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In this paper, a comprehensive review of the impacts and imminent design
challenges concerning such EV charging stations that are based on solar
photovoltaic infrastructures is presented, which is based on state-of-the-art
frameworks for PV-powered charging stations and the latest case studies. The
main factors that are targeted in this review are themanagement of an EV charging
system that is a composite of PV and public grid, as well as a charging system
business model that can affect consumer behavior by charging at different rates
and the best design infrastructure for a PV electric vehicle charging services. The
economic, environmental, and social impacts caused by the installation of PV-
driven charging infrastructures are also compared. Moreover, the framework for
recently emerging vehicle-to-grid and vehicle-to-home services, as well as the
integration of these frameworks, is discussed. Finally, survey results for future EV
demand and its public acceptance are presented. Appertaining to these issues, the
case studies highlight that EV transportation between parking lots and charging
stations is necessary to make the best use of the available charging stations.
Statistically, in this study, it was inferred that there are no limitations on the
amount of EV battery capacity that can be stored, and users of EVs can charge
in both slow and fast modes. Furthermore, V2G systems are not suitable for
widespread industrial use. Moreover, finding solutions and overcoming
numerous obstacles remain unaddressed issues, and the size of the EV industry
must reach a certain level tomake profitable sales of V2B, V2H, V2G, and other V2X
systems. The collected statistics indicate that although respondents generally have
a favorable opinion of the mobility applications powered by photovoltaic cells, it
seems unlikely that they will use them anytime soon.
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1 Introduction

Many people believe that the development of electro-mobility
presents a chance to lessen the adverse effects that transportation has
on the environment and general public health. By setting the
primary energy source to be photovoltaic (PV) systems, solutions
based on EV usage can attain a significant decrease in CO2

emissions. The goal of the International Energy Agency is to
make clear the potential of PV use in transportation. PV-
powered charging stations (PV-CS) can function both with and
without less reliance on the electrical grid, and they can be used for
both slow and fast charging. PV-CS also boosts the efficient use of
locally generated solar electricity and offers extra services via
vehicle-to-home (V2H) and vehicle-to-grid (V2G). Recent trends
in PV-CS for passenger cars are covered in a report presented in
(Sierra Rodriguez et al., 2020a; Soomar et al., 2022).

It is essential to have backup sources, such as stationary storage
or a connection to the public grid, because PV electricity generation
is highly dependent on the weather. Both independent and grid-
connected modes of operation are possible for PV-CS. Reviewing
current projects reveals that slow-charging terminals are a common
feature of the majority of small-scale photovoltaic infrastructure. On
the other hand, using the ultra-fast charging option for EVs
necessitates power grid connectivity. In addition to charging the
battery storage system, the power grid frequently supplements the
solar power that is available during the charging sessions. Both slow
and fast charging ports can be held at the PV-CS. If the PV-CS is a
microgrid (MG) system that includes chargeable stationary storage
supported solely by photovoltaic sources that may or may not be
connected to the public grid and makes use of an optimization
system, communication system, intelligent power control, and
intelligent power interface. Accordingly, MG is being researched
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as a potential EV charging solution in this context, enabling the
utilization of PV energy at the availability and technique of
generation, charge regulating, and boosting PV benefits (Soomar
et al., 2023; Mouli et al., 2016; Ching, 2011).

Flow control of power in MGs for EV charging is predicated in
sequence: stationary storage, PV sources, and connection to the
public grid. The typical daily commutation of an electric vehicle in
an urban setting is approximately 20–40 km, while a usual mode of
driving will consume energy of 3–6 kWh. Multiple situations are
simulated for Northern France, which is a fixed-angle estimation of
45.5 kWh/m2 in December, to determine the minimal amount of PV
energy required for EV charging. Furthermore, the user presumably
provides PV-CS with information at the arrival time, desired state of
charge of electrical vehicle (SOCEV) at departure, at arrival, and
estimated park time. According to the findings of these studies, in
order to increase the benefits of PV systems, specific preliminary
requirements and feasibility conditions must be met. In addition, the
benefits of PV are highest if the EV is being charged daily as opposed
to the charging being employed on a weekly basis and when parking
time is scheduled ahead of time to maximize EV charging during the
projected parking time. To facilitate communication between EV
users and charging stations while also taking into account their
preferences, a user interface is necessary. Energy can be supplied by
the public grid as needed, and excess photovoltaic production can be
fed back into the system (Tirunagari et al., 2022).

From an analytical standpoint, technological, economic, and
environmental aspects have all been examined with regard to PV-
CSs. The PV benefits realized for PV-CS were quantitatively
evaluated through the design of a three-step technique. Four
factors have been suggested in a tool to modify the PV-CS
investment cost: the type of the PV based panels, the quantity of
the PV panels, the available amount of the terminals, in addition to
the auxiliary storage capacity. Through this program, one may size
PV-CSs as efficiently as possible and then use simulation to
determine the operating modes that maximize the utilization of
PV energy for charging EVs. The results of evaluations based on
economy and environment concerning PV-CS with 10-year
stationary storage through four various destinations and
conditions indicate peak Net Present Value (NPV) is present in
sole grid scenario because the storage system is expensive to install.
When compared to a vehicle powered by petrol, scenarios involving
photovoltaics and stationary storage demonstrate lower emissions
(Dang, 2018; Sierra and Rodriguez, 2020b).

EV batteries for storage opportunistically utilize energy disposal
by utilizing V2G and V2H if the new services regarding PV-powered
charging stations are taken into account. Current cutting-edge
research indicates that as far as widespread industrial usage, V2G
systems are not yet suitable. Still, numerous projects are testing V2G
apps. For instance, a large-scale trial of a bidirectional EV sharing
innovative PV based charging system is being conducted by the
Dutch city of Utrecht. When V2G and V2H services are operated,
PV-CS can offer an environmental benefit. Developing a
management algorithm capable of meeting the charging and
discharging demand is also necessary for the successful
implementation of V2G and V2H. With EV batteries playing a
twofold load to source part in the public grid during peak hours, a
searching peak and valley algorithm (SPVA) that can handle the
erratic nature of generation of PV, demand of EV, and V2G has been

developed. The goal of SPVA is to minimize energy costs from the
public grid and achieve the highest shaving and filling of the valley
while defining the ideal charging/discharging start times, arrival and
departure times, minimum or maximum state of charging, and
initial/final states of charge (Arya et al., 2024).

Research has indicated that the success of PV-CS is mainly
dependent on the visual appeal, experience of the user, and
acceptance of the user for new EV charging methods. A case
study conducted in France demonstrates that while certain
imperatives must be considered, the PV-CS is socially
accepted by a sizable majority. Furthermore, the precise
effects of PV possession on EV respondent experiences and
probability of adopting (buying, leasing, or using) solar
mobility applications were demonstrated by a survey
conducted in Netherlands. There was a noteworthy distinction
in the number of electric vehicles owned by those with residential
photovoltaic systems and those without, suggesting a favorable
correlation between home solar energy use and a preference for
electric cars. The fundamental problems and the direction for the
efficient installation and usage of charging stations powered by
PV are the primary concerns for the efficient deployment and
utilization of PV-powered charging stations. Improved
knowledge is required regarding 1) the benefits and
drawbacks of slow vs fast charging from the viewpoints of the
relevant parties and 2) the impact of (V2G/V2H) bidirectional
charging on the lifespan of EV batteries as well as power
electronics. PV-CS has the potential to assist significant
drivers and play an essential role in the energy transition. In
addition to changing vehicle use and driver behavior, their
widespread execution will necessitate size and technical
optimization of the system, which includes grid connection
and stationary storage. The Ev’s extended parking duration,
45 km of driving distance, and slow charging mode enable
PV-CS to optimize PV benefits (Sierra and Reinders, 2021;
Stamatellos et al., 2022; Zhang et al., 2023).

