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Abstract: Electric vehicles (EVs) help reduce transportation emissions. A user-friendly
charging infrastructure and efficient charging processes can promote their wider adoption.
Low-power charging is effective for short-distance travel, especially when vehicles are
parked for extended periods, like during daily commutes. These idle times present opportu-
nities to improve coordination between EVs and service providers to meet charging needs.
The present study examines strategies for coordinated charging in workplace parking lots
to minimize the impact on the power grid while maximizing the satisfaction of charging
demand. Our method utilizes a heuristic approach for EV charging, focusing on event logic
that considers arrival and departure times and energy requirements. We compare various
charging management methods in a workplace parking lot against a first-in-first-out (FIFO)
strategy. Using real data on workplace parking lot usage, the study found that efficient
electric vehicle charging in a parking lot can be achieved either through optimized schedul-
ing with a single high-power charger, requiring user cooperation, or by installing multiple
chargers with alternating sockets. Compared to FIFO charging, the implemented strategies
allow for a reduction in the maximum charging power between 30 and 40%, a charging
demand satisfaction rate of 99%, and a minimum SOC amount of 83%.

Keywords: charging infrastructure; charging management; EV charging

1. Introduction
Electric mobility is transforming our daily travel experiences, driven by advancements

in electric storage systems. Over the past twenty years, lithium-ion batteries (LIBs) have
made remarkable progress, improving not only energy efficiency but also durability, re-
liability, and safety. Their price is expected to halve in the next two years, [1] boosting
the electric vehicle market. Emerging technologies, such as solid-state lithium batteries,
promise extended vehicle ranges, shorter charging times, and reduced costs [2]. It is widely
believed that an affordable and appropriately sized battery is crucial for the success of
electric mobility, and EV manufacturers are actively working toward this goal [3]. However,
potential buyers of electric vehicles (EVs) often overestimate the battery capacity needed to
satisfy their mobility requirements. This tendency is influenced by “range anxiety,” which
serves as a barrier to the adoption of EVs [4], although more mature markets show that
expert EV users experience relatively little range anxiety [5]. A user-focused charging
infrastructure and the implementation of efficient charging processes, particularly smart
charging, can significantly facilitate the broader adoption of electric vehicles [6,7].

In daily travel situations involving short distances, low-power charging proves to be
highly effective, especially when vehicles need to remain stationary for extended periods.
A typical example of this is the daily commute from home to work, which usually entails
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limited mileage and considerable periods of vehicle inactivity. These long idle times create
opportunities to implement various management strategies for addressing charging needs.
By establishing a smart charging network, electric vehicles can communicate with service
providers to better coordinate their charging activities.

1.1. Literature Overview

This section provides a concise overview of recent studies on smart charging and
charge management. Table 1 provides a summary of the review works, while Table 2
outlines some characteristics of the research articles analyzed in this section.

Table 1. Review articles’ focus.

Reference Review Focus

[5] Analysis of a survey on the experiences and opinions of EV drivers about smart charging.
[6] Position paper on technical and connectivity solutions for electric vehicle (EV) charging and regulations.
[7] Qualitative review of policies for smart EV grid integration.
[8] Review on optimization problems and computational strategies for EV charging.
[9] Review on smart charging protocols and their impact on power distribution systems.

[10] Comparison of smart charging use cases in different countries to provide guidance for transnational
product development.

[11] Review on optimal charging and scheduling strategies under dynamic pricing strategies.

[12] Review of control structures at charging stations and optimization methods for charge and discharge
management.

[13] Review on charging technologies and applications of AI in the development of EVs.

[14] Review on grid-connected rooftop solar PV smart homes integrated with EVs and energy management
systems in Australia.

[15] Review on smart grid enabling technologies, prominent features, and challenges.

Implementing smart charging is a complex process that requires a clearly defined reg-
ulatory framework, minimum technical requirements, and standardization. Additionally,
it can involve dynamic pricing and the creation of a new market structure and rules, all
while enhancing cooperation among various stakeholders [6]. From users’ perspectives,
a study in [5] shows that EV drivers are open to smart charging, although they prefer
maintaining control over their charging sessions. A qualitative review of best practices
in the EU and US markets shows that the most effective smart charging policy strategies
include cost-reflective pricing, the use of smart technology, and careful, integrated planning
of charging infrastructure [7]. Many researchers have focused on managing smart charging
stations to enhance energy management and improve the quality of charging services while
adhering to the station’s service constraints [8]. These studies cover various aspects of
charging services and architecture, including bidirectional charging, integration with the
electric grid and renewable energy sources, and various charge control strategies. They
also address technological, communication, and security issues [9]. Charging management
is a multi-objective control problem where station profitability, user preferences, network
requirements, and stability should be simultaneously optimized. National laws and reg-
ulations may influence the possibility of implementing smart and bidirectional charging
models, as investigated in [10].

Coordinated charging of electric vehicles can be organized in either a centralized or
decentralized manner, typically under the oversight of an agent known as an aggrega-
tor [11]. In centralized charging control, the aggregator has exclusive responsibility for
coordinating the charging process for electric vehicles. Conversely, in decentralized charg-
ing management, individual electric vehicle owners make their own charging decisions,
while aggregators can only influence these decisions indirectly, often through incentives.
Another possible class of approaches involved a hierarchical control framework, which has
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features of both centralized and decentralized control [12]. Decentralized and hierarchical
approaches are often used in charging management, while centralized approaches are
favored in microgrid control optimization.

Table 2. Areas of interest of the research articles. A check mark indicates if renewable energy sources
and vehicle to grid integration are considered in the study.

Reference RES V2G Charging
Location

Centralized/
Decentralized Main Outcome

[16] Residential Centralized Smart charge management lessens the impact of EVs on the distribution grid,
especially during long parking times in residential areas.

[17] Residential Centralized Comparison of economic and energy performance between users of smart charging
and conventional charging.

[18] Residential Hybrid A significant reduction in peak charging demand is validated through a numerical
case study.

[19] Charging
stations Centralized Comparison of different optimization approaches for queueing and user

demand management

[20] Charging
stations Centralized Smart EV charging management system with centralized CS reservation.

[21] Charging
stations Centralized Software implementation of a centralized management system to achieve

flexible charging.

[22] Fleet Centrilized Centralized and scalable charging management algorithm, considering both the
network side and the user comfort.

[23] Charging
stations Centralized Charging control strategy through electricity price pricing to minimize the impact on

the electricity distribution network.

[24] Residential Centralized A receding horizon charging coordination framework to manage a large number of
charge requests.

[25] Charging
stations Centralized Demand-side management system to to meet both grid requirements and user needs.

[26] Charging
stations Decentralized Single-charger optimization approach to cost minimization and user satisfaction.

[27] Residential Centralized Algorithm managing the charging of connected EV by assigning each a priority index.
[28] Residential Centralized Charge requests are prioritized based on available charging time and energy required.

[29] Charging
stations Centralized Integration of artificial intelligence (AI) into Malaysian smart electric vehicle

charging systems.
[30]

Energies 2025, 18, x FOR PEER REVIEW 3 of 34 
 

 

[12] Review of control structures at charging stations and optimization methods for charge and discharge 
management. 

[13] Review on charging technologies and applications of AI in the development of EVs. 

[14] 
Review on grid-connected rooftop solar PV smart homes integrated with EVs and energy management 

systems in Australia. 
[15] Review on smart grid enabling technologies, prominent features, and challenges. 

Table 2. Areas of interest of the research articles. A check mark indicates if renewable energy 
sources and vehicle to grid integration are considered in the study. 

Reference RES V2G Charging 
Location 

Centralized/ 
Decentralized 

Main Outcome 

[16]   Residential Centralized 
Smart charge management lessens the impact of EVs on the 

distribution grid, especially during long parking times in 
residential areas. 

[17]   Residential Centralized 
Comparison of economic and energy performance between 

users of smart charging and conventional charging. 

[18]   Residential Hybrid 
A significant reduction in peak charging demand is 

validated through a numerical case study. 

[19]   Charging 
stations 

Centralized Comparison of different optimization approaches for 
queueing and user demand management 

[20]   Charging 
stations Centralized Smart EV charging management system with centralized 

CS reservation. 

[21]   
Charging 
stations Centralized 

Software implementation of a centralized management 
system to achieve flexible charging. 

[22]   Fleet Centrilized Centralized and scalable charging management algorithm, 
considering both the network side and the user comfort. 

[23]   
Charging 
stations Centralized 

Charging control strategy through electricity price pricing 
to minimize the impact on the electricity distribution 

network. 

[24]   Residential Centralized 
A receding horizon charging coordination framework to 

manage a large number of charge requests. 

[25]   Charging 
stations 

Centralized Demand-side management system to to meet both grid 
requirements and user needs. 

[26]   Charging 
stations 

Decentralized Single-charger optimization approach to cost minimization 
and user satisfaction. 

[27]   Residential Centralized 
Algorithm managing the charging of connected EV by 

assigning each a priority index.  

[28]   Residential Centralized 
Charge requests are prioritized based on available charging 

time and energy required. 

[29]   
Charging 
stations 

 
Centralized 

Integration of artificial intelligence (AI) into Malaysian 
smart electric vehicle charging systems. 

[30]   Microgrid Centralized 
Artificial-Neural-Network-based power management 

control system. 

[31]   Charging 
station 

Decentralized Fuzzy logic controller at the EV charging station based on 
power requirements, energy price, and solar energy. 

[32]   Charging 
station 

Decentralized Multi-objective optimization to minimize charging station 
operational and power losses. 

[33]   
Charging 

station Decentralized 
Development of a charge emulation system using the ISO 

15118 communication protocol. 

[34]   
Charging 

station Centralized 
Implementation of the dynamic current-limiting algorithm 

using the IEC 61850 protocol. 

Energies 2025, 18, x FOR PEER REVIEW 3 of 34 
 

 

[12] Review of control structures at charging stations and optimization methods for charge and discharge 
management. 

[13] Review on charging technologies and applications of AI in the development of EVs. 

[14] 
Review on grid-connected rooftop solar PV smart homes integrated with EVs and energy management 

systems in Australia. 
[15] Review on smart grid enabling technologies, prominent features, and challenges. 

Table 2. Areas of interest of the research articles. A check mark indicates if renewable energy 
sources and vehicle to grid integration are considered in the study. 

Reference RES V2G Charging 
Location 

Centralized/ 
Decentralized 

Main Outcome 

[16]   Residential Centralized 
Smart charge management lessens the impact of EVs on the 

distribution grid, especially during long parking times in 
residential areas. 

[17]   Residential Centralized 
Comparison of economic and energy performance between 

users of smart charging and conventional charging. 

[18]   Residential Hybrid 
A significant reduction in peak charging demand is 

validated through a numerical case study. 

[19]   Charging 
stations 

Centralized Comparison of different optimization approaches for 
queueing and user demand management 

[20]   Charging 
stations Centralized Smart EV charging management system with centralized 

CS reservation. 

[21]   
Charging 
stations Centralized 

Software implementation of a centralized management 
system to achieve flexible charging. 

[22]   Fleet Centrilized Centralized and scalable charging management algorithm, 
considering both the network side and the user comfort. 

[23]   
Charging 
stations Centralized 

Charging control strategy through electricity price pricing 
to minimize the impact on the electricity distribution 

network. 

[24]   Residential Centralized 
A receding horizon charging coordination framework to 

manage a large number of charge requests. 

