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ABSTRACT The widespread use of fossil fuels in transportation has resulted in significant carbon
dioxide emissions and increased reliance on non-renewable energy sources. To address these environmental
challenges, the electrification of transportation systems through Electric Vehicles (EVs) has emerged as
a promising solution. However, the successful deployment of EVs hinges on the availability of a robust
charging infrastructure capable of meeting the charging demands and extending the driving range of
EVs. Nonetheless, the large-scale deployment of EV charging infrastructure presents several challenges,
including the ability of the electric grid to supply the required energy to accommodate the charging demand.
Moreover, determining the optimal locations for fast-charging stations (FCS) in the traffic network to
ensure accessibility, convenience, and efficient resource utilization poses a significant challenge. As a result,
numerous studies have investigated the optimal allocation and sizing of EV charging infrastructure. The
primary objective of this research is to conduct a comprehensive literature review to examine how this
optimization problem has been addressed in the literature over the past decade. The review aims to identify
the key factors considered in the problem formulation and the optimization techniques for allocating and
sizing the charging stations. To achieve this goal, a systematic literature review was conducted following
the PRISMA methodology for a comprehensive and unbiased approach. This review contributes to the
existing literature by highlighting critical gaps and proposing a framework that can possibly bridge these
gaps. The review identifies several critical gaps in current research, including: 1) Transportation-focused
studies largely ignore electrical grid constraints; 2) Electrical-focused research often relies on statistically
modeled EV charging demand, which may include some geographical assumptions; 3) Multidisciplinary
approaches integrating both transportation and electrical networks are still in early stage; 4) Dynamic traffic
flow of EVs is rarely considered; 5) Exact optimization methods largely rely on linearized or approximated
models; 6) Dominance of approximate methods in transportation and electrical network modeling, primarily
relying on evolutionary algorithms; and 7) Hybrid approaches are mainly utilized to solve a specific part of
the problem rather than enhancing the quality of the solution. In response to these gaps, the research proposes
a novel framework to integrate the transportation network and the electrical grid planning process, offering
a holistic and practical solution in FCS infrastructure development.

INDEX TERMS Allocation, fast charging station, optimization, power flow, transportation electrification.
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I. INTRODUCTION
Electric vehicles (EVs) have the potential to revolutionize the
transportation sector by reducing greenhouse gas emissions
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and improving energy efficiency. However, challenges such
as high purchase costs, limited driving range, relatively long
charging time, and lack of charging infrastructure obstruct the
wide adoption of EVs [1]. To address these challenges, a plau-
sible solution is the deployment of Fast Charging Stations
(FCS), which can help overcome EVs’ limited range, also
known as range anxiety, and reduce charging time [2]. Nev-
ertheless, the high voltage requirement and the anticipated
peak demand for EV charging associated with FCS can stress
the electrical power grid. If not managed properly, this stress
can result in high charging costs, infrastructure degradation,
major system upgrades, and potential compromises to power
quality and grid safety. Moreover, inadequate placement of
FCS in inaccessible or highly congested areas within the
transportation network may lead to market displacement due
tomisalignment with the needs and preferences of EV drivers.

Hence, the main goal of this research is to investigate
the optimization approaches applied to the allocation of
FCS in terms of placement and sizing, considering the elec-
trical and transportation networks. The main objective of
the optimization is to provide the needed services for EVs
while considering the limitations and requirements of both
networks and the preferences of users. For this purpose, a sys-
tematic literature review is conducted to highlight research
trends, develop formulations, and solution tools, and identify
the gaps that should be considered in future research.