Regarding renewable energy policies at the government level,
China is one of the top coal-producing countries in the world.
The complete generation mix of China is majorly fueled by coal.
However, these resources are utilized by other businesses. As a
result, China is emphasizing renewable energy sources like wind.
The Wind Resource Concession (WRC) is a policy tool that
encourages both the public and private sectors to invest in wind
turbines in strategic places to produce coal-free energy. Since
2010, China has boosted its wind energy generation by 73 TWh.
The wind potential of the country is so vast that it has tripled its
annual capacity every year since 2005. Wind density in coastal
regions and islands exceeds 500 W/m2 and may create 11 GW, or
4% of the total reserves of the country. The government has
agreed to support the plans of the National Development and
Reform Commission (NDRC) to increase capacity to 100 GW by
2016. The government is building and subsidizing wind farms to
achieve this goal (Barone et al., 2019; Zenhom et al., 2023;
Deshmukh and Pearce, 2021).

In 2015, the Government of Pakistan introduced the Power
Generation Policy to facilitate the private power sector. This enabled
and encouraged the private sector to invest in setting up new power
generation projects. It also allowed the private sector to invest in
public sector-based power generation projects that are in a state of
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being developed. Mainly, the Power Generation Policy
2015 intended to prioritize the utilization of indigenous
resources while facilitating all financially involved
stakeholders and protecting the environment by prompting
the least-cost power generation capacity in Pakistan. An
Alternative and Renewable Energy Policy was introduced in
2019 to promote and assist the country’s renewable resource
development. The policy is intended to provision a supportive
environment for renewable energy-based projects and boost the
green energy share capacity to 20% by the year 2025 and 30% by
the year 2030 consecutively through attracting private capital in
the market of green energy (Calabro et al., 2019; Wittkopf
et al., 2012).

Given the abovementioned different aspects highlighted in the
literature, this paper presents a review of impacts and future
design challenges for electric vehicle charging stations based on
solar PV infrastructures. Multiple case studies and statistical
results have been presented. Environmental and economic
aspects of introducing PV-CSs have also been discussed, along
with the social acceptance statistics (Ali and Alomar, 2023;
Kassem et al., 2023a).

The paper is organized as follows. Section 1 introduces the
theme of the paper, whereas Section 2 presents the state-of-the-art
PV-CS overview and system infrastructures, followed by a
discussion on real-world applications case studies in Section 3.
Section 4 presents the international standards and charging
protocols. Section 5 presents social, environmental, economic and
challenging aspects of PV-CSs for electric vehicles, provides details
on the latest vehicle-to-home and vehicle-to-grid services. Finally,
future design challenges and horizons for PV-CSs and the paper
is concluded.

2 Overview and system components

The PV-CS Generic Structure of the charging station and the
integration of the EV in electrical system with energy management,
power grid setup in order to take the power when ever needed in
terms of solar energy is not available, the typical EV system is now
shown in the Figure 1. To charge EVs, installation of PV systems can
be done with car parking shades. These systems typically include PV
system, electronics for maintaining power balance, energy storage,
an energy management system, EV supply equipment, and other
hardware such as switches, wiring, and mounting structures for an
array of PV (Wu et al., 2023a; Sekhar et al., 2023; Swamynathan
et al., 2023).

2.1 Photovoltaic systems

PV systems are renewable energy systems that transform
sunlight directly into electricity via photovoltaic cell-based solar
panels. These systems are made up of solar panels or arrays that
absorb sunlight and generate direct current (DC) electricity,
inverters that convert the DC to usable alternating current (AC),
mounting structures that optimize panel orientation toward the sun,
and balancing system components such as wiring and switches. PV
systems can be grid-connected to feed excess electricity back into the

utility grid, or stand-alone with battery storage for energy storage in
off-grid environments. They are silent, have no moving parts,
produce no direct emissions during operation, and use the sun’s
energy to generate clean, renewable electricity for home,
commercial, or utility-scale power generation (Yan et al., 2023;
Pratap et al., 2022).

2.2 Energy storage system

Energy storage systems are critical components of photovoltaic-
based electric vehicle charging infrastructure because they store
excess solar energy for later use and provide backup power when
solar irradiance is low or during peak demand. These systems help to
counteract the intermittent nature of solar energy, ensuring
consistent and uninterrupted charging services (Sarker et al.,
2024; Liu et al., 2023a).

2.2.1 Batteries
Batteries are the most prevalent type of energy storage in

photovoltaic-powered EV charging stations. They store electrical
energy in the form of chemical energy that can be released as
needed. Various battery technologies, including lithium-ion, lead-
acid, and flow batteries, are used depending on energy density,
cycle life, and cost. Proper battery management systems are
critical for efficient charging and discharging, as well as
extending battery life (He et al., 2019; Han et al., 2014; An,
2020a; Liu et al., 2024a).

2.2.2 Supercapacitors
Supercapacitors, sometimes known as ultracapacitors, are

electrochemical energy storage devices capable of quickly
storing and releasing electrical energy. They have a higher
power density than batteries, which allows for faster charging
and discharging times. Supercapacitors are frequently used in
conjunction with batteries to handle high power demands
during peak charging periods while also extending battery life
by decreasing stress caused by repeated charge/discharge cycles
(Yilmaz and Krein, 2012; Pathak et al., 2022; Costa et al., 2023;
García-Triviño et al., 2016).

2.3 PV based grid integration and smart
charging strategies

This section examines large-scale infrastructures designed
primarily for PV production distribution on the power grid and
self-consumption. Three factors are driving the increasing
integration of PV solar energy into EV charging systems: the
explosive growth of EV’s, the need to mitigate the environmental
effects of greenhouse gases (GHGs), and the ongoing decline in the
price of PV panels (Noussan and Jarre, 2021; Zhang et al., 2019). The
number of charging stations is predicted to be a 7.3 million global
rise by the end of 2019, which is 38% more than the previous year
due to the explosive growth of the EV market. The majority of new
installations of around 2 million last year, or over 86% of the
increase, are attributed to new private slow charging points
(Khan et al., 2023). Utilizing photovoltaic power to recharge EV
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batteries is of great interest because it enhances the environmental
benefits of EVs. Energizing EVs with PV power during daylight
hours enhances their low greenhouse gas emissions while driving, as
PV electricity has minimal emissions throughout its lifespan (Zhao
et al., 2023).

The numerous charging solution types that are currently being
tested under actual operating conditions are discussed, along with
recent installations in various nations. With the first charging unit,
i.e., Beam-branded EV ARCTM 2020, Beam Global and San Diego,
United States, are collaborating in the provision of a free-of-cost
EV charging service to the public. For businesses, government
buildings, and municipalities that require EV charging, EV
ARCTM provides a transportable and standalone charging
infrastructure that is entirely driven by PV energy, as seen in
Figure 2 (Wu et al., 2023b). Table 1 provides an overview of the
main specifications of the EV ARCTM 2020 (Sivaraman and
Sharmeela, 2021).

In Table 2, a few more instances of current PV-CS infrastructure
for small or private parking lots with basic specifications are shown. The
following Figure 3 shows the well-known approach for the 3-phase
power system with an EV charging system.