[25]   Charging 
stations 

Centralized Demand-side management system to to meet both grid 
requirements and user needs. 

[26]   Charging 
stations 

Decentralized Single-charger optimization approach to cost minimization 
and user satisfaction. 

[27]   Residential Centralized 
Algorithm managing the charging of connected EV by 

assigning each a priority index.  

[28]   Residential Centralized 
Charge requests are prioritized based on available charging 

time and energy required. 

[29]   
Charging 
stations 

 
Centralized 

Integration of artificial intelligence (AI) into Malaysian 
smart electric vehicle charging systems. 

[30]   Microgrid Centralized 
Artificial-Neural-Network-based power management 

control system. 

[31]   Charging 
station 

Decentralized Fuzzy logic controller at the EV charging station based on 
power requirements, energy price, and solar energy. 

[32]   Charging 
station 

Decentralized Multi-objective optimization to minimize charging station 
operational and power losses. 

[33]   
Charging 

station Decentralized 
Development of a charge emulation system using the ISO 

15118 communication protocol. 

[34]   
Charging 

station Centralized 
Implementation of the dynamic current-limiting algorithm 

using the IEC 61850 protocol. 

Microgrid Centralized Artificial-Neural-Network-based power management control system.

[31]

Energies 2025, 18, x FOR PEER REVIEW 3 of 34 
 

 

[12] Review of control structures at charging stations and optimization methods for charge and discharge 
management. 

[13] Review on charging technologies and applications of AI in the development of EVs. 

[14] 
Review on grid-connected rooftop solar PV smart homes integrated with EVs and energy management 

systems in Australia. 
[15] Review on smart grid enabling technologies, prominent features, and challenges. 

Table 2. Areas of interest of the research articles. A check mark indicates if renewable energy 
sources and vehicle to grid integration are considered in the study. 

Reference RES V2G Charging 
Location 

Centralized/ 
Decentralized 

Main Outcome 

[16]   Residential Centralized 
Smart charge management lessens the impact of EVs on the 

distribution grid, especially during long parking times in 
residential areas. 

[17]   Residential Centralized 
Comparison of economic and energy performance between 

users of smart charging and conventional charging. 

[18]   Residential Hybrid 
A significant reduction in peak charging demand is 

validated through a numerical case study. 

[19]   Charging 
stations 

Centralized Comparison of different optimization approaches for 
queueing and user demand management 

[20]   Charging 
stations Centralized Smart EV charging management system with centralized 

CS reservation. 

[21]   
Charging 
stations Centralized 

Software implementation of a centralized management 
system to achieve flexible charging. 

[22]   Fleet Centrilized Centralized and scalable charging management algorithm, 
considering both the network side and the user comfort. 

[23]   
Charging 
stations Centralized 

Charging control strategy through electricity price pricing 
to minimize the impact on the electricity distribution 

network. 

[24]   Residential Centralized 
A receding horizon charging coordination framework to 

manage a large number of charge requests. 

[25]   Charging 
stations 

Centralized Demand-side management system to to meet both grid 
requirements and user needs. 

[26]   Charging 
stations 

Decentralized Single-charger optimization approach to cost minimization 
and user satisfaction. 

[27]   Residential Centralized 
Algorithm managing the charging of connected EV by 

assigning each a priority index.  

[28]   Residential Centralized 
Charge requests are prioritized based on available charging 

time and energy required. 

[29]   
Charging 
stations 

 
Centralized 

Integration of artificial intelligence (AI) into Malaysian 
smart electric vehicle charging systems. 

[30]   Microgrid Centralized 
Artificial-Neural-Network-based power management 

control system. 

[31]   Charging 
station 

Decentralized Fuzzy logic controller at the EV charging station based on 
power requirements, energy price, and solar energy. 

[32]   Charging 
station 

Decentralized Multi-objective optimization to minimize charging station 
operational and power losses. 

[33]   
Charging 

station Decentralized 
Development of a charge emulation system using the ISO 

15118 communication protocol. 

[34]   
Charging 

station Centralized 
Implementation of the dynamic current-limiting algorithm 

using the IEC 61850 protocol. 

Energies 2025, 18, x FOR PEER REVIEW 3 of 34 
 

 

[12] Review of control structures at charging stations and optimization methods for charge and discharge 
management. 

[13] Review on charging technologies and applications of AI in the development of EVs. 

[14] 
Review on grid-connected rooftop solar PV smart homes integrated with EVs and energy management 

systems in Australia. 
[15] Review on smart grid enabling technologies, prominent features, and challenges. 

Table 2. Areas of interest of the research articles. A check mark indicates if renewable energy 
sources and vehicle to grid integration are considered in the study. 

Reference RES V2G Charging 
Location 

Centralized/ 
Decentralized 

Main Outcome 

[16]   Residential Centralized 
Smart charge management lessens the impact of EVs on the 

distribution grid, especially during long parking times in 
residential areas. 

[17]   Residential Centralized 
Comparison of economic and energy performance between 

users of smart charging and conventional charging. 

[18]   Residential Hybrid 
A significant reduction in peak charging demand is 

validated through a numerical case study. 

[19]   Charging 
stations 

Centralized Comparison of different optimization approaches for 
queueing and user demand management 

[20]   Charging 
stations Centralized Smart EV charging management system with centralized 

CS reservation. 

[21]   
Charging 
stations Centralized 

Software implementation of a centralized management 
system to achieve flexible charging. 

[22]   Fleet Centrilized Centralized and scalable charging management algorithm, 
considering both the network side and the user comfort. 

[23]   
Charging 
stations Centralized 

Charging control strategy through electricity price pricing 
to minimize the impact on the electricity distribution 

network. 

[24]   Residential Centralized 
A receding horizon charging coordination framework to 

manage a large number of charge requests. 

[25]   Charging 
stations 

Centralized Demand-side management system to to meet both grid 
requirements and user needs. 

[26]   Charging 
stations 

Decentralized Single-charger optimization approach to cost minimization 
and user satisfaction. 

[27]   Residential Centralized 
Algorithm managing the charging of connected EV by 

assigning each a priority index.  

[28]   Residential Centralized 
Charge requests are prioritized based on available charging 

time and energy required. 

[29]   
Charging 
stations 

 
Centralized 

Integration of artificial intelligence (AI) into Malaysian 
smart electric vehicle charging systems. 

[30]   Microgrid Centralized 
Artificial-Neural-Network-based power management 

control system. 

[31]   Charging 
station 

Decentralized Fuzzy logic controller at the EV charging station based on 
power requirements, energy price, and solar energy. 

[32]   Charging 
station 

Decentralized Multi-objective optimization to minimize charging station 
operational and power losses. 

[33]   
Charging 

station Decentralized 
Development of a charge emulation system using the ISO 

15118 communication protocol. 

[34]   
Charging 

station Centralized 
Implementation of the dynamic current-limiting algorithm 

using the IEC 61850 protocol. 

Charging
station Decentralized Fuzzy logic controller at the EV charging station based on power requirements, energy

price, and solar energy.

[32]

Energies 2025, 18, x FOR PEER REVIEW 3 of 34 
 

 

[12] Review of control structures at charging stations and optimization methods for charge and discharge 
management. 

[13] Review on charging technologies and applications of AI in the development of EVs. 

[14] 
Review on grid-connected rooftop solar PV smart homes integrated with EVs and energy management 

systems in Australia. 
[15] Review on smart grid enabling technologies, prominent features, and challenges. 

Table 2. Areas of interest of the research articles. A check mark indicates if renewable energy 
sources and vehicle to grid integration are considered in the study. 

Reference RES V2G Charging 
Location 

Centralized/ 
Decentralized 

Main Outcome 

[16]   Residential Centralized 
Smart charge management lessens the impact of EVs on the 

distribution grid, especially during long parking times in 
residential areas. 

[17]   Residential Centralized 
Comparison of economic and energy performance between 

users of smart charging and conventional charging. 

[18]   Residential Hybrid 
A significant reduction in peak charging demand is 

validated through a numerical case study. 

[19]   Charging 
stations 

Centralized Comparison of different optimization approaches for 
queueing and user demand management 

[20]   Charging 
stations Centralized Smart EV charging management system with centralized 

CS reservation. 

[21]   
Charging 
stations Centralized 

Software implementation of a centralized management 
system to achieve flexible charging. 

[22]   Fleet Centrilized Centralized and scalable charging management algorithm, 
considering both the network side and the user comfort. 

[23]   
Charging 
stations Centralized 

Charging control strategy through electricity price pricing 
to minimize the impact on the electricity distribution 

network. 

[24]   Residential Centralized 
A receding horizon charging coordination framework to 

manage a large number of charge requests. 

[25]   Charging 
stations 

Centralized Demand-side management system to to meet both grid 
requirements and user needs. 

[26]   Charging 
stations 

Decentralized Single-charger optimization approach to cost minimization 
and user satisfaction. 

[27]   Residential Centralized 
Algorithm managing the charging of connected EV by 

assigning each a priority index.  

[28]   Residential Centralized 
Charge requests are prioritized based on available charging 

time and energy required. 

[29]   
Charging 
stations 

 
Centralized 

Integration of artificial intelligence (AI) into Malaysian 
smart electric vehicle charging systems. 

[30]   Microgrid Centralized 
Artificial-Neural-Network-based power management 

control system. 

[31]   Charging 
station 

Decentralized Fuzzy logic controller at the EV charging station based on 
power requirements, energy price, and solar energy. 

[32]   Charging 
station 

Decentralized Multi-objective optimization to minimize charging station 
operational and power losses. 

[33]   
Charging 

station Decentralized 
Development of a charge emulation system using the ISO 

15118 communication protocol. 

[34]   
Charging 

station Centralized 
Implementation of the dynamic current-limiting algorithm 

using the IEC 61850 protocol. 

Charging
station Decentralized Multi-objective optimization to minimize charging station operational and

power losses.

[33]

Energies 2025, 18, x FOR PEER REVIEW 3 of 34 
 

 

[12] Review of control structures at charging stations and optimization methods for charge and discharge 
management. 

[13] Review on charging technologies and applications of AI in the development of EVs. 

[14] 
Review on grid-connected rooftop solar PV smart homes integrated with EVs and energy management 

systems in Australia. 
[15] Review on smart grid enabling technologies, prominent features, and challenges. 

Table 2. Areas of interest of the research articles. A check mark indicates if renewable energy 
sources and vehicle to grid integration are considered in the study. 

Reference RES V2G Charging 
Location 

Centralized/ 
Decentralized 

Main Outcome 

[16]   Residential Centralized 
Smart charge management lessens the impact of EVs on the 

distribution grid, especially during long parking times in 
residential areas. 

[17]   Residential Centralized 
Comparison of economic and energy performance between 

users of smart charging and conventional charging. 

[18]   Residential Hybrid 
A significant reduction in peak charging demand is 

validated through a numerical case study. 

[19]   Charging 
stations 

Centralized Comparison of different optimization approaches for 
queueing and user demand management 

[20]   Charging 
stations Centralized Smart EV charging management system with centralized 

CS reservation. 

[21]   
Charging 
stations Centralized 

Software implementation of a centralized management 
system to achieve flexible charging. 

[22]   Fleet Centrilized Centralized and scalable charging management algorithm, 
considering both the network side and the user comfort. 

