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Abstract: - The integration of Electrical Vehicles (EVSs) into the transportation sector has prompted
significant advancements in power distribution networks, particularly in the installation of fast charging
stations (FCS). The rapid adoption of EVs presents challenges and opportunities for the existing power
infrastructure. This paper explores the optimal planning of EV fast charging stations (FCS) in electrical
distribution systems and assesses the potential impacts on power quality, reliability, and the overall grid. A
combination of mathematical models, simulation tools, and case studies are employed to evaluate the effects
of different planning strategies. The findings highlight the importance of strategic planning to minimize grid
congestion, optimize voltage profiles, and ensure cost-effective operation.
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1. INTRODUCTION

The growing adoption of Electric Vehicles (EVs) is transforming the global transportation sector as part of the
larger shift toward sustainable mobility. This transition is essential to reduce greenhouse gas emissions, improve
air quality, and mitigate the adverse effects of fossil fuel consumption. According to the International Energy
Agency (IEA), the global stock of electric cars reached over 10 million in 2020 and is expected to grow
exponentially in the coming decades [1]. As the number of EVs increases, the demand for efficient, accessible,
and rapid charging infrastructure has become a critical concern. This is especially true for fast charging stations
(FCS), which offer much-needed convenience for EV users by reducing charging time from several hours to less
than 30 minutes for certain models [2].

1.1. Need for Fast Charging Stations

While Level 1 (slow) and Level 2 (medium) charging stations can accommodate daily charging needs for
residential and workplace locations, they are not sufficient for long-distance travel or for urban areas with high
vehicular density. Fast charging stations (FCS) are capable of charging EV batteries in much shorter times, often
between 20 to 60 minutes, depending on the battery capacity and charging station specifications. These stations
typically operate at DC fast charging (DCFC) and can deliver charging power between 50 kW and 350 kW.
Their strategic deployment is critical to addressing the range anxiety concerns of EV owners and promoting the
adoption of electric vehicles on a large scale [3], [4].

As EV penetration increases, demand-side management and careful planning of FCS locations are required to
prevent grid instability, congestion, and other potential issues. However, the widespread deployment of FCS in
distribution networks—the final stage of electrical power delivery to consumers—can place significant strain on
existing grid infrastructure, leading to issues such as voltage instability, power losses, and capacity overloads [5],
[6].

1.2. Challenges of FCS Integration in Distribution Networks

The integration of FCS into existing distribution systems (the lower-voltage parts of the grid) poses a series of
challenges that must be addressed for the transition to an electrified transportation system to be successful. One
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of the primary concerns is the high-power demand associated with fast charging, which can cause a significant
increase in peak load on the distribution network. For instance, a single FCS can draw 50-150 kW of power, and
under certain operational conditions, multiple charging stations in close proximity could cause voltage
fluctuations, overloads, and harmonic distortions in the system [7], [8].

The location and sizing of FCS become crucial in mitigating these effects. Poorly planned installations may
exacerbate issues such as voltage drops, particularly in areas with limited grid capacity or older infrastructure.
Additionally, load profiles at FCS vary depending on factors such as time of day, charging preferences, and
vehicle type, adding a level of complexity to optimal grid integration. Therefore, the optimal planning of FCS
within distribution networks is essential to minimize disruptions and ensure efficient and reliable grid operation
[91, [10].

1.3. Optimal Planning of FCS

Optimal planning for FCS involves determining the best locations for deployment, sizing the stations
appropriately, and ensuring that the distribution network can handle the increased load without compromising
system performance. Planning strategies need to incorporate both technical constraints (voltage limits, power
losses, etc.) and economic objectives (minimizing installation costs, reducing energy losses, etc.). Given the
growing demand for EVs and the complexity of integrating FCS, there is a clear need for advanced optimization
models and decision-making tools that can evaluate different planning scenarios and provide insights into cost-
effective and grid-friendly solutions.

Several optimization techniques, such as Genetic Algorithms (GA), Particle Swarm Optimization (PSO), and
Mixed-Integer Linear Programming (MILP), have been used in the literature to address these challenges. These
methods aim to identify the optimal location, capacity, and number of FCS needed to balance the load in the
distribution network while ensuring that voltage profiles remain within acceptable limits. Furthermore, these
models often incorporate renewable energy integration (such as solar or wind) and energy storage systems (like
batteries), which can help smooth out the demand fluctuations and reduce the strain on the grid [11], [12].

1.4. Impact on Grid Stability and Reliability

As the penetration of EVs continues to rise, their impact on the stability of the distribution grid becomes
increasingly significant. The integration of fast charging infrastructure introduces several risks to the grid,
including voltage instability, overloading of transformers, and capacity constraints [13], [14]. In addition, FCS
can lead to harmonic distortion due to the conversion process from AC to DC, which can adversely affect the
quality of power supplied to consumers [15].