A car parking shade based on second-life EV batteries is being
used in a PV self-consumption pilot project by the French retailer
GÉMO. In October 2019, this pilot project got underway in
Trignac, Loire-Atlantique. The 306 m2 car parking shade is
made up of 185 photovoltaic panels, each of which can generate
approximately 47 MWh annually, or 10 households’ worth of
electricity. The assigning of a photovoltaic plant based on a
public airport at La Tontouta was approved by the New
Caledonian government in February 2020. This choice was
made in response to a government call for innovative
photovoltaic power generation projects. An entire parking lot at
Saint Aignan de Grandlieu in Loire-Atlantique will be covered by a
9.8 MWp PV power plant that Urbasolar inaugurated in February

FIGURE 1
Typical PV driven Electrical vehicle setup (Wu et al., 2023a).
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FIGURE 2
ARC EV charging setup (Wu et al., 2023b).

TABLE 1 Technical specifications of ARC EV charging setup (Wu et al., 2023b).

Technical specifications of EV ARC™ 2020 EV charging unit Performance specifications

Per unit total installed PV Power 4.3 KWp

Storage and expected daily range provided by PV Up to 394 km

Battery storage capacity 24 kWh, 32 kWh, or 40 kWh

The output power (charger) 4–3 kW

EV charger type 1–6 plugs (any brand)

Certified wind load 193 km/h

TABLE 2 Exemplary PV-CS stations (Pilotti et al., 2023; Rehman A. U. et al., 2023; Cheikh-Mohamad et al., 2021; Sechilariu et al., 2021; Jang et al., 2021).

PV-CS PV system Charging modes Energy
storage

Available charging
ports

Grid
operation

Fastned 4–8 KWp 50 kW DC
175 kW DC

No 2–4 Off-grid

SEVO Substation (Paired Power) 16.8 KWp up to 16.8 kW DC and
variable

No 6 Off-grid

SECAR E-Port 3.78 KWp/5,67 KWp
360°

Bifacial glass composed
segments

22 KW Option 1/2 On-grid

Frontiers in Energy Research frontiersin.org06

Rashid et al. 10.3389/fenrg.2024.1411440

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1411440
http://mostwiedzy.pl


2020 and the transport-focused Charles André Group. With a
surface area of 53,000 m2 and more than 32,000 PV panels, the
parking shades will generate 10,070 MWh annually (Linru et al.,
2020; Martínez-Lao et al., 2017; Mohamed et al., 2022).

Moreover, the ASSYCE Asia-constructed Robinson Chonburi
PV rooftop plant, which was finished in 2018, is the third rooftop PV
plant designed for a Robinson shopping Centre. With 999.3 kW of
installed PV power, it is situated in the province of Chonburi. The

FIGURE 3
Typical Solar power system with EV charging system (Sivaraman and Sharmeela, 2021).

FIGURE 4
Algorithm for EV charging (Jang et al., 2021; Niccolai et al., 2021).
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majority of the PVmanufacturing in this installation is consumed to
power the shopping mall, and there is only one EV charging station
available for customers. Additionally, the first self-consumption PV
system was commissioned inMadagascar by Cap SudMadagascar in
October 2018, a subsidiary of the Cap Sud Group. A PV power plant
with 410 kW and 1.1 MWh of battery storage is part of the Kube
project. Table 2 offers a concise overview of the various
infrastructures discussed previously (Acharige et al., 2022;
Fachrizal et al., 2022; Kong et al., 2018; Bayram et al., 2013;
Khan et al., 2024).

2.4 EV charging stations and interfaces

PV-powered EV Local energy storage charging station’s system
configuration and the flowchart of the charging algorithm of the EV
feasibility model are shown in Figure 4 (Niccolai et al., 2021; Saleh
et al., 2021).

This section provides a summary of the advancements regarding
various services concerning electric vehicles EVs can offer to other
systems (Jin et al., 2022; Singh et al., 2022; Savari et al., 2023;
Willrett, 2017) such as.

2.4.1 Level 1 charging
This is a basic type of EV charging that uses regular 120-V

outlets. It is widely investigated because of its accessibility and
convenience of use; yet, it gives the slowest charging speed.

2.4.2 Level 2 charging
This level chargers use 240-V outlets and charge at a

significantly faster rate than Level 1 chargers. They are widely
used in both domestic and business settings, and they are a focus
of research on enhancing charging efficiency and ease.

2.4.3 DC fast charging
This type of charging utilizes DC to give rapid charging

capabilities. The research is focused on optimizing the technology
and combining it with various vehicle types and charging interfaces
such as CHAdeMO, CCS, and Tesla’s proprietary systems.

2.4.4 Vehicle to grid
The technology enables an EV to be tethered to a terminal for

recharging Figure 5. In a unidirectional model, electricity conducts
from the grid to the EV, and is regarded as an electricity consumer.
On the other hand, technologies are referred to as V2G when an EV
provides the power grid with a flexible service in accordance with the
demands of the electricity network (bidirectional model). V2G refers
to feeding electricity from cells of the electric vehicle back into the
public grid. In contrast, the car is stationary and parked. To
accomplish this, the batteries in an EV fleet function as energy
storage devices while the EV communicates with the intelligent
power grid. Bidirectional charging stations are necessary for V2G
services. The three primary services that have been researched, put
into practice, and tested are voltage support, regulating the
frequency of the national grid, and mitigating electrical
consumption at its peak (Onishi et al., 2020a; Jaman et al., 2022).

2.4.4.1 Salient features of state-of-the-art V2G
charging stations

The limited technological details we have managed to gather
pertain to a bidirectional charging station that facilitates the 10-kW
power discharge and recharge of EVs Figure 6 and Table 3. This
system is advertised by Enel (Arya et al., 2024), the primary

FIGURE 5
Structure of V2G service (Jaman et al., 2022).

FIGURE 6
Example of a Fasto V2G charging station (Zentani et al., 2024).

Frontiers in Energy Research frontiersin.org08

Rashid et al. 10.3389/fenrg.2024.1411440

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1411440
http://mostwiedzy.pl


electricity provider in Italy, and is said to be able to offer services like
supply of reserve power in the event of a power outage, network
balancing, and consumption smoothing (Zentani et al., 2024).

2.4.4.2 Integration of V2G with DC microgrid structure
An MG is crucial to the implementation of the smart grid

because it allows for the coordinated control of various loads and
power sources, public grid synchronization, and satisfaction of user
demands for power quality, power reliability, and safety. Because
there are no negative or zero sequence currents, an MG based on a
DC common bus is taken into consideration for its superior current
control. The DC-MG is the foundation of the proposed design of the
EV charging station with V2G. The DC-MG is made up of four

components the DC-MG power flow. The public grid (PG), the
storage system, and EV for electric vehicles. The arrow indicates the
priority of power in real time. PV sources, for instance, support EVs
first, charge storage, and then inject energy into the PG (Khan
et al., 2018).

The flow of energy can be separated into two scenarios based on the
“peak” and “valley” times of the grid in public. Electricity from sources
of PV is initially used to charge EVs during the “valley” periods of the
national grid. In addition to being the second-best energy source for EV
charging, storage is also utilized to absorb excess energy generated by
PV sources. The public grid, which can purchase excess energy fromPV
sources, is the third-best energy source for EV charging. Under typical
circumstances, the 400 PV panels (40 in parallel and 10 in series) that
make up theDC-MG system have a power of 100 kW. The capacity and
voltage for storage are 300Ah and 300V, respectively. The public grid is
a three-phase, low-voltage network operating at a frequency of 50Hz. In
EVs, lithium-ion batteries are charged using constant current/constant
voltage, and they are discharged using constant power. To guarantee the
authenticity of the simulation, an assumption was made that every EV
has identical battery properties. On 28 May 2019, in Compiegne,
France, from 8:00 to 22:00 h, the PV cell temperature and absolute
solar irradiance are displayed in Figure 7.