[23]   
Charging 
stations Centralized 

Charging control strategy through electricity price pricing 
to minimize the impact on the electricity distribution 

network. 

[24]   Residential Centralized 
A receding horizon charging coordination framework to 

manage a large number of charge requests. 

[25]   Charging 
stations 

Centralized Demand-side management system to to meet both grid 
requirements and user needs. 

[26]   Charging 
stations 

Decentralized Single-charger optimization approach to cost minimization 
and user satisfaction. 

[27]   Residential Centralized 
Algorithm managing the charging of connected EV by 

assigning each a priority index.  

[28]   Residential Centralized 
Charge requests are prioritized based on available charging 

time and energy required. 

[29]   
Charging 
stations 

 
Centralized 

Integration of artificial intelligence (AI) into Malaysian 
smart electric vehicle charging systems. 

[30]   Microgrid Centralized 
Artificial-Neural-Network-based power management 

control system. 

[31]   Charging 
station 

Decentralized Fuzzy logic controller at the EV charging station based on 
power requirements, energy price, and solar energy. 

[32]   Charging 
station 

Decentralized Multi-objective optimization to minimize charging station 
operational and power losses. 

[33]   
Charging 

station Decentralized 
Development of a charge emulation system using the ISO 

15118 communication protocol. 

[34]   
Charging 

station Centralized 
Implementation of the dynamic current-limiting algorithm 

using the IEC 61850 protocol. 

Charging
station Decentralized Development of a charge emulation system using the ISO 15118

communication protocol.

[34]

Energies 2025, 18, x FOR PEER REVIEW 3 of 34 
 

 

[12] Review of control structures at charging stations and optimization methods for charge and discharge 
management. 

[13] Review on charging technologies and applications of AI in the development of EVs. 

[14] 
Review on grid-connected rooftop solar PV smart homes integrated with EVs and energy management 

systems in Australia. 
[15] Review on smart grid enabling technologies, prominent features, and challenges. 

Table 2. Areas of interest of the research articles. A check mark indicates if renewable energy 
sources and vehicle to grid integration are considered in the study. 

Reference RES V2G Charging 
Location 

Centralized/ 
Decentralized 

Main Outcome 

[16]   Residential Centralized 
Smart charge management lessens the impact of EVs on the 

distribution grid, especially during long parking times in 
residential areas. 

[17]   Residential Centralized 
Comparison of economic and energy performance between 

users of smart charging and conventional charging. 

[18]   Residential Hybrid 
A significant reduction in peak charging demand is 

validated through a numerical case study. 

[19]   Charging 
stations 

Centralized Comparison of different optimization approaches for 
queueing and user demand management 

[20]   Charging 
stations Centralized Smart EV charging management system with centralized 

CS reservation. 

[21]   
Charging 
stations Centralized 

Software implementation of a centralized management 
system to achieve flexible charging. 

[22]   Fleet Centrilized Centralized and scalable charging management algorithm, 
considering both the network side and the user comfort. 

[23]   
Charging 
stations Centralized 

Charging control strategy through electricity price pricing 
to minimize the impact on the electricity distribution 

network. 

[24]   Residential Centralized 
A receding horizon charging coordination framework to 

manage a large number of charge requests. 

[25]   Charging 
stations 

Centralized Demand-side management system to to meet both grid 
requirements and user needs. 

[26]   Charging 
stations 

Decentralized Single-charger optimization approach to cost minimization 
and user satisfaction. 

[27]   Residential Centralized 
Algorithm managing the charging of connected EV by 

assigning each a priority index.  

[28]   Residential Centralized 
Charge requests are prioritized based on available charging 

time and energy required. 

[29]   
Charging 
stations 

 
Centralized 

Integration of artificial intelligence (AI) into Malaysian 
smart electric vehicle charging systems. 

[30]   Microgrid Centralized 
Artificial-Neural-Network-based power management 

control system. 

[31]   Charging 
station 

Decentralized Fuzzy logic controller at the EV charging station based on 
power requirements, energy price, and solar energy. 

[32]   Charging 
station 

Decentralized Multi-objective optimization to minimize charging station 
operational and power losses. 

[33]   
Charging 

station Decentralized 
Development of a charge emulation system using the ISO 

15118 communication protocol. 

[34]   
Charging 

station Centralized 
Implementation of the dynamic current-limiting algorithm 

using the IEC 61850 protocol. 

Charging
station Centralized Implementation of the dynamic current-limiting algorithm using the IEC

61850 protocol.

[35]

Energies 2025, 18, x FOR PEER REVIEW 3 of 34 
 

 

[12] Review of control structures at charging stations and optimization methods for charge and discharge 
management. 

[13] Review on charging technologies and applications of AI in the development of EVs. 

[14] 
Review on grid-connected rooftop solar PV smart homes integrated with EVs and energy management 

systems in Australia. 
[15] Review on smart grid enabling technologies, prominent features, and challenges. 

Table 2. Areas of interest of the research articles. A check mark indicates if renewable energy 
sources and vehicle to grid integration are considered in the study. 

Reference RES V2G Charging 
Location 

Centralized/ 
Decentralized 

Main Outcome 

[16]   Residential Centralized 
Smart charge management lessens the impact of EVs on the 

distribution grid, especially during long parking times in 
residential areas. 

[17]   Residential Centralized 
Comparison of economic and energy performance between 

users of smart charging and conventional charging. 

[18]   Residential Hybrid 
A significant reduction in peak charging demand is 

validated through a numerical case study. 

[19]   Charging 
stations 

Centralized Comparison of different optimization approaches for 
queueing and user demand management 

[20]   Charging 
stations Centralized Smart EV charging management system with centralized 

CS reservation. 

[21]   
Charging 
stations Centralized 

Software implementation of a centralized management 
system to achieve flexible charging. 

[22]   Fleet Centrilized Centralized and scalable charging management algorithm, 
considering both the network side and the user comfort. 

[23]   
Charging 
stations Centralized 

Charging control strategy through electricity price pricing 
to minimize the impact on the electricity distribution 

network. 

[24]   Residential Centralized 
A receding horizon charging coordination framework to 

manage a large number of charge requests. 

[25]   Charging 
stations 

Centralized Demand-side management system to to meet both grid 
requirements and user needs. 

[26]   Charging 
stations 

Decentralized Single-charger optimization approach to cost minimization 
and user satisfaction. 

[27]   Residential Centralized 
Algorithm managing the charging of connected EV by 

assigning each a priority index.  

[28]   Residential Centralized 
Charge requests are prioritized based on available charging 

time and energy required. 

[29]   
Charging 
stations 

 
Centralized 

Integration of artificial intelligence (AI) into Malaysian 
smart electric vehicle charging systems. 

[30]   Microgrid Centralized 
Artificial-Neural-Network-based power management 

control system. 

[31]   Charging 
station 

Decentralized Fuzzy logic controller at the EV charging station based on 
power requirements, energy price, and solar energy. 

[32]   Charging 
station 

Decentralized Multi-objective optimization to minimize charging station 
operational and power losses. 

[33]   
Charging 

station Decentralized 
Development of a charge emulation system using the ISO 

15118 communication protocol. 

[34]   
Charging 

station Centralized 
Implementation of the dynamic current-limiting algorithm 

using the IEC 61850 protocol. 

Microgrid Centralized Runge Kutta optimizer for the energy management of MGs, with reduction of the
operating cost.

[36]

Energies 2025, 18, x FOR PEER REVIEW 3 of 34 
 

 

[12] Review of control structures at charging stations and optimization methods for charge and discharge 
management. 

[13] Review on charging technologies and applications of AI in the development of EVs. 

[14] 
Review on grid-connected rooftop solar PV smart homes integrated with EVs and energy management 

systems in Australia. 
[15] Review on smart grid enabling technologies, prominent features, and challenges. 

Table 2. Areas of interest of the research articles. A check mark indicates if renewable energy 
sources and vehicle to grid integration are considered in the study. 

Reference RES V2G Charging 
Location 

Centralized/ 
Decentralized 

Main Outcome 

[16]   Residential Centralized 
Smart charge management lessens the impact of EVs on the 

distribution grid, especially during long parking times in 
residential areas. 

[17]   Residential Centralized 
Comparison of economic and energy performance between 

users of smart charging and conventional charging. 

[18]   Residential Hybrid 
A significant reduction in peak charging demand is 

validated through a numerical case study. 

[19]   Charging 
stations 

Centralized Comparison of different optimization approaches for 
queueing and user demand management 

[20]   Charging 
stations Centralized Smart EV charging management system with centralized 

CS reservation. 

[21]   
Charging 
stations Centralized 

Software implementation of a centralized management 
system to achieve flexible charging. 

[22]   Fleet Centrilized Centralized and scalable charging management algorithm, 
considering both the network side and the user comfort. 

[23]   
Charging 
stations Centralized 

Charging control strategy through electricity price pricing 
to minimize the impact on the electricity distribution 

network. 

[24]   Residential Centralized 
A receding horizon charging coordination framework to 

manage a large number of charge requests. 

[25]   Charging 
stations 

Centralized Demand-side management system to to meet both grid 
requirements and user needs. 

[26]   Charging 
stations 

Decentralized Single-charger optimization approach to cost minimization 
and user satisfaction. 

[27]   Residential Centralized 
Algorithm managing the charging of connected EV by 

assigning each a priority index.  

[28]   Residential Centralized 
Charge requests are prioritized based on available charging 

time and energy required. 

[29]   
Charging 
stations 

 
Centralized 

Integration of artificial intelligence (AI) into Malaysian 
smart electric vehicle charging systems. 

[30]   Microgrid Centralized 
Artificial-Neural-Network-based power management 

control system. 

[31]   Charging 
station 

Decentralized Fuzzy logic controller at the EV charging station based on 
power requirements, energy price, and solar energy. 

[32]   Charging 
station 

Decentralized Multi-objective optimization to minimize charging station 
operational and power losses. 

[33]   
Charging 

station Decentralized 
Development of a charge emulation system using the ISO 

15118 communication protocol. 

[34]   
Charging 

station Centralized 
Implementation of the dynamic current-limiting algorithm 

using the IEC 61850 protocol. 

Microgrid Centralized Bald-eagle optimization method to minimize total operating cost and mitigate
environmental pollutant emission.

[37]

Energies 2025, 18, x FOR PEER REVIEW 3 of 34 
 

 

[12] Review of control structures at charging stations and optimization methods for charge and discharge 
management. 

[13] Review on charging technologies and applications of AI in the development of EVs. 

[14] 
Review on grid-connected rooftop solar PV smart homes integrated with EVs and energy management 

systems in Australia. 
[15] Review on smart grid enabling technologies, prominent features, and challenges. 

Table 2. Areas of interest of the research articles. A check mark indicates if renewable energy 
sources and vehicle to grid integration are considered in the study. 

Reference RES V2G Charging 
Location 

Centralized/ 
Decentralized 

Main Outcome 

[16]   Residential Centralized 
Smart charge management lessens the impact of EVs on the 

distribution grid, especially during long parking times in 
residential areas. 

[17]   Residential Centralized 
Comparison of economic and energy performance between 

users of smart charging and conventional charging. 

[18]   Residential Hybrid 
A significant reduction in peak charging demand is 

validated through a numerical case study. 

[19]   Charging 
stations 

Centralized Comparison of different optimization approaches for 
queueing and user demand management 

[20]   Charging 
stations Centralized Smart EV charging management system with centralized 

CS reservation. 