Power quality issues, such as voltage sags, flicker, and harmonics, are particularly concerning because they can
lead to equipment damage, reduced system reliability, and higher maintenance costs. Thus, addressing power
quality problems associated with fast charging is paramount for both FCS operators and grid managers.
Advanced grid monitoring and control techniques, along with reactive power compensation or on-site energy
storage systems, can help mitigate these impacts [16], [17].

1.5. Objective of This Study

This paper aims to explore the optimal planning and impact assessment of fast charging stations in electrical
distribution systems. Specifically, it seeks to address the following research questions:

) How can the optimal locations and sizes of FCS be determined to minimize adverse impacts on grid
stability, such as voltage drops and congestion?

) What are the key operational and economic considerations for FCS integration, and how do they affect
grid performance?

. How do renewable energy sources (RES) and energy storage systems impact the integration of fast
charging infrastructure in distribution systems?

. What strategies can be employed to minimize the cost of FCS deployment while ensuring reliable
service for EV owners?
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The paper employs a combination of mathematical models, optimization techniques, and case studies based on
real-world distribution network data to provide insights into these issues. Simulation results for the IEEE 33-bus
system and other case studies are presented to demonstrate the effectiveness of different planning strategies and
their impact on grid performance. The findings from this study will contribute to the development of efficient
planning frameworks for FCS that can be adopted by utilities, policymakers, and grid operators.

1.6. Significance of the Study

The optimal planning of FCS is a critical area of research, as it directly impacts the performance of the grid and
the efficiency of EV charging networks. With the growing adoption of electric vehicles, understanding how to
balance the increased demand for power with grid reliability and economic feasibility is essential for future
energy systems. By focusing on both the technical and economic aspects of FCS planning, this research
provides valuable insights that will aid in the design of robust, flexible, and cost-effective solutions for the
integration of electric vehicles into modern power distribution systems [18], [19].

2. LITERATURE REVIEW

The integration of Electric Vehicle (EV) fast charging stations (FCS) into existing distribution networks has
been a major focus of recent research due to the growing need for sustainable transportation infrastructure. A
wide variety of studies have explored the technical, economic, and operational challenges posed by FCS and
offered solutions through optimization models, grid modeling, and system impact analysis.

2.1. Impact of EV Charging on Distribution Networks

As EV adoption increases, the demand for charging infrastructure also grows, particularly for fast charging
stations. While Level 1 and Level 2 charging systems are adequate for everyday use, DC fast chargers (DCFC)
are necessary for long-distance travel and urban areas with high EV densities. However, the high power demand
from FCS can lead to grid congestion, voltage instability, and increased peak load on distribution networks [20],
[21]. Research has shown that a typical DC fast charger can draw between 50 kW to 350 kW of power,
depending on the charger type and vehicle being charged, which significantly affects the local grid infrastructure
[22], [23].

Zhou et al. (2020) highlight that the high instantaneous load from multiple fast charging stations located within
a small geographical area can cause voltage drops, especially in areas with outdated or overburdened
infrastructure [24]. The work by Li et al. (2021) emphasizes the risk of overloading transformers and
distribution lines, leading to equipment failure or excessive wear. These issues may be exacerbated in urban
environments where charging demand peaks during specific hours, typically corresponding with peak electricity
demand periods [25].

2.2. Optimal Planning and Location of FCS

Optimal planning of FCS involves determining the best locations, sizes, and numbers of charging stations to
integrate into the existing power network while minimizing their negative impact on the system. Early studies
employed heuristic optimization techniques, such as Genetic Algorithms (GA) and Simulated Annealing (SA),
to find the best locations for FCS installation [26], [27]. These approaches consider factors such as local traffic
patterns, EV density, and electricity consumption profiles.

Liu and Wang (2020) explored the multi-objective optimization problem for FCS siting, which aims to balance
cost minimization, grid stability, and user accessibility. Their work uses Particle Swarm Optimization (PSO) to
place FCS in a way that minimizes grid losses and voltage violations while ensuring the convenience of EV
users [28]. Similarly, Zhou et al. (2021) used Mixed-Integer Linear Programming (MILP) to optimize the
location and capacity of fast charging stations in a power distribution network, demonstrating that such methods
can significantly improve grid reliability and reduce operational costs [29].

A more recent approach by Yang et al. (2022) incorporated stochastic modeling to account for uncertainties in
charging demand and grid capacity. Their research used Monte Carlo simulations to evaluate the potential
variability in demand patterns and the effects of this variability on grid performance [30]. The dynamic nature of
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FCS demand, as influenced by user behavior and time-of-day charging patterns, necessitates these advanced
modeling techniques to develop more robust, adaptable solutions for FCS placement.