2.4.4.3 Drawbacks and technological risks of V2G
Some risks and drawbacks that are involved for V2G services are

discussed below (Khan et al., 2018).

2.4.4.3.1 Battery life. Batteries typically have a 1000–1500 cycle
life. Depending on how the EV is used, this is roughly equal to
200000–500000 km. The discharge depth, temperature, and other
environmental factors, in addition to the charge and discharge
currents used, will all affect how long a battery lasts.

2.4.4.3.2 Additional investment and maintenance costs. The
desire for improved bidirectional chargers raises the initial
investment cost. Furthermore, maintaining these complex
systems necessitates constant attention, which contributes to
higher operating expenses. The intricacy of V2G technology
raises the danger of operational failure, necessitating specialist
staff for effective management and repair. The basic,
unidirectional EV charging system will be less expensive.

2.4.4.3.3 Changing the batteries. As long as the system was
created with this in mind, they can be readily switched out. If not,
this kind of adjustment may prove to be difficult and expensive.

2.4.4.3.4 Implementation complexity. Implementing an
approach that lowers the cost of owning and recharging cars without
the need for user intervention will inevitably involve more complexity.

2.4.4.3.5 Fragmented market. V2G-base service users must be
prepared to pay for power from sources that have the flexibility to be
connected or disconnected from their network at any time, if EV
users maintain some degree of control. The total unpredictability
decreases as the managed EV fleet grows. Services that utilize V2G
technology will want to be able to call upon power reserves in the
order of megawatts, which requires the presence and connectivity of
hundreds of thousands of vehicles.

TABLE 3 Features of V2G charging station (Zentani et al., 2024).

Input

Total Harmonic Distortion < 3%

Voltage Earth + 400VAC – 3phases +Neutral

AC Current per phase 16A

Power at nominal point 10.7KVA

Frequency 50/60Hz

Power factor > 0.95

Output (charge)

Power at maximum 10 kW

Efficiency > 93%

Voltage 50 – 500VDC

Current at maximum 31A

Output (discharge)

Power factor Pure sine wave

Current at maximum 13.5A

Power at maximum 9.3KVA

Voltage Earth + 400VAC – 3phases +Neutral

Electrical specifications and protections

Discharging protocol CHAdeMO MMC & Nissan

Connector type JEWS G105

Technology Rectifier

Insulation system Low frequency

Charge/discharge mode Mode 4

Charging protocol CHAdeMO (TEPCO)

Protection leakage current (AC) Yes

Protection leakage current (DC) Yes

Protection short-circuit Yes

Protection overload Yes

Protection anti-islanding Yes

Emergency stop button Yes
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2.4.4.3.6 Battery recycling. According to Battery Directive
2066/66/EC, Manufacturers of batteries and accumulators, as well
as other product producers that are composed of accumulators or
batteries, are accountable for managing unusable batteries and
accumulators that they have supplied to the market.

2.4.5 Vehicle-to-building or vehicle-to-home
The V2H variations are shown in Figure 8. In V2B, a group of

electric vehicles power commercial or residential buildings, and in
V2H, an EV powers a home for self-consumption. The power grid
does not get the electrical energy fed back like in a V2H or V2B
system, in contrast to V2G systems, where a building is connected to
the grid permanently. Consequently, there is no outgoing electrical
meter. However, V2H and V2B allow the building or residence to
maintain access to an electricity supply if the grid causes a power
outage (Wang et al., 2024; Liu Z. et al., 2023; Habib et al., 2015;
Sagaria et al., 2022; Shakeel and Malik, 2019).

3 Case study of real-world application

The PV-powered EV charging station at SAP Labs Mougins,
France, based on actual data. The study focuses on power
management software and parking time management in relation
to EV charging at a workplace (Sánchez et al., 2022; Gbadamosi
et al., 2022; Kassem et al., 2023b; Kassem et al., 2023c; Kassem
et al., 2023d).

3.1 Infrastructure of SAP Labs
Mougins, France

The multinational software company SAP SE’s subsidiary SAP
Labs France is interested in electro-mobility. It has started several
policy schemes to promote as well as quicken the energy transition,
especially with regard to electro-mobility. At the end of 2021, PV car

FIGURE 7
Solar irradiance and PV cell temperature (Rehman A. U. et al., 2023).

FIGURE 8
Structure of V2H/V2B service (Jaman et al., 2022).
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parking shade devices were installed, and SAP Labs planned to
expand its PV energy production in line with the expansion of its
fleet of EVs. PV panels significantly lessen the consumption peaks
caused by charging terminals. The production of site and
consumption capacities are summarized in Figure 9
(Pazzaglia, 2024).

An algorithm is used to control the power demand in order to
guarantee cost-effective EV charging. In 2020, SAP Labs consumed
634,082 kWh of electricity, compared to 57,000 kWh of PV production.
The assets, such as fast charging points that use the most significant
amount of electricity are connected to the delivery point building because
the PVpanels were attached to it. In 2020, the energy consumption of the
fast chargers amounted to 49,442 kWh, signifying 86.73% of the PV

energy generated on the premises and 10.42% of the overall
consumption of power of the building, as shown in Figure 10.

The objective of infrastructure is to store the PV panel’s generated
energy on weekends to use it during Monday mornings when the
energy demand is high, taking into account various optimization factors
that will be discussed shortly. 1) Charging peak shaving: A method had
to be found to smooth the peak energy requirements for charging,
which occur between 4:00 and 5:00 p.m. on Fridays and between 8:
00 and 9:00 a.m. on Mondays while still enabling a sufficiently quick
charge. 2) Peak and off-peak hours for the public grid. The peak hours
and off-peaks set by the electricity provider can also be taken into
consideration by the e-Mobility smart grid solution: In order to
maximize the amount of grid capacity that is available, charging

FIGURE 9
PV-driven setup of SAP France Labs (Kassem et al., 2023d).

FIGURE 10
Production and consumption of SAP France Labs fast chargers for 2020 (Kassem et al., 2023d).
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FIGURE 11
Peak load optimization for user-1 (Wu et al., 2023b).

FIGURE 12
Peak load optimization for user-2 (Wu et al., 2023b).
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time can be planned by e-mobility based on the convenience of off-peak
hours. 3) Flexibility of the energy provider: The electricity provider in
SAP Labs France is actively involved in assessing the flexibility offered
by stationary storage to the grid.

3.2 e-Mobility software for PV-CS
supervision

A software program called e-Mobility is used to oversee EV
charging infrastructure. It makes it possible to distribute and
manage the charging infrastructures more effectively as shown in

Supplementary Table SA3. Summarized details of PV-driven
infrastructures for EV. Figure 11 presents how user 1’s
charging power.

Figure 12 presents how user 2’s charging power is instantly
capped at 75 kW. Essentially, this is to safeguard the electrical grid. A
more significant infrastructure investment in electricity would be
required in the absence of this protection.

The findings of an economic analysis conducted over 10 years at
each location for 5 KWh storage-based PV charging systems are
displayed in Figure 13. Grid-only charging has the highest net
present value (NPV) across all locations, which is probably
because the storage system has high investment costs. Systems

FIGURE 13
Economic impact statistics after 10 years for NPV (Acharige et al., 2022; Fachrizal et al., 2022; Mohamed et al., 2022).