[21]   
Charging 
stations Centralized 

Software implementation of a centralized management 
system to achieve flexible charging. 

[22]   Fleet Centrilized Centralized and scalable charging management algorithm, 
considering both the network side and the user comfort. 

[23]   
Charging 
stations Centralized 

Charging control strategy through electricity price pricing 
to minimize the impact on the electricity distribution 

network. 

[24]   Residential Centralized 
A receding horizon charging coordination framework to 

manage a large number of charge requests. 

[25]   Charging 
stations 

Centralized Demand-side management system to to meet both grid 
requirements and user needs. 

[26]   Charging 
stations 

Decentralized Single-charger optimization approach to cost minimization 
and user satisfaction. 

[27]   Residential Centralized 
Algorithm managing the charging of connected EV by 

assigning each a priority index.  

[28]   Residential Centralized 
Charge requests are prioritized based on available charging 

time and energy required. 

[29]   
Charging 
stations 

 
Centralized 

Integration of artificial intelligence (AI) into Malaysian 
smart electric vehicle charging systems. 

[30]   Microgrid Centralized 
Artificial-Neural-Network-based power management 

control system. 

[31]   Charging 
station 

Decentralized Fuzzy logic controller at the EV charging station based on 
power requirements, energy price, and solar energy. 

[32]   Charging 
station 

Decentralized Multi-objective optimization to minimize charging station 
operational and power losses. 

[33]   
Charging 

station Decentralized 
Development of a charge emulation system using the ISO 

15118 communication protocol. 

[34]   
Charging 

station Centralized 
Implementation of the dynamic current-limiting algorithm 

using the IEC 61850 protocol. 

Microgrid Centralized Slime Mould Algorithm to operating cost and emissions; weighted sum, fuzzy
decision maker, and Slime Mould for multi-objective optimization of MG and PEV.

[38]

Energies 2025, 18, x FOR PEER REVIEW 3 of 34 
 

 

[12] Review of control structures at charging stations and optimization methods for charge and discharge 
management. 

[13] Review on charging technologies and applications of AI in the development of EVs. 

[14] 
Review on grid-connected rooftop solar PV smart homes integrated with EVs and energy management 

systems in Australia. 
[15] Review on smart grid enabling technologies, prominent features, and challenges. 

Table 2. Areas of interest of the research articles. A check mark indicates if renewable energy 
sources and vehicle to grid integration are considered in the study. 

Reference RES V2G Charging 
Location 

Centralized/ 
Decentralized 

Main Outcome 

[16]   Residential Centralized 
Smart charge management lessens the impact of EVs on the 

distribution grid, especially during long parking times in 
residential areas. 

[17]   Residential Centralized 
Comparison of economic and energy performance between 

users of smart charging and conventional charging. 

[18]   Residential Hybrid 
A significant reduction in peak charging demand is 

validated through a numerical case study. 

[19]   Charging 
stations 

Centralized Comparison of different optimization approaches for 
queueing and user demand management 

[20]   Charging 
stations Centralized Smart EV charging management system with centralized 

CS reservation. 

[21]   
Charging 
stations Centralized 

Software implementation of a centralized management 
system to achieve flexible charging. 

[22]   Fleet Centrilized Centralized and scalable charging management algorithm, 
considering both the network side and the user comfort. 

[23]   
Charging 
stations Centralized 

Charging control strategy through electricity price pricing 
to minimize the impact on the electricity distribution 

network. 

[24]   Residential Centralized 
A receding horizon charging coordination framework to 

manage a large number of charge requests. 

[25]   Charging 
stations 

Centralized Demand-side management system to to meet both grid 
requirements and user needs. 

[26]   Charging 
stations 

Decentralized Single-charger optimization approach to cost minimization 
and user satisfaction. 

[27]   Residential Centralized 
Algorithm managing the charging of connected EV by 

assigning each a priority index.  

[28]   Residential Centralized 
Charge requests are prioritized based on available charging 

time and energy required. 

[29]   
Charging 
stations 

 
Centralized 

Integration of artificial intelligence (AI) into Malaysian 
smart electric vehicle charging systems. 

[30]   Microgrid Centralized 
Artificial-Neural-Network-based power management 

control system. 

[31]   Charging 
station 

Decentralized Fuzzy logic controller at the EV charging station based on 
power requirements, energy price, and solar energy. 

[32]   Charging 
station 

Decentralized Multi-objective optimization to minimize charging station 
operational and power losses. 

[33]   
Charging 

station Decentralized 
Development of a charge emulation system using the ISO 

15118 communication protocol. 

[34]   
Charging 

station Centralized 
Implementation of the dynamic current-limiting algorithm 

using the IEC 61850 protocol. 

Energies 2025, 18, x FOR PEER REVIEW 3 of 34 
 

 

[12] Review of control structures at charging stations and optimization methods for charge and discharge 
management. 

[13] Review on charging technologies and applications of AI in the development of EVs. 

[14] 
Review on grid-connected rooftop solar PV smart homes integrated with EVs and energy management 

systems in Australia. 
[15] Review on smart grid enabling technologies, prominent features, and challenges. 

Table 2. Areas of interest of the research articles. A check mark indicates if renewable energy 
sources and vehicle to grid integration are considered in the study. 

Reference RES V2G Charging 
Location 

Centralized/ 
Decentralized 

Main Outcome 

[16]   Residential Centralized 
Smart charge management lessens the impact of EVs on the 

distribution grid, especially during long parking times in 
residential areas. 

[17]   Residential Centralized 
Comparison of economic and energy performance between 

users of smart charging and conventional charging. 

[18]   Residential Hybrid 
A significant reduction in peak charging demand is 

validated through a numerical case study. 

[19]   Charging 
stations 

Centralized Comparison of different optimization approaches for 
queueing and user demand management 

[20]   Charging 
stations Centralized Smart EV charging management system with centralized 

CS reservation. 

[21]   
Charging 
stations Centralized 

Software implementation of a centralized management 
system to achieve flexible charging. 

[22]   Fleet Centrilized Centralized and scalable charging management algorithm, 
considering both the network side and the user comfort. 

[23]   
Charging 
stations Centralized 

Charging control strategy through electricity price pricing 
to minimize the impact on the electricity distribution 

network. 

[24]   Residential Centralized 
A receding horizon charging coordination framework to 

manage a large number of charge requests. 

[25]   Charging 
stations 

Centralized Demand-side management system to to meet both grid 
requirements and user needs. 

[26]   Charging 
stations 

Decentralized Single-charger optimization approach to cost minimization 
and user satisfaction. 

[27]   Residential Centralized 
Algorithm managing the charging of connected EV by 

assigning each a priority index.  

[28]   Residential Centralized 
Charge requests are prioritized based on available charging 

time and energy required. 

[29]   
Charging 
stations 

 
Centralized 

Integration of artificial intelligence (AI) into Malaysian 
smart electric vehicle charging systems. 

[30]   Microgrid Centralized 
Artificial-Neural-Network-based power management 

control system. 

[31]   Charging 
station 

Decentralized Fuzzy logic controller at the EV charging station based on 
power requirements, energy price, and solar energy. 

[32]   Charging 
station 

Decentralized Multi-objective optimization to minimize charging station 
operational and power losses. 

[33]   
Charging 

station Decentralized 
Development of a charge emulation system using the ISO 

15118 communication protocol. 

[34]   
Charging 

station Centralized 
Implementation of the dynamic current-limiting algorithm 

using the IEC 61850 protocol. 

Microgrid Decentralized Coordination system between EVs, charging stations, and grid, using smart meters
and communication networks.

[39]

Energies 2025, 18, x FOR PEER REVIEW 3 of 34 
 

 

[12] Review of control structures at charging stations and optimization methods for charge and discharge 
management. 

[13] Review on charging technologies and applications of AI in the development of EVs. 

[14] 
Review on grid-connected rooftop solar PV smart homes integrated with EVs and energy management 

systems in Australia. 
[15] Review on smart grid enabling technologies, prominent features, and challenges. 

Table 2. Areas of interest of the research articles. A check mark indicates if renewable energy 
sources and vehicle to grid integration are considered in the study. 

Reference RES V2G Charging 
Location 

Centralized/ 
Decentralized 

Main Outcome 

[16]   Residential Centralized 
Smart charge management lessens the impact of EVs on the 

distribution grid, especially during long parking times in 
residential areas. 

[17]   Residential Centralized 
Comparison of economic and energy performance between 

users of smart charging and conventional charging. 

[18]   Residential Hybrid 
A significant reduction in peak charging demand is 

validated through a numerical case study. 

[19]   Charging 
stations 

Centralized Comparison of different optimization approaches for 
queueing and user demand management 

[20]   Charging 
stations Centralized Smart EV charging management system with centralized 

CS reservation. 

[21]   
Charging 
stations Centralized 

Software implementation of a centralized management 
system to achieve flexible charging. 

[22]   Fleet Centrilized Centralized and scalable charging management algorithm, 
considering both the network side and the user comfort. 

[23]   
Charging 
stations Centralized 

Charging control strategy through electricity price pricing 
to minimize the impact on the electricity distribution 

network. 

[24]   Residential Centralized 
A receding horizon charging coordination framework to 

manage a large number of charge requests. 

[25]   Charging 
stations 

Centralized Demand-side management system to to meet both grid 
requirements and user needs. 

[26]   Charging 
stations 

Decentralized Single-charger optimization approach to cost minimization 
and user satisfaction. 

[27]   Residential Centralized 
Algorithm managing the charging of connected EV by 

assigning each a priority index.  

[28]   Residential Centralized 
Charge requests are prioritized based on available charging 

time and energy required. 

[29]   
Charging 
stations 

 
Centralized 

Integration of artificial intelligence (AI) into Malaysian 
smart electric vehicle charging systems. 

[30]   Microgrid Centralized 
Artificial-Neural-Network-based power management 

control system. 

[31]   Charging 
station 

Decentralized Fuzzy logic controller at the EV charging station based on 
power requirements, energy price, and solar energy. 

[32]   Charging 
station 

Decentralized Multi-objective optimization to minimize charging station 
operational and power losses. 

[33]   
Charging 

station Decentralized 
Development of a charge emulation system using the ISO 

15118 communication protocol. 

[34]   
Charging 

station Centralized 
Implementation of the dynamic current-limiting algorithm 

using the IEC 61850 protocol. 

Charging
station Decentralized Algorithm for bidirectional smart charging considering user preferences, Peer-to-Peer

energy trade, and grid ancillary services.

[40] Parking lot Centralized Two-stage stochastic programming model to coordinate the charging of multi-port
chargers with minimization of investment and operating costs.

[41] Charging
station Centralized Two-stage stochastic programming model is developed for planning a public parking

lot charging station equipped with single output multiple cables charging spots.

[42] Residential
parking lot Centralized Mixed-integer linear programming optimization to improve fairness in the charging

process considering different types of charging contracts.