2.3. Impact of FCS on Grid Stability and Power Quality

Integrating high-power charging stations into distribution networks not only affects grid stability but can also
impact power quality. As highlighted by Soliman et al. (2020), the harmonic distortion caused by the conversion
of AC to DC in fast chargers can lead to voltage flicker, harmonics, and other power quality issues that affect
sensitive equipment and reduce overall system reliability [31]. High penetration of fast chargers can thus lead to
unbalanced loads and power quality degradation that must be addressed through grid management techniques
and reactive power compensation [32].

In this context, the deployment of reactive power support devices, such as Synchronous Condensers (SC) or
Static VAR Compensators (SVC), has been suggested to mitigate these issues. Chen et al. (2020) investigated
the effectiveness of integrating reactive power control into FCS to maintain voltage profiles and improve system
performance during high charging periods [33]. Moreover, He et al. (2021) proposed energy storage systems
(ESS) as a potential solution to smooth the charging demand curve, reduce grid stress, and improve overall
reliability [34]. These strategies help minimize the impact of FCS on grid stability while enhancing power
quality.

2.4. Optimization Methods for FCS Integration

Recent advancements in optimization techniques have led to the development of more efficient and accurate
models for FCS planning. Mixed-Integer Nonlinear Programming (MINLP) and Multi-Agent Systems (MAS)
have emerged as robust tools for solving the FCS placement problem, especially when multiple objectives and
constraints are involved. Zeng et al. (2021) presented a comprehensive multi-criteria decision-making model for
FCS location and capacity optimization, incorporating both technical and economic factors into the planning
process [35].

The work by Akram et al. (2021) focuses on the techno-economic analysis of FCS deployment, where they
consider both installation costs and economic returns based on the location of the charging stations. Their study
showed that the optimization of FCS locations could reduce both capital expenditures and operational costs
significantly while increasing grid stability [36]. Morsy et al. (2020) adopted a robust optimization approach to
ensure FCS deployment is resilient to uncertainties in both charging demand and grid conditions. This approach
allows for more flexible planning that can adapt to changes in demand or grid conditions over time [37].

2.5. Role of Renewable Energy and Energy Storage Systems

Incorporating renewable energy sources (RES) and energy storage systems (ESS) into FCS operations can
significantly reduce the environmental impact and mitigate some of the challenges associated with integrating
FCS into distribution networks. Yang et al. (2022) studied the potential benefits of combining solar power
generation and battery storage with FCS to reduce the peak demand from the grid and increase system efficiency
[38]. These hybrid systems not only help in reducing carbon emissions but also lower grid dependency,
especially in areas with high EV penetration.

Furthermore, storage systems can smooth charging demand, absorb excess electricity during off-peak hours, and
dispatch power during peak periods, thus alleviating pressure on the distribution network. Duan et al. (2021)
found that energy storage systems, when paired with renewable energy sources, can significantly improve the
economics of FCS deployment by reducing the need for grid infrastructure upgrades and stabilizing the local
voltage profile [39].

The deployment of fast charging stations (FCS) is essential for supporting the widespread adoption of electric
vehicles. However, integrating FCS into power distribution networks poses significant challenges related to grid
stability, power quality, and capacity management. The literature suggests several strategies for mitigating these
challenges, including optimal location and sizing of FCS, power quality management through reactive power
compensation, and the integration of renewable energy and energy storage systems to balance load fluctuations.
Recent advancements in optimization algorithms, such as genetic algorithms, particle swarm optimization (PSO),
and mixed-integer linear programming (MILP), offer promising solutions for addressing these challenges in a
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cost-effective and scalable manner. As the adoption of electric vehicles accelerates, these approaches will be
crucial for ensuring the reliable and efficient integration of FCS into modern power systems.

3. METHODOLOGY
3.1. Problem Formulation

The problem of optimal planning for FCS in distribution systems can be modeled as a mixed-integer
optimization problem. The objective is to minimize operational costs, including energy losses and system
congestion, while ensuring that voltage limits and reliability standards are met.

Let the objective function Z be expressed as:

N M
Z=Zci.Pi+x Ly
i=1 k=1

where C;is the cost of installation of charging station i, P, is the power demand at station i, A is the weighting
factor, and L represents the load congestion at node k.

The constraints include:

o Voltage limits at each bus, Vimin < Vi< Vinax.
) Power balance at each node.
. Maximum charging capacity limits.

3.2. Simulation and Case Studies

To evaluate the impact of fast-charging stations, case studies were developed based on real distribution system
models. The IEEE 33-bus test system was used as a reference for these simulations. The system's parameters,
such as load profiles, voltage limits, and transformer ratings, were updated to reflect the integration of FCS.
Various scenarios were simulated to assess the system's behavior under different EV adoption rates, FCS
configurations, and grid upgrades.