FIGURE 14
Environmental Impact Statistics for PV-CSs (CO2-equivalent emissions per kilometer at each of the four locations under analysis) (Fachrizal
et al., 2022).
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lacking storage (shown by icons) exhibit a higher net present value in
the 50% and 75% PV scenarios. For example, in a 50% PV + 50%
Grid scenario, the present value of a Chicago charging station with a
5 kWh BESS is −1233 USD. If the PV-based energy share is kept the
same and storage systems are removed, the value rises to 3 549 USD.
Moreover, environmental impacts have been picturized in Figure 14.

3.3 Innovative and revolutionary designs for
applications for EV charging infrastructure

The design of a product is a multidisciplinary character; thus,
solar applications for EV charging are studied in aspects related to
technology, user interface, regulations, and aesthetics. At the
University of Twente (UT), a design project was conducted, and
eleven conceptual designs were created in 2019. These designs
included solutions for vehicle-integrated PV (VIPV) products,
vehicle-powered EV charging, and other applications. The
concepts center on different forms of transportation other than
private automobiles, such as electric bicycles, utility vehicles, and
public transportation. In certain instances, the designs incorporate
alternative charging technologies like induction charging and
battery swapping. Two conceptual designs are showcased as case
studies out of these. The Innovation Flower shown in Figure 15
depicts the five elements of a successful PV-CS.

The PV materials and manufacturing processes utilized to produce
PV cells and modules are covered under the “Technologies and
Manufacturing” section. An essential part of this process is the
electric and electronic machinery used to store, distribute, monitor,
and convert solar energy. “Financial Aspects” covers the cost of
purchasing solar panels and associated photovoltaic products as well
as the economic worth of energy producers. The “Social Context” is
crucial to the adoption and realization of PV systems in society. Societal
aspects usually include laws, policies, rules, and standards. Nonetheless,
the perception of the public with respect to sustainability and their
readiness to adopt PV technologies are also significant factors. The use
of PV systems is covered by the Human Factors aspect; this is
particularly significant for product-integrated PV and systems in the
built environment, where user appreciation will be determined by
features such as usability, performance, and visibility (Sierra and
Reinders, 2020). The final component, “Design & Styling,” addresses
how PV technologies seem. Similarly, in the case of building-integrated
PV systems, an appealing and modern look can have a significant
impact on suitable PV-integrated products as well as help increase user
acceptance of the systems in their environment of use. Because of the
positive and understanding attitude of the user, well-designed objects
typically face increased functionality and less resistance (Khalid M.
et al., 2021).

In order to investigate the mobility-related evolution of PV-based
applications in the near future, a conceptual design study was

FIGURE 15
Elements of a successful PV-CS design (Cheikh-Mohamad et al., 2021; Sechilariu et al., 2021).

Frontiers in Energy Research frontiersin.org14

Rashid et al. 10.3389/fenrg.2024.1411440

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1411440
http://mostwiedzy.pl


conducted in 2019 with students from the UT in the Netherlands
studying mechanical and industrial design engineering. Under the
auspices of the research project “PV in Mobility” as well as a
component of the UT Master’s course “Sources of Innovation,” the
design study was carried out. In order to increase the likelihood that
future users would adopt solar PV-powered EV charging solutions, a
conceptual product-service combination was designed by students
between September and November 2019. To improve their chances of
being adopted, the student teams intended to develop a concept-based
design of a combination of products and services for EV charging
solutions based on power. Out of eleven, eight concepts were chosen
for this conceptual design, and the corresponding designs are
displayed in Figure 16 (DAmbrosio et al., 2021).

The case study that follows includes an overview of two cases,
namely, Solar Train Stop and Solar Bus Terminal.

3.3.1 Solar bus terminal
This conceptual design includes an electric city bus terminal

where battery packs are charged by a photovoltaic system atop the

building, allowing the buses to be recharged while parked at the
terminal as can be seen in Figure 17.

LED lights can be seen throughout the bus terminal in multiple
panels close to the passenger waiting area and the two pillars beside
the PV system. The number of battery packs that the PV system has
charged at any given time is indicated by the ratio between the two
colors that the lights can display: yellow or green. A primary
constraint of the suggested idea pertains to the difficulties
presented by the battery replacement procedure, which necessitates
drivers to step outside the bus for a brief duration. When there are
high traffic volumes or bad weather, this could be an issue. Passengers
might also find it inconvenient as it could mean having to wait longer.
Furthermore, the brief period city buses spend stationary on their
routes is probably another factor in the decision to use a change in
batteries as a method for this design charging. However, a high
charging speed is needed to supply enough charge during this
short time, and the terminal of the PV system is unable to provide
it directly. Replacing the battery packs with a centralized battery
storage system which can supply the power required for high-speed

FIGURE 16
PV-CS design concept project (Sources of Innovation) (Pilotti et al., 2023).

FIGURE 17
Concept of Solar Bus design (Pilotti et al., 2023).
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charging could be one way to address this problem. One more
drawback of this design is that the PV system may self-shade
because of the pillars at its sides. By creating pillars that are less
intrusive or eliminating them, this can be fixed. It is also possible to
integrate more PV cells into other structural elements, but where they
are placed will ultimately depend on the orientation and precise
location of each terminal. This solar bus terminal concept can also be
modified for other similar uses, like charging electric bicycles or
passenger EVs in the form of a structure that offers seating areas
to people in parks or squares, as illustrated in Figure 18.

3.3.2 Solar train terminal
Here, a street bench and a small photovoltaic system are

combined to construct a stop for city trains that offer users cover
and a local renewable energy source. When combined with an
electric train, where the vehicle and the stop have integrated
photovoltaic cells, Figure 19 illustrates how this design would
function. The concept of modular design allows for flexibility in
bench count based on needed PV capacity and available space.

When the passengers are being picked up and dropped off, a set
of charging pads on the street is used to provide a small amount of
charge via induction charging in the vehicle. The idea behind the
solar train stop is to make the process of charging a car as
inconspicuous as possible for both the driver and the user while
simultaneously offering a comfortable environment for passengers
who are waiting. The blending of the urban surroundings is done by
giving users a more pleasant and environmentally friendly
experience; the visual design of the station mimics the shape of a

tree. The stationmust have a distinctive look in order to be identified
as a component of a sustainable transportation network. While
passengers board or disembark, only for a few seconds during this
operation the solar train will only be in front of the stop. The concept
creator suggested adding PV systems to neighboring buildings to
boost their overall PV capacity. Still, this idea could also be expanded
to create a local microgrid where the partial electric needs of the
buildings are met by the surplus production from the
solar train stop.

Using a simulation model that the authors have previously
developed and published, the approximate share of the developed
mobility concepts energy demand of design project that the
integrated PV system would cover was calculated intended to
assess powering concepts of PV principles empirically. In
conclusion, this study resulted in the development of eleven
design solutions, the majority of which addressed charging
infrastructure or VIPV systems. Additionally, designs were made
for a service-only option and a product-service combo targeted at
one of the participating companies of the project. The concepts that
were developed centered on a variety of vehicle types, including
shared, private, and public ownership electric bicycles, buses, and
passenger cars.

Overall, the study developed diverse design solutions focusing
on charging infrastructure and VIPV systems, targeting different
vehicle types and ownership models. This project aimed to increase
the adoption of solar PV-powered EV charging solutions,
contributing to sustainable and efficient transportation systems.