Previous review papers in the literature have addressed
the same topic. For example, a comparative analysis was
conducted to highlight the academic research-practice gap,
concluding that node-serving approaches are more common
in practice [3], while flow-capturing models are prevalent in
academic research [4]. Another review article [5] surveyed
the literature for the mathematical models for optimizing
the locations of FCS and modeling the EV demand. How-
ever, these articles focused on the concerns of the traffic
networks and overlooked the electrical grid’s requirements
for supplying EV charging power. On the other hand, some
other studies considered the FCS, from the electrical grid’s
perspective. For example, the advancement of FCS tech-
nologies and their impact on the grid with an emphasis
on renewable energy integration have been considered in a
previous review [6]. Similarly, another paper [7] reviewed
the planning strategies for ultra-fast charging stations and
their impact on the allocation problem compared to conven-
tional charging stations. Moreover, the EV charging demand
and its incorporation into the FCS allocation planning prob-
lem, highlighting the reliance on simplified assumptions
have been investigated [8]. However, these reviews mainly
focused on the electrical network. In contrast, a detailed
review of the demand modeling of EV charging, including
the distribution and transportation networks was conducted
previously [9]. In addition, a comprehensive literature review
highlighting the interdependence between transportation and
electrical networks has been proposed [10]. This recently
conducted review focused mainly on the overall framework

for integrating transportation and electrical systems without
emphasizing the mathematical formulation and the opti-
mization techniques applied. Furthermore, the other review
articles focused on different aspects of the allocation prob-
lem and EV demand modeling, a standard systematic review
methodology was not followed, which could introduce bias
and affect the comprehensiveness, quality, and relevance of
the included studies. To ensure a comprehensive and unbiased
study, this research follows the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) method-
ology [11] to conduct a systematic literature review of the
mathematical formulation and optimization techniques and
methodologies applied to address the allocation and sizing
problem of FCS. In addition, this paper focuses more on the
formulation utilized in the optimization process, the factors
impacting the process, and the applied solution procedures.

The remainder of the paper is structured as follows:
Section II outlines the systematic review methodology,
Section III focuses on the review of allocation problems in
the transportation network, Section IV covers the alloca-
tion problem within the electrical distribution network, and
Section V presents a multidisciplinary modeling approach
for both networks. The final sections include discussions and
conclusions.

II. THE PRISMA METHODOLOGY
The use of a rigorous methodology is crucial for conducting
a comprehensive and systematic literature review. One such
methodology is PRISMA, which provides a standardized
approach to the search, screening, and selection of relevant
studies [12]. This methodology has gained popularity in var-
ious fields due to its ability to reduce bias and increase the
transparency and reproducibility of the review process, thus,
it is the chosen methodology to conduct this literature review.
This research aims to investigate the literature for the FCS’s
optimum allocation and sizing problem in both transportation
and electrical networks by adhering to the PRISMA guide-
lines [11]. The objectives of this study include:

1. Review the optimization of FCS’s allocation in the
transportation networks alongwith themain factors and
considerations affecting it.

2. Review the FCS’s allocation problem tackled in the
electrical network along with the factors impacting the
optimization process.

3. Investigate how both networks are incorporated into the
optimization problem.

4. Identifying themain gaps in the literature and providing
directions for future research.

The aim and objectives of the study have guided the inclusion
and exclusion criteria for the adopted methodology. Hence,
the selection criteria for this study were restricted to English
language for broad accessibility and understanding, peer-
reviewed articles for academic quality assurance published
within the last decade to capture the most recent development
in the field. Specifically, the focus was on articles addressing
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FIGURE 1. Trends in research.

the optimization problem of locating and/or sizing charging
stations for electric vehicles (EVs) while considering fast-
charging technology. This technology is crucial as it enables
EVs to quickly recharge and continue their journey, and
its effectiveness is significantly influenced by the strategic
placement of charging stations along busy roads and high-
ways to maximize the range of EVs

Additionally, the location of the charging stations must
be accessible from the electricity utility’s perspective to
avoid compromising power quality, incurring high losses,
or necessitating extensive infrastructure upgrades, which can
increase costs and cause delays in the widespread adoption
of EVs. Therefore, this study included articles that address
the optimal location of FCS to align with the objectives of
the research. Specifically, it considered articles that utilized
optimization methods, where the optimal locations of FCS
are among the decision variables. It excluded other charg-
ing technologies to focus solely on the location and sizing
problem. This excludes scheduling, or coordinated charging
problems that involve energy management or routing for
EVs, which are considered operational approaches rather than
planning approaches. Moreover, this study excluded articles
that employed qualitative approaches to address the problem
and studies that relied solely on surveys or simulations instead
of mathematical optimization modeling.