1.1.1. Charge Management

Centralized control is best suited to situations with a limited number of users such as
a residential complex, a work parking lot, or a charging infrastructure. The management
of domestic charging is addressed in [16] regarding condominium parking, while [17]
examines domestic charging managed on a digital platform run by a single energy ag-
gregator. The work in [18] proposes an approach for charging control in residential area
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based on smart meters, which rely on the local sensing and computing capability of the
meter for communication with the single EV, and global coordination of advanced metering
infrastructures for charging regulation. A centralized charging strategy for a charging
infrastructure is proposed in [19]; the aim is to optimize the charging time, selecting the
best charging protocol that maximizes the charging capacity while minimizing the queuing
delay. The study in [20] designs a charging architecture that features a centralized control
system that acts as a common server for public charging infrastructure and coordinates
the overall vehicle charging cycle with a reservation-based strategy. The realization of a
centralized management system software for electric vehicle charging is presented in [21].
The realization includes a web application, a database, and a mobile application. In [22],
they describe a scalable centralized charging approach to manage EV fleets considering
power grid impact and user comfort.

A mixed approach is proposed in [23] where the charging management is implemented
using electricity price signals and centralized charging control strategy. In [24], a two-stage
hierarchical optimization method is designed to facilitate dynamic control of many EVs.

In [25], they propose a demand management system for charging at public stations
that uses a predictive control model. The system adapts in real time to grid conditions,
acting on electricity prices to influence user preferences. In [26], they describe a distributed,
multi-agent reinforcement learning approach that optimizes the decisions of each charging
point with a view to minimizing costs while maximizing user satisfaction. The work in [27]
proposes a dynamic optimization algorithm that aims to schedule EV charging based on a
priority index attributed to each charge request, so as not to exceed the assigned maximum
power capacity in each electrical substation. A similar approach based on the classification
of charging requests is illustrated in [28]. The priority level assignment aims to maximize
the satisfied energy requests, while respecting the charging station power limit.

Recent studies [13,29,30] have examined the role of AI in managing charging and
the overall EV ecosystem, which is expected to become increasingly important in the
coming years.

1.1.2. Integration with Renewable Energy Sources

Integrating renewable energy sources into smart grids is a crucial step toward decar-
bonization; however, it poses significant challenges in managing power flows effectively.
These flows should be optimized to accommodate the variability of renewable sources and
the unpredictability of energy demand. The work in [31] develops an intelligent controller
that coordinates the charging and discharging of EV batteries connected to a charging
station. The fuzzy logic controller manages the integration of EVs and charging station
with the electricity grid, local renewable sources and a storage system. Similarly, in [32],
a multi-objective optimization algorithm is proposed to reduce the operating cost of the
charging station and optimize the utilization of energy from the distribution grid and a
photovoltaic system. A new power control method is proposed and implemented in [33,34]
to manage distributed photovoltaic impacts, using dynamic management of EV fleet charg-
ing power demand. Charge management in residential applications is also relevant. A
review of systems for intelligent home energy management with grid-connected photo-
voltaic (PV) solar panels and integrated with electric vehicles is provided in [14]. Integrated
energy management of EVs and renewable energy sources are particularly relevant for
microgrids (MG). Many approaches have been proposed for the optimal management of
MG; an improved version of the Runge Kutta optimizer has been developed in [35] to
manage a system composed of two diesel generators, two wind turbines, three fuel cells, an
electrical vehicle charging station, and interconnected loads. A bald-eagle search optimizer
is applied to a similar problem considering wind turbine, photovoltaic, micro turbine, fuel
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cell, storage battery, PHEVs, and grid in [36]. In [37], a metaheuristic algorithm is used to
simultaneously minimize the daily operating costs and net environmental pollution of a
small MG with a distributed power generation system, considering the charging demand
of plug-in hybrid electric vehicles (PHEVs) and consumer load demands.

1.1.3. Bidirectional Energy Exchange

Bidirectional energy exchange allows EVs to act not only as loads but also as energy
sources, representing an active actor in the smart grid ecosystem [15]. The authors in [38]
propose a solution for bidirectional charging, where electric vehicles can act as mobile power
sources for homes, buildings, and the electricity grid, based on the use of smart meters.
The preferences of an electric vehicle user are the input of an algorithm for bidirectional
intelligent charging, which integrated with the needs of providing auxiliary services to the
grid and local energy exchange, allowing the model to adapt to various conditions [39].

1.2. Contribution of This Work

This study focuses on managing the charging of electric vehicles in a workplace
parking lot. An analysis of actual data regarding car movements shows that, on average,
these vehicles travel relatively short distances and stay parked for several hours. The study
explores various management strategies that leverage these long idle periods to meet the
charging needs of the cars. Solutions for planning the operations of charging stations in
urban areas that include coordinated planning of charging points have been examined
in [40,41]. Our work differs from previous ones in the use of real travel data associated to the
case study, which allows a more precise analysis of the advantages associated with different
approaches to coordinated management of charging points. Moreover, the case study of
a private parking lot allows for a centralized control management that is more difficult
to implement in a public charge infrastructure. The study referenced in [42] introduces
a charging management system for a residential parking lot that enhances fairness in
the charging process, considering various user profiles. The parking lot is equipped
with charging stations that have multiple sockets. This work shares several similarities
with the approach outlined in the current paper. However, instead of addressing an
optimization problem, our method uses a heuristic approach to charging management
that does not require a priori knowledge of the arrivals. While heuristic approaches are
often used to solve optimization problems, our method takes a more adaptive strategy.
Instead of finding a single optimal solution that may be rigid and inflexible, we propose
a heuristic method that can dynamically adjust to varying charging demands without
needing prior knowledge of vehicle arrivals. Although this solution may not be the absolute
best in every scenario, it is highly effective in a wide range of real-world conditions. This
approach enables more robust and responsive charging management. This method is
based on event logic, which considers the timing of EV arrivals and departures, as well
as their energy requirements. A similar approach is proposed in [28], using a different
method of prioritizing and fulfilling recharge requests compared to what is suggested here.
Another difference from the work [28] is that we consider a scenario in which the number
of charging points in the parking lot is lower than the charging requests, necessitating
queue management.

The present study investigates effective strategies for managing EV charging de-
mands within a designated parking lot. Specifically, this research addresses the
following questions:

1. What is the minimum number of charging points required to accommodate the
charging needs of the vehicle fleet?

2. How can charging infrastructure be designed to ensure equitable access for all vehicles?
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3. What are the operational and logistical implications of different charging strategies?

By analyzing vehicle parking patterns and evaluating various charging scenarios, this
study aims to provide valuable insights for optimizing EV charging infrastructure and
enhancing the overall efficiency and sustainability of electric vehicle fleets.

The investigated infrastructure scenarios can be classified as follows according to the
number of charging points (CPs):

• Scenario 1 (CPs >= EVs):

• Focus on managing power availability limits from the grid.
• Strategies:

# Monitor key parameters (vehicle idle times, energy required).
# Modulate charging power.
# Manage start/end times of charging sessions.

• Scenario 2 (CPs < EVs):

• Focus on organizing access to CPs.
• Strategies:

# Monitor key parameters (vehicle idle times, energy required).
# Manage start/end times of charging sessions (CPs rotation).

• NOTE: logistics of the CPs’ accesses are not within the scope of the study.

We provide a comparison of various methods for managing the charging of EVs
in a workplace parking lot, evaluating the performance of these methods against a
first-in-first-out (FIFO) charging management strategy.

The key characteristics of the proposed methodology are as follows:

- Charging management relies on basic information from the vehicles. Specifically,
the system gathers only the state of charge (SOC) and the battery size to assess
charging needs.

- While knowledge of the stop duration can enhance optimization, the methodology
still performs well even without this information. No a priori knowledge of the arrival
time is necessary.

- Various configurations of CPs are analyzed regarding their quantity, layout, and the
power they can deliver.

- The proposed methodology is applicable in scenarios where the available power in
the parking lot is limited. This is particularly important since installed capacity is con-
strained by the limitations of the power distribution system, especially in urban areas.

The case study utilizes real data on the usage of a workplace parking lot. Each vehicle
in the sample relates to the actual distances traveled between stops at the parking lot, which
allows for a punctual evaluation of the energy requests.

2. Materials and Methods
This study investigates different EV charging management methodologies in the

context of home–work trips, considering the impact of charging operations on the company
site’s power network and the effectiveness of the charging service. The analysis compares
three different charging management strategies against the uncontrolled one to evaluate
their effects and potential. The study aims to assess the benefits that can be obtained
for the electricity network by developing specific charging management algorithms and
optimizing the number of CPs while meeting the charging demand.

The study utilizes mobility data collected by vehicular devices to estimate distances
and consumption for the charging management approaches. These data help identify
recurring travel profiles, such as daily home-to-work trips, enabling better management
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of charging services, and supporting the design and implementation of an appropriate
charging structure.

2.1. Data

Using in-vehicle location tracking systems has improved the coverage and accuracy
of roadside investigations. In Italy, OctoTelematics operates a vehicle probe system for
insurance profiling, which relies on the wireless exchange of information between a fleet
of private vehicles and a data processing center [43]. The present study’s analysis relies
on a set of OctoTelematis data concerning vehicles operating in the metropolitan area of
Rome, covering over 150,000 cars and more than 157 million travel records throughout
a complete solar year. Each vehicle’s device is equipped with a GPS, accelerometer, and
GSM/GPRS communication device for information exchange with the data collection center.
The recorded information includes the start and end time of the trip and the position, with
sampling occurring every 2 km on urban or extra-urban roads and every 30 s on the
highway. The vehicle data are organized into the following fields:

• Terminal ID;
• Date Time: UTC timestamp of the recording (dd-mm-yyyy hh:mm:ss);
• Latitude: geographic coordinate in the WGS84 system in millionths of a degree;
• Longitude: geographic coordinate in the WGS84 system in millionths of a degree;
• Speed: instantaneous speed in km/h;
• Direction: direction of travel (in degrees 0 = North, 90 = East, 180 = South, 270 = West);
• Quality: GPS signal quality (1 = does not navigate, 2 = 2d, 3 = 3d);
• Status: status (0 = departure, 1 = motion, 2 = arrival);
• DeltaPos: distance in meters from the position of the previous point;
• Road: road type attributed by OctoTelematics (U = urban, E = extra-urban, A = highway).

Our objective was to identify recurring trips and analyze the energy profiles related to
commuter transfers at the Casaccia Research Center parking lot. We excluded any data that
contained inconsistencies or errors, such as GPS inaccuracies. Specifically, we eliminated
trips that did not follow the correct sequence of statuses (0-1-2), those with zero or negative
distances, and trips that had missing recorded data. The data were then analyzed to identify
movements belonging to the same travel chain, with each journey characterized by specific
information as follows:

• Trip ID.
• Terminal ID.
• Departure date and time.
• Starting position.
• Date and time of arrival.
• Arrival position.
• Distance travelled.
• Trip duration.
• Stop duration until next trip.

The data analysis aims to evaluate the demand for electricity to recharge EVs during
stops at the workplace, originating from home–work commutes. We selected as a case
study the “Casaccia” ENEA Research Center, located north of Rome and equipped with a
large parking lot to accommodate employees’ and visitors’ vehicles (Figure 1). To evaluate
the potential demand for charging, we must assume that the travel habits of the identified
ICE vehicles are similar to those of EVs. In this way, based on the distances traveled and
energy consumption of a typical BEV, we can estimate the charging demand for each stop.
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Figure 1. Casaccia Research Center: (a) location map and (b) aerial view of the parking lot. Solar
panels on the rooftops of the parking lot are visible in the lower right corner.