4 Electric vehicles international
standards and charging protocols

In pursuit of competent service provisions, the EV charging
stations must adhere to international standards and protocols.
Various societies and technical bodies such as the Society of
Automotive Engineers (SAE), Institute of Electrical and
Electronics Engineer (IEEE), and the Infrastructure Working
Council (IWC) focus on developing regulations for consumer
interfaces and utilities standards (Das et al., 2020b; Das Himadry
et al., 2020; Shah et al., 2023; Das et al., 2020c; Habib et al., 2018). A
basic overview of sections of charging infrastructure is given in
Figure 20. The charging infrastructure has various aspects to be
reviewed in order to become competent and feasible and have been
discussed below.

FIGURE 18
Concept of Solar Bus passenger terminal design (Bayram et al., 2013).

FIGURE 19
Concept of Solar Train Stop design (Bayram et al., 2013).
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4.1 Safety standards, protocols, and best
practices for charging infrastructure

The wider acceptance of EVs has various challenges to face and
overcome, such as battery life cycles, charger-related issues,
increased costs and a lack of charging infrastructure. Another
aspect is harmonics generation that affects conduction efficiency.
As can be seen in Table 4, power level summary is shown. Level
1 chargers are for domestic use, whereas Level 2 chargers are suitable
for both public and domestic use. Level 3 chargers are designed for
three-phase solutions, and are designed for commercial as well as
public use (Wang et al., 2021; Rajendran et al., 2021).

EV battery chargers both on-board and off-board can be
categorized into unidirectional and bidirectional power flow.
Unidirectional power flow chargers involve simplified hardware.
This benefits in resolving connectivity issues and decreased battery
deteriorations. The bidirectional charging system has stabilized
power conversion, charging from the grid and reverse battery
energy flow to the grid. The charging protocols and rules are
essential for an effective EV infrastructure operation. Various
international organizations are defining energy management rules

for EV infrastructures (Alrubaie et al., 2023). The charging codes
and the details can be seen in Table 5.

4.2 Protocol for communication between
charging units and electrical vehicles

In a public charging unit, in order to successfully manage a
significant EV number, effective communication within the network
is crucial to ensure grid stability and efficiently managed energy
flow. The built-in capabilities of EVs to monitor metering, energy
management and bi-directional power flow will determine their
acceptability in the forthcoming years (Khalid M. R. et al., 2021).

4.3 Communication between V2G

The V2G perception is defined by technological feasibility, and
PEV user behavior and expectations. Bi-directional communication
protocol enables customer allocations, manages EV tasks, and even
reroutes. A plug-in hybrid EV (PHEV) possessing V2G technology

FIGURE 20
Charging infrastructure for electric vehicles.

TABLE 4 Charger Power Level descriptions (Wang et al., 2021).

Charger type Charging time (hours) Expected power level (kW) Destination usage

Level 1 4–11 12 A- 1.4 Domestic accessible outlet

11–36 20 A 1.9

Level 2 1–4 17 A 4 Commercial and residential outlets

2–6 32 A 8

2–3 80 A 19.2

Level 3 0.4–1 50 Commercial outlets

0.2–0.5 100
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has capability to regulate energy between self-usage and power grid as
per need, though an intelligent bidirectional flow (Pilotti et al., 2023).
This bidirectional frow requires security protocols, and the V2G is
limited due to security concerns of communication. Intelligent control
integration will allow direct coordination of charging/discharging.
The smart grid system offers many benefits, if mindfully constructed.
As a utility’s aspect, the grid’s power quality increases as it is integrated
with smart electronic technologies, as well as achieve easier grid
monitoring. The capability of smart grid to manage renewable
resources is a vital sustainable achievement, and is impactful to
affect the renewable market in a supportive manner. The
transformation of grid into intelligent communicative system smart
metering and charge/discharge events can be coordinated. Enhance
grid operators return has been done to evaluate real time power for
charging and discharging. New opportunities are foreseen in urban
administration as sensors are induced in communications to enhance

urban dispatchmethods. Effective powermanagement in grid can also
be possible if aided by the traffic data, GPS indications end energy
consumptions though smart meters. The commination established by
the transmission system operator (TSO), and the distribution system
operator (DSO) should be established via a smart metering system.
This will result in effective implementation of V2G, PHEV integration
with renewable sources and turning PHEV in a controlled load
(Dharmakeerthi et al., 2011).

4.4 A charge strategy based on
tokens (T-Charge)

It is probable for an EV to be plugged in but not receive charge
for a while. A token-based pricing model according to reserved
tokens that were put out for network. Tactive, that concerns token

TABLE 5 International standards and charging codes (Alrubaie et al., 2023).

International standards Charging codes Details

Institute of Electrical and Electronics Engineering IEEE 1547 Distributed grid resources in electric system

IEEE P1809 Guide of Electric transportation

IEEE 1901 Overnight vehicle charging data rates

IEEE P2030 Smart grid compatibility regulations

IEEE 2030.1.1 Fast DC charging of EVs

IEEE P2690 Charging network management and Vehicle permission

International Electrotechnical Commission (IEC) IEC-1000-3-6 Issues regarding power quality

IEC TC 21 Battery Energy management

IEC TC 64 Electrical installation regulations and electric shock prevention rules

IEC TC 69 Safety precautions and charging infrastructure

Society for Automobile Engineers (SAE) J1772 EV conductive connector

J1773 Inductive coupled charging

J2293 To determine the needs for EVs and EVSE in energy transmission systems

J2894 Power Quality regulation

J2836/2847/2931 Communication related regulation

National Fire Protection Association (NFPA) NFPA 70 Safety management

NFPA 70B Electrical equipment management

NFPA 70E Safety precautions

NEC 625/626 EV charging system

International Organization for Standardization (ISO) ISO 6469–1: 2009 Used in on-board batteries

ISO/CD 6469–3.3 Safety regulations

Deutsches Institut fur Normung (DIN) DIN 43538 Battery systems

Underwriters Laboratories Inc (UL) UL 2231 Safety purposes

UL 2594/2251, 2201 EVSE

Japan Electric Vehicle Association (JEVS) JEVS G101-109 Fast charging

JEVS D701 Batteries

JEVS C601 EVs charging plugs
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holding time and a scheduler, indicates maximum duration for a
socket to be active. After the token reserved time period, the socket
turns inactive, the token is sent for subsequent inactive socket for an
unserved EV to be connected (Fathabadi, 2020).

4.5 Communication between utility and EV

For EVs to be more acceptable, appropriate communication and
charging controls are crucial (Sivaraman and Sharmeela, 2021; Wu
et al., 2023b).

The Advanced Metering Infrastructure (AMI) framework uses
various form of communications such as wireless and power line
communication (PLC) and broadband over power lines (BPL) to
incorporate a bidirectional communication link between the smart
meters, computer network infrastructure, various sensors, utility
network, and the EV management system (EVMS).

ZigBee is a viable option to support communications and
require less bandwidth. The notable problems to be addressed
would be limited memory, delays, and interfaces from other
devices. Fast charging stations for EVs and PHEVs have studied
and employed a cosine firing scheme-based voltage regulator and
electronic tap changer to rectify fluctuations in input supply and
contribute to sustainable development and energy availability
(Habib et al., 2017).

The EV networks must be secure against cyberattacks such as
malicious software that alters prices or scams the system.
Additionally, it is important to offer protected EV services to
the visiting networks. The cost of the home charging case appears
to grow due to the SMs and communication infrastructure,
favoring the PV-based workplace charging station (Almasri
et al., 2024).