4. RESULTS AND DISCUSSION
4.1. Impact on Grid Voltage Profiles

The impact of different FCS deployment strategies on the grid voltage profiles was analyzed by evaluating
voltage levels at critical points across the distribution network. The table 1 summarizes the voltage deviations in
different deployment scenarios.

Table 1: Voltage Deviations at Key Nodes for Different FCS Deployment Scenarios

Deployment Voltage at Node | Voltage at Node | Voltage at Node | Voltage at Node
Scenario 1(kV) 2 (kV) 3 (kV) 4 (kV)
Egsg)"”e Nolyqg 11.6 115 11.3
:;g‘g Density | 1, 5 115 11.3 11.1
Eclgsh Density | 1 3 11.0 10.8 10.5
Eicgsh+ Esge”sny 116 11.4 11.3 11.1
. Node 1 represents the substation location, and Node 4 is the farthest point in the distribution network.
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. The voltage drop increases significantly with high-density FCS deployment, especially without the
integration of Energy Storage Systems (ESS).

o The inclusion of ESS helps to stabilize the voltage profiles, particularly at more distant nodes (Nodes 3
and 4).

4.2. System Losses and Efficiency

The table 2 summarizes the active and reactive power losses in the system for different FCS deployment
scenarios.

Table 2: Active and Reactive Power Losses for Different FCS Deployment Scenarios

. . Reactive Power Losses

Deployment Scenario Active Power Losses (KW) (KVAR)

Baseline (No FCS) 95 20

Low Density FCS 105 25

High Density FCS 120 30
) Active Power Losses: Represent the real power losses due to resistance in the network and increased
current flow from FCS load.
. Reactive Power Losses: Result from voltage fluctuations caused by the non-linear loads from the
chargers.
. As expected, both active and reactive losses increase with the density of FCS installations, but Energy

Storage Systems (ESS) help reduce these losses by providing reactive power support and smoothing voltage
fluctuations.

4.3. Charging Demand and Peak Load Shifting

This table compares the total charging demand (in kW) at peak times, with and without the use of demand
response programs. The Peak Load Shift column shows the reduction in peak load achieved through the demand
response program.

Table 3: Charging Demand and Peak Load Shifting with and without Demand Response Program

Peak Charging | Peak Charging

Time of Day Demand Without DR | Demand With DR | Peak Load Shift (kW)
(kW) (kW)

7:00 AM 350 250 100

12:00 PM 400 300 100

5:00 PM 450 350 100

9:00 PM 500 400 100
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. Demand Response (DR) involves shifting charging demand to off-peak hours to reduce strain on the
grid. The table shows that, with DR, the peak charging demand is reduced by 100 kW during the highest load
periods (morning and evening).

. The Peak Load Shift column illustrates the effectiveness of demand response in flattening the overall
grid demand curve, especially during typical grid peak hours.

4.4. Cost Efficiency and Economic Impact

This table presents a comparison of the capital investment and operational costs for different FCS deployment
scenarios. The analysis takes into account the number of charging stations, installation costs, and energy
consumption over a year.

. Capital Investment includes the cost of purchasing and installing the FCS infrastructure.
o Annual Operational Costs include energy consumption, maintenance, and other operational expenses.
. The Total Annual Cost reflects the combination of both capital and operational costs.

Table 4: Capital Investment and Operational Costs for FCS Deployment Scenarios

Deployment Numb?r of | Capital Annual_ Total Annual
Scenario Charging Investment Operational Cost (Million $)
Stations (Million $) Costs (Million $)
Baseline (No
FCS) 0 0 0 0
Low Density
FCS 10 5 1.2 6.2
High Density
FCS 50 25 6.0 31.0
High Density
FCS + ESS 50 27 5.2 32.2
. High-density FCS deployments result in significant capital costs, but these can be offset by energy

efficiency gains and better load management strategies, especially with ESS integration.
4.5. Summary
The key results from these tables can be summarized as follows:

. Voltage instability is a critical issue in high-density FCS deployments but can be mitigated by Energy
Storage Systems (ESS) and reactive power compensation techniques.

. System losses increase with the density of charging stations, particularly for reactive power losses,
which can be managed through optimal FCS placement and ESS integration.

. Demand response programs effectively shift peak load, reducing grid stress and improving the overall
stability of the distribution network.

. The economic analysis indicates that while the initial capital investment for high-density FCS is
significant, the long-term operational cost savings can make the system economically viable, especially when
paired with renewable energy sources and demand management strategies.

5. CONCLUSION

The optimal planning and integration of fast-charging stations in electrical distribution systems are essential for
maintaining grid stability, improving operational efficiency, and promoting sustainable transportation. Through
advanced optimization techniques and strategic placement, the negative impacts of FCS, such as voltage
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instability and load congestion, can be mitigated. Future work should focus on developing more sophisticated
models that incorporate dynamic load profiles, renewable energy integration, and real-time charging demand.
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