Clustering techniques were applied to the initial set of trips, enabling us to identify the
recurring stops made by each vehicle. Each vehicle is assigned an anonymous ID to ensure
privacy. Notably, the recurring night stops helped us determine the residences of each user.
Our focus is on vehicles that reside in the metropolitan area of Rome and make more than
five stops at the specific location of Casaccia throughout the year. The total number of
selected vehicles in this study is 38. A questionnaire conducted by the Casaccia Mobility
Manager revealed that approximately 68% of the 578 respondents (who represent 70% of
the total ENEA employees) use a car for their commute to work. The respondents work an
average of 3.9 days in the office. The sample of 38 vehicles accounts for about 7% of the
total fleet of ENEA workers. Given that in 2023, the share of plug-in electric cars in Italy is
around 1.1% [44], we can consider this sample to be representative for the case study.

The analysis of trips and parking events enables us to estimate energy demand and
its variability on both a weekly and annual scale. By examining the hourly distribution of
daily energy demand, we can determine if there are peak periods of charging requests that
require effective management.

2.2. Methods

The approach presented in this study aims to minimize the number of charging points
in the parking lot while maximizing the satisfaction of charging demand. However, due to
the dynamic nature of charging demand, defining a single universally optimal solution is
challenging. Therefore, we employ a heuristic method to efficiently explore a vast solution
space and identify feasible options that effectively balance these competing objectives.
While this approach cannot guarantee an absolutely optimal solution, it offers a practical
and adaptable solution suitable for various scenarios.

The analysis of stops at the workplace parking lot shows that, on average, they last
for several hours. This characteristic enables various solutions for managing charging,
particularly by adjusting the power levels and the number of CPs installed.

The proposed heuristic method can be summarized in the following steps:

• Define the charging infrastructure scenario.
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• Explore solutions that prioritize reducing the number of CPs in charging infrastructure.
• Identify feasible options that balance competing objectives.
• Note: it cannot guarantee absolute optimality but offers a practical and adaptable solution.

To analyze the impacts of the different charging management strategies, we can
identify two infrastructure scenarios; in the first, the number of CPs is equal or larger
than the number of vehicles (CPs ≥ EVs); in the second, each CP is used by multiple EVs
(CPs < EVs).

In the first scenario, the charge management strategy addresses the potential issue
of power availability limits imposed by the grid connection. To enhance the efficiency of
charge implementation, the system needs to monitor key parameters, such as vehicle idle
times and the amount of energy required. Leveraging this information can significantly
enhance the efficiency of request fulfillment. Effective strategies can include modulating the
charging power, managing the start and end times of charging sessions, or implementing
hybrid approaches.

If the number of CPs is lower than the number of EVs, a system based on organizing
access to the CPs through a booking service and managing parking and charging spaces
is necessary. These ancillary services for managing access to parking and charging bays
will not be investigated in the present work. Instead, our focus will be on the energy
management of resources needed to meet the charging demand.

To find the optimal solution for charging power in relation to the number of CPs and
the management of the request queue, we will consider charging stalls equipped with
sockets, organized hierarchically in a master–slave structure, as illustrated in Figure 2.
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The master connects to the power grid, monitors the charging points, and controls
the activation of charging. The CPs are cabled with a digital bus, which facilitates com-
munication between the master and the CPs, and a power bus for energy exchange. This
system exchanges information about the presence of vehicles and the safety measures in
place for users. Based on this architecture, we will explore how to implement an intelligent
management system that can effectively address demand.

Charging Power Modulation

Power modulation at the EV charging station, also known as Electric Vehicle Supply
Equipment (EVSE), takes place in charging mode 3 through a signal present in the pinout
of the vehicle–station wiring. IEC 61851-1 provides information on the protocol between
the EV and the EVSE, which enables operations for control, safety, and charging regulation.
In mode 3 (as well as in modes 2 and 4, although with certain limitations based on the
different contexts), the following functions are mandatory:

• Verification of the continuity of the ground conductor.
• Verification of the connected vehicle.
• Enabling and disabling energy transfer.
• Verification of the maximum supply current that can be drawn.

If the EVSE is supplying power to multiple vehicles simultaneously, these functions
must be guaranteed independently for each EV. Therefore, in a master–slave configuration,
all conditions must be respected for each CP, regardless of the identified topology. Charging
mode 3 implements a signal to regulate the maximum current that the CP can draw. This
regulation is achieved by modulating the duration of the high level in a square wave signal,
known as Pulse Width Modulation (PWM), which is present in the connection between
the EVSE and the vehicle. The management protocol ensures that the charging station
sends a control signal of a specified amplitude at a frequency of 1 kHz. The duty cycle (D),
which represents the percentage of time the square wave signal is at a high level relative
to its total period, may vary under different operating conditions. Specifically, when D is
between 10% and 85%, there is a direct proportionality with the current that the CP can
supply, according to the following relationship:

Is = Din ∗ 0.6, (1)

If D is between 85 and 94%, the maximum current will be supplied according to the
following relation:

Is = (Din − 64) ∗ 2.5 (2)

Figure 3 illustrates regulation curves as a function of D, while also considering the
useful power range for both single-phase supplies up to 16 A and three-phase configura-
tions with higher currents. By utilizing the maximum commercial values for single-phase
(1P) and three-phase (3P) setups, the maximum power values that can be drawn from the
network are summarized in Table 3.

Table 3. Maximum power that can be drawn from the grid based on the distribution volt-
ages/currents.

I (A) 1P (V) 3P (V) 1P (kW) 3P (kW)

6 220–240 1.3–1.4
10 220–240 2.2–2.4
16 220–240 3.5–3.8 10.5–11
32 220–240 380–400 7–7.6 21–22
64 220–240 380–400 14–15.3 42–44
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Figure 3. Current deliverable as a function of the PWM signal D (blue line) and maximum power
deliverable in single-phase and three-phase.

The PWM and control circuits ensure interoperability with systems that comply with
the SAE J1772 standard. Figure 4 illustrates an example of a pilot signal, identifying
different operational states. When the vehicle is disconnected, the CP signal is at +12 V; this
voltage drops to +9 V when the connector is inserted (B). Subsequently, the PWM signal
informs the vehicle of the maximum current it can draw (C). The EV then begins to draw
current, which can be adjusted if the CP modifies the maximum withdrawable current
(transition D5). The session ended through states C-E-A.
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3. Results
In this section, we present the results of our analysis on the journeys and stops, which

allow us to estimate the energy requirements for charging. The analysis reveals that the
average duration of stops is quite long, providing a range of options for selecting the
power levels of CPs and implementing charging management strategies, such as adjusting
charging power and scheduling time shifts. Below, we analyze and report the impact of
some of these strategies for the case study.

3.1. Data Analysis

From the analysis of vehicle monitoring data, 38 vehicles were identified as using the
Casaccia parking lot multiple times, likely for work purposes. A detailed analysis was
conducted on their parking behaviors, including the distances traveled before arriving at
and after leaving the parking lot.
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The frequency distribution of parking events for these vehicles over a year is reported
in Table 4 along with the cumulative frequency. The annual presence of individual vehicles
ranges from a minimum of 31 days to a maximum of 215 days. Notably, half of the vehicles
had a presence exceeding 130 days within the year.

Table 4. Annual frequency distribution and cumulative distribution of parking events for the set
of vehicles.

Days/Year No. of Vehicles Cumulative Frequency [%]

0–20 0 0.0
20–40 3 7.9
40–60 4 18.4
60–80 4 28.9

80–100 5 42.1
100–120 3 50.0
120–140 1 52.6
140–160 5 65.8
160–180 5 78.9
180–200 4 89.5
200–220 4 100.0

The temporal profile of the stops is illustrated in the graph in Figure 5, which shows the
duration of stops (on the vertical axis) as a function of the start time (on the horizontal axis).
There is a noticeable concentration of arrivals in the parking lot around 8 AM. Typically,
the stop duration exceeds 4 h, with a maximum of 12 h, and the distribution falls mainly
in the range of 7–10 h. The red arrow indicates the end time of the working day, which
is determined by extrapolating the arrival–duration combination that shows the highest
density in the scatter plot.
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The relationship between the start time and the parking duration is consistent with
the parking habits related to working hours. This scheme allows different approaches to
charge management, even at low power.
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To determine the vehicle’s consumption and charging needs, it is essential to assess
the distance traveled during the home-to-work journey, in addition to establishing the
timing of stops. Figure 6 shows a map of home–work distances, in which the red dots
represent the residences of EV owners, and the blue dot is the Casaccia site. The maximum
distance is 60 km, with a modal value around 30 km. The green line represents the Grande
Raccordo Anulare, which circumscribes the urban area of Rome. From the street map, it is
possible to deduce that half of the vehicles follow a mixed route (extra-urban–urban) and
the remainder a predominantly extra-urban route.
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3.1.1. Temporal Distribution of the Stop Events

In this section, we will illustrate the results regarding the daily distribution of vehicle
arrivals and parking durations. This information is essential for potential regulations on
charging, specifically concerning access policies to the CPs and the regulation of charging
power levels. To provide a clearer understanding of the users’ behavior, we will examine the
temporal profile of arrivals and parking for a typical day. Figure 8 displays the arrival times
and parking durations of the 23 vehicles that accessed the parking lot on February 4th.
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Figure 8. Arrival and parking durations of the 23 vehicles accessing the parking lot on February 4th.

The average duration of these stops is 8 h 25 m with a minimum of 5 h 35 m and
a maximum of 13 h 58 m. The analysis excludes vehicle number 15, whose stop is only
17 min, a time not compatible with its classification as a home–work stop.

Figure 9 illustrates the temporal distribution of vehicles in the parking lot during
the week of February 4th to February 11th. The maximum number of vehicles accessing
the parking lot during this period ranges from 21 to 26. The curves demonstrate a daily
pattern in the distribution of arrivals from Monday to Friday. The profile consists of three
main segments: an ascending segment in the morning, indicating arrivals; a horizontal
segment during the midday hours; and a descending segment in the afternoon, reflecting
the conclusion of the workday. Vehicle presence over the weekend is notably low and is
likely due to night shifts.

Analyzing this week’s access data, we find that only 55% to 68% of the monitored fleet
accesses the parking lot each day. To gain further insights, we examined the distribution of
accesses over the year. Figure 10 shows this distribution with the number of vehicles in the
car park on a given day (event) on the abscissa and the frequency (number of events) with
which the configuration occurs on the ordinate. The upper part of the graph normalizes
the values to the total number of vehicles in the fleet. From the graph, we can see that the
maximum percentage of vehicles present in the parking lot is 73% (indicated by the red
arrow). Additionally, events with attendance exceeding 60% (highlighted in the green zone)
occur only 34 times in a year, representing 9.3% of the total.
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This result highlights that the number of CPs needed to satisfy the demand is less
than the number of vehicles in the fleet. In fact, for the case study, 23 CPs can satisfy the
charging demand of all the vehicles in more than 90% of the cases, while 28 CPs satisfy
100% of the requests, regardless of the arrival time.

3.1.2. Charge Demand

To evaluate the energy required for EV charging, it is essential to calculate the distance
traveled since the last charge. Analysis of parking frequencies in the workplace parking lot
shows an annual average of 100 days per year. Typically, several days may pass between
two consecutive visits to the parking lot.

For this study, we adopted several working hypotheses:

• Charging is preferably done at the workplace.
• Charging at home or any other location occurs only when strictly necessary.