4.6 Communication between EV and
charging station

The energy management infrastructures are composite of various
elements such as outlets, charging station safeguard and charging cables
are part of EV-CS, designed to deliver power to PV, and hence affects the
communication with the EV and the charging modes. Communication
with the Power Source. It monitors the charging station and makes
transactions with it. A data network will be necessary for
communication; any of the available technologies, such as GPRS/3G,
Wi-Fi, etc., may be employed. Connect with the User. It notifies and
reports the user of the charging status through their mobile device,
smartphone, or the Internet. Having conversations with the electricity
distributor provides information to the energy distributor on the state of
the power supply. Interacting with theHelpDesk. The help desk receives
information about the charging system’s condition from it. By delivering
information on customers who are utilizing the network of another
chargingmanagement system (CMS)withwhich they are not enrolled, it
maintains the accessibility of the whole network of charging stations,
even if they belong to different CMS (Chandra et al., 2024).

The charging station and EV communication is executed via
ISO/IEC 15118 protocol stack. This communication is assisted by
predefined parameters and messages. These parameters include
tariff tables, charge power, voltage and current, and the desired

initiation or end of the charging procedure. If the communication is
not up to the required standard, the charging may not begin or may
be put to halt. This protocol system is used to evaluate
communication and exhibit compatibility (Singh et al., 2022).
Without the grid to EV communication, local parameters such as
EV departure time and voltage magnitude can be employed to
regulate EV charging process. The EV user can communicate on
board with the EV charger to convey the departure time. Based upon
the required time and charging energy, charging power rating of the
EV can be reduced. The off-board charging option also enables
features such as over-protection, fault current and circuit braking
(Nawaz et al., 2024).

4.7 Communication with chargers

Communication with Chargers are also known as Electric
vehicle supply equipment (EVSE) for the preservation of state of
health of batteries, EVSE must charge at an optimum rate, which is
possible after establishing communication with the Battery
management system. The communication at the central
management system at the power utility company and EVSE
allows maximum c-rate regulation based on grid supply rates,
and affect rate metering. This is important for grid readiness to
supply huge current upon demand, and affects charger reservations
by customers. The public off-board chargers utilize open charge
point protocol (OCPP) communication protocol, communicable
over media through internet (Ghasemi-Marzbali, 2022).

4.8 Communication with EV and EVSE

The communication between EV charging station and EV
should follow IEC61851-24B. The foundation for application
layer is GB/T 27930 protocol. According to GB/T 27930, Vehicle
Identification Number (VIN) parameters is necessary. The
communication interface between EVs and EVSE is the basic
preference of the ISO/IEC joint initiative on the Vehicle to Grid
Communication Interface (V2G CI) (Yu et al., 2024).

5 Future photovoltaic charging station
design challenges

The essential step before installing a PV setup for charging EVs
is to research the social acceptability of infrastructure and its impact
on society, as well as the new services it will bring with it. The PV-
based EV charging infrastructure has impacted society and how it is
being accepted, as well as a new service that will be offered in
conjunction with it that will benefit users outside of urban areas and
early adopters (John et al., 2024). The integration of solar energy
systems with EV charging infrastructure holds significant promise
for addressing carbon emissions, enhancing energy security, and
fostering sustainable transportation. However, this integration faces
several key challenges that need to be addressed for its successful
implementation. Designing and installing solar PV systems for EV
charging stations is complex and requires optimization for
maximum efficiency. Selecting suitable sites for solar panels
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involves considering sun exposure and physical space, which
presents a significant challenge. Maximizing the efficiency of
solar panels to generate enough energy for EV charging is
essential. Integrating solar energy with the existing power grid
requires managing the variability of solar generation and EV
charging patterns, necessitating advanced energy management
strategies (Cevik and Ninomiya, 2023).

The high initial cost of setting up solar-powered EV charging
infrastructure can be prohibitive. Securing financing for these projects is
challenging due to the substantial upfront costs and extended payback
periods. Developing sustainable and profitable revenuemodels is crucial
for the long-term viability of this infrastructure. Despite decreasing costs
of solar PV technology, significant economic barriers still hinder
widespread adoption. Establishing interconnection standards for
solar-powered EV charging systems is essential for grid integration.
Navigating utility regulations affecting deployment and operation can
be complex. Streamlining the permitting process is crucial to avoid
delays and reduce deployment complexity. Developing clear and
supportive regulatory frameworks is necessary to facilitate the
growth of solar-powered EV charging infrastructure. In this regard,
potential aspects of future challenges are listed below (Pareek et al.,
2020; Chandra Mouli et al., 2016).

5.1 Integration and acceptance of
photovoltaic systems in protected
landscapes

PV systems have the potential to redefine architectural and urban
design approaches, owing to their innovative application in module
design and integration in both new and retrofitted buildings, urban areas,
energy communities, and landscapes. The benefits for this technology are
notably associated with energy savings, climate change mitigation,
reduction in electricity prices, and economic growth. Advancements
in panel aesthetics foster a seamless blend of visual appeal, technological
progress, and efficient energy production. These systems offer several
advantages, including innovative architectural design and multi-
functionality (Kassem et al., 2023e; Onishi et al., 2020b).

Despite these advantages, the application of PV systems remains
controversial in buildings, cities, and landscapes. These concepts are
related also to social preference that refers to the collective inclination
or bias of a community towards the PV systems, based on perceived
benefits, cultural inclinations, or societal priorities. The shift from
buildings to landscapes PV integration improve the degree of design
complexity, involving urban planning, architecture design, energy
planning, heritage conservation, and natural protection. Thus, the
scope of this sector was to investigate the openness to PV technology
and willingness to their adoption in landscapes protected for their
heritage and natural values. The first question refers to the acceptance
of PV integrated in protected landscapes. PV systems in protected
landscapes are high 90%, composed by complete (46.5%), and partial
(43.5%) acceptance. As previously for integrated PV, partial
acceptance refers to the need of a tailored PV design. Only few
respondents consider this technology not suitable (7.0%) or have
some doubts for its application (3.0%). The results are in line with the
previous analysis about PV systems integrated in historic buildings,
with small differences on the ranges of total and partial acceptance
(Kotarela et al., 2024).

5.2 Challenges of energy management
systems in PV charging station

EV owners recharge the batteries from the residential connection,
which presents a considerable system loss in the power sector and leads to
a decreased profitability index. Additionally, many EV chargers present
power quality problems connected to the distribution grid, such as voltage
fluctuations, harmonics, and power loss owing to their non-linear
behavior. These power quality problems within the distribution
network are attributed to uncoordinated and inefficient EV charging
schemes. These can be solved by redesigning charging patterns,
improving converter topologies, integrating renewable resources, and
utilizing energy management approaches. Utilization of the available
renewable resources is considered the best approach from techno-
economic and environmental perspectives. It also reduces the pressure
on the utility grid, improving power quality. Energy management
schemes enable maximum utilization of renewable energy with the
lowest possible charging cost. The optimization of the proposed
hybrid renewable energy-based EVCS can be achieved using other
algorithms, such as particle swarm optimization (PSO), the genetic
algorithm (GA), and the GA-PSO algorithm, for better results. A new
scheme can be designed as a bidirectional energy transfer facility similar
to a smart grid for the EVCS, known as the V2G technology. During
blackout and peak hour periods, the EVs can transfer energy to the utility
grid through this scheme. It contributes significantly to the sustainable
development of power system networks and the transportation sector,
and the proposed strategy presents various techno-economic and
environmental benefits (Liu et al., 2024b; Tseng and Hsieh, 2023).

