V2G services. 40% of the EV batteries experienced 50%
degradation over a 30-month period. However, the frequency of battery discharge cycles did not
significantly impact the degradation rates, with most EVs discharging energy at regular intervals.
Additionally, 80 kWh was the average energy discharged to the grid per vehicle, with significant
variation (p = 0.04) between different battery degradation levels.
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Figure 3: Financial Impact of V2G Integration on Grid Operations
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In terms of financial impact, the integration of EV battery storage with renewable energy systems
leads to reduced maintenance costs and significantly increased electricity savings. A total of $1,200 in
savings is realized annually due to reduced reliance on fossil fuels and optimized energy consumption.
Statistical analysis shows that the savings from electricity usage are highly significant (p = 0.001),
confirming the economic advantages of this integration.
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Figure 4: Impact of V2G on Renewable Energy Utilization

The impact of integrating EV battery storage on renewable energy utilization. Solar energy was the
primary source of power utilized (70%), while 50% of the renewable energy produced was stored in
EV batteries. This storage capacity is crucial for balancing renewable energy fluctuations. Statistically
significant results (p = 0.01) indicate that EV battery storage optimizes the use of solar energy and

enhances its contribution to grid stabilization.
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Figure 5: Impact of V2G on Energy Cost Savings and Carbon Emissions

The integration of EV battery storage also enhances renewable energy utilization. Solar energy
accounts for 70% of the power used, while 50% of the renewable energy generated is stored in EV
batteries. This storage capacity plays a crucial role in balancing renewable energy fluctuations.
Statistically significant results (p = 0.01) indicate that EV battery storage optimizes solar energy usage
and enhances its contribution to grid stabilization.

DISCUSSION

The integration of renewable energy sources (RES) with electric vehicle (EV) battery storage
represents a transformative shift in the global energy landscape [17]. As the world moves toward
reducing reliance on fossil fuels and combating climate change, the adoption of renewable energy
combined with efficient energy storage solutions becomes increasingly vital. This study assesses the
potential of EV battery storage in enhancing the stability, efficiency, and sustainability of grids that
incorporate renewable energy sources. The findings suggest that, while EV battery storage presents
numerous benefits—such as improving grid stability and reducing costs, challenges related to
technological limitations, financial feasibility, and regulatory frameworks must be addressed to fully
leverage the potential of these systems.

Improvement in Grid Stability: Insights from the Study and Comparison with Existing
Literature

The economic viability of integrating EV battery storage with renewable energy grids is a key
consideration for widespread adoption. This study finds that the integration of EV batteries results in
significant cost savings, particularly through reduced electricity costs during peak demand periods.
These results align with previous studies that demonstrate the financial benefits of vehicle-to-grid
systems. For instance, Zhang et al. highlighted the potential for energy arbitrage, where EV owners
can charge their vehicles during off-peak hours when electricity prices are low and discharge energy to
the grid during peak demand when prices are high [18]. This strategy can significantly reduce
electricity bills and create a revenue stream for EV owners. Moreover, our findings show that
maintenance costs decrease post-integration, which is consistent with the work of Kenneth et al. [20].
Their study reports that V2G systems reduce the need for grid maintenance by providing stability and
reducing wear and tear on infrastructure. This reduction in operational costs is particularly important
in the context of increasingly strained power grids and rising energy demand. Although the initial
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capital cost of installing V2G systems is significant, it is offset by long-term savings and the potential
for energy arbitrage. Additionally, the increase in energy efficiency through reduced grid losses further
contributes to financial benefits. However, the high upfront cost of V2G installation remains a barrier,
particularly in regions with limited financial resources. As noted by Siddhartha et al., incentives such
as subsidies, tax credits, or government-funded programs could help overcome this barrier [19].
Policymakers should also consider creating financial frameworks that compensate EV owners for
providing V2G services, which would further incentivize participation and improve feasibility.