Based on these assumptions, we determined the distance traveled between the last
charging site and the parking lot. The EV consumption was estimated using experimental
evidence from a Nissan Leaf 24 kWh, gathered through on-road measurements by ENEA. By
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applying this procedure to all vehicles over a year, we compiled the frequency distribution
of daily energy requirements, as shown in Figure 11.
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Figure 11. Distribution of energy required daily by vehicles during stops for one year.

The maximum daily energy needed per vehicle is 19 kWh, while the most frequent
charging requirement is 12 kWh. The average energy requirement for charging is 8.87 kWh.
This average corresponds to a distance of 59 km, which is approximately 10 km greater
than the average home-to-work-to-home distance. This suggests that the vehicle is being
used for purposes beyond just commuting to and from work.

The time distribution of the energy required to recharge the vehicles for the entire
parking lot for the entire year is shown in Figure 12. In particular, the blue curve represents
the daily energy overall required by the vehicles being recharged (right axis), and in
yellow, the number of vehicles (left axis). The maximum requested energy during the
day is 300 kWh and a peak occurs almost every Monday due to the greater mileage
on Saturday/Sunday. On other weekdays, the energy demand varies between 150 and
200 kWh.
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A key factor in determining the most appropriate charging management strategy is
the total duration of vehicle stops. The graph in Figure 13 illustrates the total number of
hours that vehicles in the parking lot are stationary (shown on the left axis). Superimposed
on this graph is a blue curve representing the required energy. The right axis displays
values for both metrics, normalized to the 38 vehicles in the fleet using the parking lot.
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Figure 13. Total hours of parking (yellow line) and total energy required (blue line).

There is an appreciable correlation between the total hours of stoppage and the energy
required. Notably, three data points in the graph show parking duration exceeding 300 h.
These instances occur during the summer months of July and August and pertain to a
vehicle that remained parked for over ten days.

In Figure 14, we present a zoom-in on the two previous variables, focusing on the
period from April 28 to June 23 (8 weeks). This allows for a better evaluation of their
temporal behavior. Specifically, the quantities have been normalized based on the number
of vehicles present in the parking lot each day. With this normalization, the two variables
represent the average values per vehicle.
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Figure 14. Average daily values of parking hours (yellow line) and energy required (blue line)
per vehicle.

The overlapping of the average values of parking hours with those of energy demand
can be observed, generally differing on Monday. The first week analyzed includes two
holidays, hence the difference between the average values of presence and energy demand.
Based only on weekdays throughout the year, the average parking is 8.31 h/vehicle while
the energy demand is 8.87 kWh/vehicle.

3.2. Charge Management Strategies

This study identifies the design conditions for the charging infrastructure at the
parking lot in two ways:

1. N◦ CP ≥ N◦ EV
2. N◦ CP < N◦ EV
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The first scenario assumes that there is always a CP available for each vehicle arriving
at the parking lot, resulting in a surplus of CPs. In this case, a smart charging system only
needs to manage the power distribution among CPs to meet the network’s needs.

In contrast, the second scenario involves a limited number of CPs, which is fewer
than the number of vehicles in the parking lot. Here, it is necessary to manage a queue for
charging requests. When multiple vehicles arrive in a short period, it becomes important
to handle the movement of vehicles between charging stalls and parking spaces. To meet
the charging demand effectively, the queue management must be “smart.” This means it
should consider the expected parking durations and the amount of energy each vehicle
requires. The goal is to ensure that no vehicle leaves without charging while fully charged
vehicles remain connected to the CPs in the parking lot.

3.2.1. Surplus of CPs

In this scenario, the availability of CP exceeds the demand, meaning it does not restrict
the formulation of the charging problem. However, a constraint in the provision of the
service arises from the overall power limit that the charging system can provide.

To verify the maximum charge requirements, we evaluate the power supplied to the
load on the most critical day. On this day, the 28 vehicles in the parking lot collectively
need a total of 325 kWh for charging. We consider two different charging power levels for
the CPs: 3 kW and 6 kW.

Figure 15 displays the distribution of power required for EV charging, indicated by
the green line. We assume that each charging session begins as soon as the EV parks, with
the connection time to the charging point considered negligible. Under these conditions,
the maximum peak power is just under 70 kW, occurring around 9:30 AM, and drops to
zero by 4:00 PM. Charging usually ends around 8:00 PM, which is before the last vehicle
departure. The time interval between the end of charging sessions and the departures
becomes longer when the charging power level increases. For example, when CP charging
power is 6 kW, charging usually ends around 1:00 PM, reaching a maximum request of
100 kW. For each BV, we define “residual time” as the interval between the end of the
charging session and the vehicle’s departure, see Figure 16. On average, this residual time
is approximately two-thirds of the total stop time when charging at 3 kW, and it increases
with higher charging rates.
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Figure 16. Definition of residual parking time.

Since the average residual time is not zero, we can evaluate a charging strategy that
establishes a time interval between the vehicle’s arrival at the parking lot and the start of
charging. To assess the impact of this procedure on the power profile, we introduced the
following delays:

(a) The vehicle waits for a time equal to half of its residual time.
(b) The vehicle waits for a time equal to its full residual time.

Under the first condition, the residual time is halved compared to the scenario without
waiting. In the second case, the residual time becomes zero. This temporal shift results
in slight changes to the maximum power demand. The highest power request occurs in
case (a), due to an increased number of overlapping charging events.

For high-power CPs, while the charging load trends remain similar, we observe a
higher peak in committed power with a shorter withdrawal time, due to reduced charging
duration for each vehicle.

Figure 17 shows the power trends for a typical week (February 4–10) for the two
different charging power options (blue curve: half residual time delay; red curve: full
residual time delay; green curve: no delay). Comparing the two graphs in Figure 17, it is
evident that doubling the charging power results in a 50% increase in the maximum power
delivered, for instance, rising from 63 kW to 96 kW.

The temporal analysis of charging requests indicates that the maximum number of
active CPs at any given time is lower than the number of vehicles present. For example, in
a no-delay scenario, out of 27 vehicles parked simultaneously, only 22 CPs are active when
using 3 kW CPs, and only 16 are active with 6 kW CPs.

While both CP configurations are sufficient to meet the charging needs of the EV fleet
in all three delayed charging approaches, ensuring that no vehicle leaves the parking lot
without being charged, the 6 kW option increases the maximum peak power demand by
up to 40% compared to the 3 kW case.

We now introduce some charging strategies to contain the power peak. The charge
control system is represented by the scheme identified in Figure 18. The master receives
the end-of-parking information from the user and the initial SOC from the vehicle. Based
on these inputs, the master programs the charging start time by closing the power circuit
and opening it at the end of charging.

Figure 19 illustrates a workflow for managing vehicle charging based on parking time,
with a delay equal to the “residual time”. Pr is the maximum power level at the CP.

The duration of the charging session is influenced by the vehicle’s technical specifica-
tions and the power level of the charger. If the dwell time is equal to or shorter than the
necessary charging time, charging will commence immediately. However, if the parking



Energies 2025, 18, 421 20 of 32

duration exceeds the required charging time, charging will begin at a later moment Ti. The
goal for the final SOC is 100%, although it could not be fulfilled in some situations.

Tr = charging time.
T f = end-of-parking time.
Ti = start charging time.
Tr = residual time.
Another goal of charging management is to improve the performance of the parking

charging system by reducing power peaks.
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One way to contain power peaks is to reduce the charging power of the vehicles to
maximize the number of active CPs with the same total power delivered. Let us consider
the following two different configurations for the CPs that aim to halve the total power,
illustrated in Figure 20:

(a) All the engaged CPs are powered, but with a power equal to half the nominal power
of the CP.
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(b) The CPs are grouped in groups of two and are powered alternately at the nominal
power of the CP.
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Approach (b), which involves grouping the CPs, allows the same charging power to
be applied to two vehicles but at different times. The result is a halved overall power due
to the limitation of access to charging.

The CPs are virtually connected by the master, allowing for greater flexibility in man-
aging activations and deactivations, even if they are located in distant stalls (as illustrated
in Figure 4).

Simulations were conducted to the power distribution over time under two different
charging management approaches. Figure 21 summarizes the results for a typical day
(22 April). We assume there are 28 CPs, corresponding to the number of parked vehicles.

The graph on the right illustrates mode (a), where power is distributed across all
28 CPs. In contrast, the graph on the left represents mode (b), where a maximum of 14 CPs
can be activated simultaneously. Additionally, the figure shows the power trend when
vehicles are charged at 3 kW (green line), with charging beginning upon arrival, following
the FIFO (first-in-first-out) logic.
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In Approach (a), which limits the charging power at the CPs, the maximum peak
demand is reduced to 40 kW (as shown in the top panel of Figure 21). The load power
curve increases at a slower rate compared to the case of uncontrolled charging (green line).
Reducing the maximum requested power results in extended charging times, postponing
the end of operations to 8:00 PM. Reducing the maximum power available for charging to
1.5 kW prevents the full charging needs of electric vehicles. For the day under investigation,
for example, five cars leave the parking lot before their batteries are fully charged, resulting
in a total of 8.2 kWh (about 2.5% of the total energy demand) not being supplied. To address
this issue, full-power charging could be provided when only one vehicle is connected to
every two charging points.

Charge management according to Approach (b), as illustrated in the graph on the
bottom of Figure 21, requires the knowledge of each stop duration. This allows prioritizing
the vehicle with the shortest residual time among those connected to the CPs. Having more
information enables us to manage power usage effectively and plan charging schedules.
Initially, the power curve aligns with that of uncontrolled charging (green curve). Around
9:00 AM, the power reaches the limit of 42 kW. From this point onward, charging is managed
to ensure that this power limit is not exceeded; some vehicles complete their charging while
others begin, maintaining a constant total power usage. As a result, some vehicles are
connected to the CPs but are not actively charging. The power supplied remains constant
until 2:00 PM, after which it begins to decrease and reaches zero by 6:00 PM.

The maximum power drops from 70 kW of the uncontrolled charging to 42 kW. The
overall charging time is extended by two hours due to the staggered charging start times
for some vehicles in the management method. However, the service capacity—meaning
the ability to meet the energy demand for charging—remains unchanged; the total energy
supplied, represented by the area under the red curve, is equal to that under the green
curve and totals 325 kWh.

The previous evaluations were conducted under the assumption that the exit time of
the vehicles was known. When there is uncertainty about the parking duration, we can
implement a round-robin charging approach, where the charging alternates between the
two vehicles at regular intervals.
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The results of simulations carried out with charging powers of 3 kW, 2.5 kW, and
2 kW, with time intervals of 30 min for the charging alternation, are presented below.
We will compare the findings from this round-robin charging method with those from
Approach (b).

Table 5 summarizes the results, with the first column identifying the virtual CP pairs,
the second column listing the identifiers of the vehicles being charged, and the remaining
six columns showing the energy not supplied relative to the total charging needs for both
charging methods at various maximum power levels.
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Table 5. Comparison of energy delivered using Approach (b) charging and round-robin charging.