The integration of PV systems into EV charging infrastructure
presents future challenges and opportunities. Addressing power
quality issues and system losses requires innovative solutions like
hybrid renewable energy systems, advanced energy management
schemes, and optimized algorithms. As PV technology advances,
integrating it with EV charging will become essential to enhance
efficiency, reduce grid pressure, and promote sustainable energy use.
The adoption of V2G technology further underscores the potential
for PV systems to play a crucial role in the evolving energy
landscape, highlighting the need for continued research and
development in this area (Liu et al., 2023c).

5.3 Optimal site selection for electric vehicle
solar charging stations

EV takes significantly longer to charge compared to refueling
conventional fuel-based vehicles. As a result, many more charging
stations will be needed to provide equally convenient services for EV
users as gas stations currently do for internal combustion engine
vehicle users. To support the transition to electric transportation,
many governments have introduced measures such as tax
reductions, combustion engine vehicle replacement schemes, and
subsidies for EV purchases. Additionally, the cost of new EVs has
decreased over the past decade (Rehman S. et al., 2023; Liu et al.,
2023d; An, 2020b).

The selected locations for electric vehicle charging stations by
presenting a novel approach using a Geographic Information
System (GIS) for the site selection of EV solar charging stations.
Previous research has developed GIS and Multi-Criteria Decision
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Making (MCDM) based methods for selecting optimal locations for
solar plants or traditional grid energy-based EV charging stations
separately. However, the integration of renewable energy and the
optimal site selection for solar-supplied EV charging stations have
received very little attention (Sagaria et al., 2022).

Before installing a PV setup for charging EVs, it is crucial to
research the social acceptability of the infrastructure and its societal
impacts. Examining how PV-based EV charging infrastructure is
received and understanding the new services it will provide are
essential steps. The integration of solar energy systems with EV
charging infrastructure holds significant promise for reducing carbon
emissions, enhancing energy security, and fostering sustainable
transportation. However, several key challenges must be addressed
for successful implementation. These include optimizing design and
installation for maximum efficiency, selecting suitable sites considering
sun exposure and physical space, and managing the variability of solar
generation and EV charging patterns with advanced energy
management strategies. High initial costs and securing financing are
significant economic barriers, as substantial upfront investments and
extended payback periods can be prohibitive. Establishing
interconnection standards and navigating complex utility regulations
are also crucial for seamless grid integration. Advanced energy
management strategies and algorithms, such as PSO and GA, are
necessary for optimal performance. The adoption of V2G
technology presents additional opportunities for energy transfer and
grid support during blackouts and peak periods. Addressing these
challenges and capitalizing on the potential benefits of PV systems
in EV charging infrastructure require continued research and
development (Cheikh-Mohamad et al., 2023).

The charging power levels, charging types, charger topologies
and deployment, communication protocols, standards and
infrastructure are reviewed. Battery performance of EV is affected
by charging infrastructure and charger characteristics. Charging

power is categorized for three levels, Level 1, Level 2 and Level 3.
The unidirectional flow is on-board, is easier to tackle for hardware
problems, slows battery deterioration, and has constrained power
due to size, weight and price. The bidirectional flow is off-board and
allows grid to battery energy flow. The EV charging infrastructures
were compared based on various factors such as locations, power
volume, equipment and location. Initiatives to improve power
management, standardizations and infrastructure-based issue
resolution are crucial for EVs acceptance (Lee et al., 2020).

5.4 PV-CS social impacts

An essential first step before installing a PV setup for charging
EVs is to research the social acceptability of infrastructure and its
impact on society, as well as the new services it will bring with it. The
PV-based EV charging infrastructure has impacted society and how
it is being accepted, as well as a new service that will be offered in
conjunction with it that will benefit users outside of urban areas and
early adopters. Four conceptual designs are presented as case studies;
all solar based: a solar luggage vehicle, a train stop, a bus terminal,
and a mobile charger (Lucchi et al., 2023).

5.5 PV-driven EV charging stations Impacts
on economy and environment

Positively impacting both the economy and the environment, EV
charging stations powered by PV provide several advantages. From an
economic perspective, these stations lessen reliance on the power grid,
which in turn lowers running costs and gives consumers and companies
long-term savings. They help achieve energy independence while
mitigating the effects of rising fuel costs through the use of solar

FIGURE 21
Hourly EV charging of San Francisco and supply grid (in kWh) for 1 year (Martínez-Lao et al., 2017; Linru et al., 2020; Mohamed et al., 2022).
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electricity. Charging stations powered by photovoltaic panels lessen the
environmental impact of electric vehicles by reducing pollution and
greenhouse gas emissions. Electric vehicle charging stations and PV
systems work together to improve grid stability and efficiency through
better charge scheduling. Additionally, these stations are grid-
independent, which aids transportation system sustainability and
provides resilience during power outages. The simulation of the
viability of onsite storage for electrical vehicles of PV charging
stations in China and the United States and the findings are
discussed. The energy balance serves as the basis for the calculation
of environmental and economic indicators. Based on the PV array
investment costs and the BESS of the station, the profit from selling
electricity to the grid, and the purchases of grid electricity, the economic
analysis computes an annual cash flow. The mitigation cost of GHG
stations is also determined by combining the environmental and
financial feasibility assessments. Figure 21 displays the kWh grid
supply and hourly EV charge for each of the defined situations for
systems in San Francisco. Another advantage of utilizing solar power
scenarios of high share for EVs is the correlation between a lower PV
share andmore battery charging cycles, especially those comprising deep
discharging, which is predicted to shorten the lifespan of EV batteries
(Rehman A. U. et al., 2023; Kotarela et al., 2024; Rauf et al., 2023).

6 Conclusion

The integration of PV systems with EV charging infrastructure
presents a promising solution for sustainable transportation and energy
management. This comprehensive review has explored the various
components, technologies, and strategies involved in developing PV-
CS. The importance of energy storage systems, such as batteries and
supercapacitors, in conjunction with PV systems to ensure reliable and
efficient charging operations. Additionally, the integration of PV-CS
with the grid and the implementation of smart charging strategies have
been discussed, enabling bidirectional power flow and optimized energy
management.

The review has also covered the different levels of EV charging
interfaces, including Level 1, Level 2, and DC fast charging, as well as the
concept ofV2G technology.WhileV2Goffers numerous benefits, such as
grid support and energy arbitrage, it also faces challenges related to
battery degradation, additional costs, and implementation complexity.
Real-world case studies, such as the SAP Labs Mougins in France and
innovative designs for solar bus and train terminals, have demonstrated
the practical applications and potential of PV-CS infrastructures.
Furthermore, the review has highlighted the importance of
international standards, protocols, and communication frameworks
for ensuring the interoperability, safety, and efficient operation of PV-
CS systems.

Several future challenges were addressed, including the integration
and acceptance of PV systems in protected landscapes, the optimization
of energymanagement systems in PV-CS, and the optimal site selection
for these charging stations. Additionally, the social impacts, economic
considerations, and environmental implications of PV-driven EV
charging stations have been discussed. This comprehensive review
serves as a valuable resource for researchers, policymakers, and

industry stakeholders, providing insights into the current state of
PV-based EV charging infrastructures and highlighting the
opportunities and challenges that lie ahead. Addressing these
challenges through continued research, innovation, and collaboration
will be crucial in realizing the full potential of PV-CS systems and
accelerating the transition toward sustainable transportation and
energy systems.
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