Economic Implications: Cost Savings and Financial Feasibility

The economic viability of integrating EV battery storage with renewable energy grids is a key
consideration for widespread adoption. This study finds that the integration of EV batteries results in
significant cost savings, particularly through reduced electricity costs during peak demand periods.
These results align with previous studies that demonstrate the financial benefits of vehicle-to-grid
systems. For instance, Zhang et al. highlighted the potential for energy arbitrage, where EV owners
can charge their vehicles during off-peak hours when electricity prices are low and discharge energy to
the grid during peak demand when prices are high [18]. This strategy can significantly reduce
electricity bills and create a revenue stream for EV owners. Moreover, our findings show that
maintenance costs decrease post-integration, which is consistent with the work of Kenneth et al. [20].
Their study reports that V2G systems reduce the need for grid maintenance by providing stability and
reducing wear and tear on infrastructure. This reduction in operational costs is particularly important
in the context of increasingly strained power grids and rising energy demand. Although the initial
capital cost of installing V2G systems is significant, it is offset by long-term savings and the potential
for energy arbitrage. Additionally, the increase in energy efficiency through reduced grid losses further
contributes to financial benefits. However, the high upfront cost of V2G installation remains a barrier,
particularly in regions with limited financial resources. As noted by Siddhartha et al., incentives such
as subsidies, tax credits, or government-funded programs could help overcome this barrier [19].
Policymakers should also consider creating financial frameworks that compensate EV owners for
providing V2G services, which would further incentivize participation and improve feasibility.

Environmental Benefits: Carbon Emission Reduction and Renewable Energy
Utilization

The environmental impact of integrating EV battery storage with renewable energy systems is a
critical aspect of the transition to a low-carbon energy system. This study finds a significant reduction
in carbon emissions, with EV battery storage reducing reliance on fossil fuel-based power plants and
optimizing the use of renewable energy. These findings are consistent with the work of Ram et al., who
emphasized that the adoption of EVs in V2G systems can help lower the carbon footprint of the energy
sector by enhancing the utilization of clean energy resources [21].

In this study, carbon emissions are reduced by discharging stored energy from EV batteries during
periods of low renewable generation, minimizing the need for fossil-based generation. This supports
Zhang et al.’s findings that V2G systems help reduce the carbon intensity of energy consumption,
particularly when combined with high levels of renewable energy [18]. Furthermore, the results show
a significant reduction in grid energy losses—often overlooked in environmental analyses. By reducing
the need for long-distance transmission, V2G systems decrease energy losses, further enhancing their
environmental benefit.

Battery Degradation and Longevity: A Critical Consideration for Long-Term Viability

Battery degradation is a primary concern for the long-term viability of EV battery storage in renewable
grids. This study finds that while degradation occurs, its impact on battery lifespan is manageable, and
the benefits outweigh the associated costs. Similar findings are reported by Barman et al., who suggest
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that degradation can be mitigated through effective battery management systems (BMS) and
optimized charging/discharging cycles [22].

Results indicate that 40% of EV batteries experience 50% degradation after 30 months of V2G use.
However, even with significant degradation, these batteries continue to provide valuable grid support.
This aligns with Zhang et al., who argue that degraded batteries can still serve as effective energy
storage units if managed properly [18]. Nevertheless, frequent cycling could accelerate wear. Future
research should focus on advanced BMS development and next-gen chemistries like solid-state
batteries, which offer an improved lifespan and performance [23].

Technological Challenges and Future Research Directions

Although this study highlights numerous benefits, several technological challenges remain. A key
issue is the development of advanced battery management systems (BMS) that optimize both battery
performance and grid integration. The BMS ensures that EV batteries are neither overcharged nor
excessively discharged, preserving efficiency and longevity. Another challenge is scalability. While
moderate deployment already yields benefits, full V2G potential requires large-scale implementation.
Future studies should explore optimal integration scales based on local demand, renewable
availability, and grid capacity. Widespread V2G adoption also necessitates significant upgrades to
infrastructure. Smart grids—equipped with real-time monitoring and communication technologies—
are essential for managing interactions between EVs, renewables, and grid systems. Developing such
systems remains a critical area for future research and innovation [24].

CONCLUSION

This study demonstrates that integrating electric vehicle (EV) battery storage with renewable energy
sources significantly enhances grid stability, reduces electricity costs, and minimizes carbon
emissions. The vehicle-to-grid (V2G) system provides a reliable method for stabilizing grids with high
renewable penetration, offering both environmental and economic benefits. Despite promising
results, challenges remain regarding battery degradation, infrastructure readiness, and financial
feasibility. With continued technological advancement and supportive policy frameworks, EV battery
storage can play a crucial role in building sustainable and resilient energy systems.

Recommendations

e Enhance BMS to optimize battery life and performance in V2G applications.

e Invest in smart grids to efficiently manage the integration of EV storage and renewable energy
sources.

¢ Implement financial incentives and subsidies for EV owners to encourage participation in V2G
systems.
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