Max Charging Power 3 kW 2.5 kW 2 kW

CP ID EV ID
Energy

Required.
[kWh]

Approach
(b)

Round-
Robin

Approach
(b)

Round-
Robin

Approach
(b)

Round-
Robin

0
0 15.6 – – – 2.1 – 4.8
14 11.2 – – 2.3 0.2 7.2 2.4

1
1 10.9 – – – – 2.7 –
15 16.6 – – – 2.6 1.1 7.6

2
2 16.8 – – – – 2.3 1.6
16 9.7 – – – – – 0.7

3
3 15.6 – – – 1.5 – 4.3
17 11.1 – – 2.9 1.4 7.7 3.3

4
4 7.0 – – – – – –
18 16.0 – – – 1.2 2.3 5.6

5
5 7.0 – – – – – –
19 17.3 – – – – 3.4 3.4

6
6 17.4 – 3.0 – 5.4 1.0 7.8
20 11.6 – – 3.6 – 7.6 0.9

7
7 11.7 – – – – – 2,1
21 9.2 – – – – 3.5 1.4

8
8 6.0 – – – – – –
22 11.1 – – – – – –

9
9 10.2 – – – – – 1.9
23 16.8 – – 3.6 3.6 8.3 6.4

10
10 9.3 – – – – – –
24 12.6 – – – – 3.7 3.7

11
11 4.8 – – – – – –
25 15.5 – – 2.3 2.3 4.9 5.2

12
12 10.8 – – – – – –
26 5.7 – – – – – –

13
13 4.3 – – – – – –
27 13.4 – – – – – 4.7

TOTAL 325.2 0 3 14.7 20.3 55.7 63.1

Tests conducted using Approach (b) charging consistently yield the best results due to
the prior knowledge of the end-of-stay time. For 3 kW CP, the results are also excellent for
round-robin charging; in fact, there is only one instance in which not all requested energy is
supplied, with the shortfall being less than 1% of the total request and 17% for the specific
vehicle involved.

As the maximum charging power decreases, the percentage of unsupplied energy
for Approach (b) rises to 4.5% for 2.5 kW and 17.1% for 2 kW. The round-robin charging
method results in an additional decrease of about 2% in both cases, with 6.2% and 19.4% of
unsupplied energy, respectively.

Round-robin charging exhibits slightly lower performance levels compared to
Approach (b). However, when examining the share of energy not delivered to each vehicle,
it becomes evident that round-robin charging distributes the shortfall more evenly between
the two vehicles in the same charging pair. In contrast, Approach (b) tends to penalize
only one of the two vehicles. The details of the charging time sequence for the case with
14 3-kW CPs are illustrated in Figure 22, with Approach (b) shown in the left panel and
round-robin charging in the right panel.
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Figure 22. Timeline of the charge events for Approach (b) (left) and round-robin charging (right). 
Yellow bars represent the parking duration; colored bars indicate that the vehicle is charging (each 
bar color refers to a CP). 

In Figure 22, the vehicle�s idle periods are highlighted in yellow. Each of the other 14 
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the right. 

Figure 22. Timeline of the charge events for Approach (b) (left) and round-robin charging (right).
Yellow bars represent the parking duration; colored bars indicate that the vehicle is charging (each
bar color refers to a CP).

In Figure 22, the vehicle’s idle periods are highlighted in yellow. Each of the other
14 colors represents the specific CP when it is active on a vehicle. Despite the different
charge strategies, the delivered energy profiles are nearly identical, as illustrated by the red
curve in Figure 23, which shows consecutive recharge on the left and round-robin recharge
on the right.
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Figure 23. Delivered energy profile for Approach (b) (left) and round-robin charging (right). The red
curve is the delivered energy profile for the controlled charge strategy, while the green line represents
the uncontrolled case, for 3-kW CPs.

3.2.2. Limited Number of CPs

Previous analyses considered a number of CPs equal to or greater than the number of
charging requests. If the number of CPs is limited, the operating framework changes, since
a waiting queue can be generated at the CPs. As a case study, let us consider the case of
five available 3-kW CPs. Figure 24 shows the number of daily vehicles parked (blue area)
and those charging (hatched area) in the case of five CPs; between 8.00 and 18.00, all the
CPs are occupied while before and after they are partially free.

The energy required to charge the 28 parked vehicles is 325.3 kWh. However, only
64% of this demand can be met with five CPs of 3 kW each.

A sensitivity analysis was conducted regarding the number of CPs and the maximum
charging power. The results of this analysis, presented in Table 6, indicate that when using
a power level of 3 kW, at least nine CPs are needed to meet the total energy requirements.
However, if the available power is increased to 7 kW, only three CPs are necessary. At
a power level of 22 kW, a single CP is sufficient to supply the energy required for the
parked fleet.
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Table 6. Overall delivered energy and percentage of energy demand satisfied as a function of the
available CPs number and power level.

3 kW 7 kW 11 kW 22 kW

N◦ CB kWh Deliv. % Req. kWh Deliv. % Req. kWh Deliv. % Req. kWh Deliv. % Req.

1 54 16 125 38 197 60 393 121

2 104 32 243 75 383 118

3 140 43 327 101

4 175 54

5 208 64

6 239 73

7 270 83

8 300 92

9 328 101

The results presented in Table 6 relate to the hypothesis that there is no delay in
accessing charging points (CPs) for two consecutive charging requests. Queue management
is organized by accounting for the expected parking end time, and prioritizing access to
CPs for vehicles scheduled to leave the parking lot first.

A more realistic scenario considers a non-zero delay between two consecutive charges.
In this case, a single 22-kW charging point (CP) would not adequately meet the demand.
Therefore, we considered a scenario with two 22-kW CPs. A time interval of 20 min was
assumed between two successive recharges. The maximum power available is 44 kW,
which occurs when both CPs are active (see Figure 25). All requests were satisfied, as
shown in the graph in Figure 26, and all vehicles completed their charging before leaving.
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Not all vehicles currently on the market can accept 22 kW AC charging power; many
EVs only support single-phase 7 kW charging. To meet the needs of these vehicles, we
implemented the same algorithm for 7 kW CPs. Five 7 kW CPs are needed to meet the
overall charging demand when considering a 20-min delay for the disconnection and
connection of operations between vehicles. The delivered power curve is illustrated in
Figure 27. For comparison, the green line reproduces the power curve for 28 3 kW CPs,
where charging starts according to the order of vehicle arrivals. The access time sequence
for the parked vehicles to charge is shown in Figure 28 with each color representing one of
the five CPs. The maximum power delivered at the station varied between 21 kW, 28 kW,
and 35 kW, depending on the number of active CPs.
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4. Discussion
The study analyzes a group of 38 workers who use private vehicles to commute to

their workplace, aiming to identify travel behaviors and charging needs. The research
addresses various aspects of electric vehicle (EV) charging management, including energy
demand estimation, charging infrastructure design, and charging strategies.

The investigation revealed that the number of vehicles present in the parking lot rarely
exceeded 70% of the entire fleet. Assuming these vehicles are electric, they require an
average of 8.87 kWh per vehicle per day. Requests for more than 15 kWh are relatively
modest, representing just over 10% of the total.

This study has analyzed two different scenarios; in the first scenario, an “unlimited”
number of CPs are available for charging needs, while in the second one, the number of
CPs at the parking lot is less than the average number of daily charge requests.
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When the number of available CPs exceeds the recharge requests, an uncontrolled
charging approach can lead to a peak power demand of nearly 70 kW with 3 kW chargers
and 100 kW with 6 kW chargers. The peak charging demand typically occurs around
9:30 AM, and even during this peak time, the maximum number of active chargers is lower
than the total number of parked vehicles. Introducing delays between a vehicle’s arrival
and the start of charging can slightly shift the peak power demand but does not reduce
its magnitude.

We assessed various straightforward charging management strategies to effectively
address power peaks. The most basic approach is to reduce the power output of all active
chargers by half. While this method lowers peak demand, it also lengthens charging times
and might result in some vehicles not being fully charged. Another strategy involves pair-
ing chargers and alternating their activation. This method is more effective at reducing peak
demand than simple power reduction, but it necessitates knowledge of vehicle parking
durations for optimal scheduling. Round-robin charging offers a simpler method for man-
aging alternating charges, relying on less information about parking durations. However,
it is generally less efficient than differentiated power supply in terms of energy delivered.

In scenarios with unlimited charging point capacity, both differentiated power supply
and round-robin charging effectively manage charging loads when the arrival time is
unknown and parking duration information is limited.

When the number of charging points is limited, a waiting queue can form, significantly
impacting the charging process. The quantity of CPs and their charging power are both
critical for meeting overall charging demands. It is important to consider the delays between
charging sessions when calculating the necessary number of CPs. To optimize charging
efficiency, implementing queue management strategies, such as prioritizing vehicles with
shorter parking durations, is essential.

Regarding charging needs, it was found that a single 22 kW charging point (CP) can
adequately meet the daily demands of 22 vehicles, provided that the charging order is
optimized based on parking patterns. However, optimal management of the charging
sequence requires users to take turns moving their vehicles throughout the day with no
delay between two consecutive charges.

An alternative, simpler solution would be to equip the parking lot with a number of
CPs equal to half the maximum number of vehicles expected. Each CP should have two
sockets, with only one active at a time. This setup allows all vehicles to be connected, either
charging or on standby. Two vehicles can be connected simultaneously to the same CP,
with their charging alternating every 30 min, thus eliminating the need to know the precise
duration of each vehicle’s parking.

For this solution, 14 CPs with double connections would be necessary to effectively
manage the fleet of vehicles. The redundancy of sockets ensures that vehicles can remain
parked for the entire duration of their stay without needing to be moved.

The study emphasizes the importance of implementing strategies to manage peak
charging demand, as it can significantly affect grid stability and infrastructure costs. It is
essential to accurately size the charging capacity based on actual vehicle usage patterns
and parking durations. This approach helps avoid unnecessary infrastructure expenses
while reducing the risk of failing to meet user demand.

The study effectively incorporates real-world data derived from insurance applica-
tions, which lends a practical and authentic context to the analysis of electric vehicle (EV)
charging scenarios. This grounding in real data enhances the relevance and applicabil-
ity of its findings. The analysis includes an examination of vehicle parking behaviors,
energy consumption patterns, and specific charging requirements, providing valuable
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insight for policymakers, and offering data-driven guidance for future developments in EV
charging infrastructure.

On the other hand, the study is rooted in a specific case study, which inherently limits
the generalizability of its findings. As a result, the conclusions drawn may not necessarily
apply to other regions or different sizes of EV fleets, potentially restricting its broader
applicability. Moreover, some of the assumptions made within the study, such as the
universal availability of charging infrastructure and the presence of flawless vehicle-to-grid
communication, may not reflect the realities encountered in various situations. These
idealized scenarios could skew the practical applicability of the recommendations. For any
realistic application, a comprehensive economic analysis of the different charging strategies,
including the costs and benefits of each approach, should be included.

Further research is needed to address existing limitations and explore more advanced
charging strategies that can optimize both energy consumption and user experience. An
interesting area of research not covered in the present work concerns user behavior and
their willingness to manage centralized or decentralized charging [45,46], as well as the
management of user-perceived needs as a function of socio-economic characteristics [47,48].
These factors are crucial for the successful implementation of a charge management system.

Since the parking lot is equipped with a system of shelters that structurally support
a photovoltaic field with a power of 300 kWp, a natural development is the integration
of renewable energy sources into EV-charging infrastructure. The research should con-
centrate on the technological and logistical challenges associated with optimizing the use
of clean energy for EV charging. This focus aims to contribute to a more sustainable
transportation ecosystem.

By addressing the identified limitations and pursuing the proposed research directions,
we can contribute to accelerating the transition to a more efficient, sustainable, and user-
centric electric transportation system.
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