For this purpose, high-impact databases such as Scopus,
IEEE, and Science Direct were used to conduct the literature
review. The main keyword search used across the databases
included terms like ‘‘fast charging stations,’’ ‘‘allocation,’’
‘‘optimization,’’ and ‘‘electric vehicles.’’ For example, in Sco-
pus, the following query was used:

(TITLE-ABS-KEY (‘‘fast charging station’’ OR FCS)
AND (‘‘electric vehicle’’ OR ‘‘EV’’) AND (optima∗ OR
planning OR allocation OR location∗ OR distribution OR
infrastructure OR sizing OR siting)) for the time frame
from 2013 to 2024.

Over the past decade, there has been a significant interest
in the research community to study the optimal allocation
and sizing of FCS from various perspectives. As shown in
Figure 1, which displays the number of published articles

FIGURE 2. Distribution of the topic by the research field.

per year in the Scopus database for the allocation problem
of FCS, there has been a significantly increasing trend in this
area. Additionally, Figure 2 demonstrates the distribution of
the topic across research fields, indicatingwidespread interest
across different disciplines, with the engineering discipline
having the largest share.

To demonstrate the interest in the research topic, Figure 3,
generated by Vosviewer [13], illustrates the publications and
co-authorship collaborations per country. It is evident that
China has the largest number of publications, followed by
the United States and Canada. The links between countries
indicate collaborations between institutions in this research
field, with the thickness of the link reflecting the frequency
of collaboration. The largest collaboration occurs between
China and the USA, indicating their dominance in this field.
It is noteworthy that a threshold of 2 publications was set. It is
also clear from Figure 3 that there is a lack of research on this
topic within the UAE.

The flow chart in Figure 4 provides a detailed description
of the PRISMA process and illustrates how articles were
screened and selected based on the inclusion criteria, includ-
ing the number of articles screened, included, and excluded.

Based on the search keywords, Scopus yielded 363 articles,
Science Direct had 93, and IEEE had 64. After merging and
removing duplicates, a total of 422 articles were selected for
initial screening. Based on titles and abstracts, 272 articles
were excluded for various reasons, such as having similar
keywords but addressing a different topic (e.g., Finite control
set abbreviated as FCS for motor controls), being social or
psychological disciplinary articles to focus on the technical
optimization aspects of the problem, or being review papers
as they were discussed earlier in the introduction section. Out
of the remaining 234 articles, 84 were not retrieved because
they were either qualitative studies, survey approaches, or not
related to mathematical optimization modeling. Through a
more in-depth review of the full papers, an additional 73 arti-
cles were excluded due to being simulation-based, focusing
on different charging technologies, or addressing opera-
tional optimization problems not the location of the stations.
Thus, a total of 77 articles were thoroughly reviewed and
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FIGURE 3. Vosviewer countries and co-authorship.

categorized in this research. In addition, another 27 papers
were considered through the backtracking of the research
development.

These backtracked articles are included to refer to models,
data or methodologies being used in the reviewed articles.
The inclusion of these backtracked articles help in repro-
ducibility of the presented research as well as provide clear
understanding of the adopted models and methodologies.

The following sections provide detailed discussions of the
selected articles for review. Each article is categorized based
on the system being optimized (i.e., transportation, electrical,
or multidisciplinary), and further categorized based on the
problem formulation and solution approach. This categoriza-
tion highlights the factors and measures considered in each
study along with the optimization formulation and solution
techniques. Following this methodology will help shed light
on the gaps in the literature.

III. FCS ALLOCATION IN TRANSPORTATION NETWORK
In this section, the articles that focused only on the trans-
portation network in the allocation and sizing of FCS are
reviewed. These articles are categorized into three categories
according to the optimization problem formulation and the
solution approach. The first category includes the exact
approaches in solutions for linear and nonlinear formulations.
Approximate approaches that encounter heuristic and meta-
heuristic approaches are considered in the second category.
Finally, the hybrid approach of combining more than one
solution approach represents the third category. In each of
these categories, the main factors taken into consideration are
highlighted.

A. EXACT APPROACHES
This sub-section has grouped the research that utilized exact
solutions for the allocation and sizing of the FCS from the
transportation network perspective. In these studies, a single
objective is typically considered. For example, some aim
to minimize the driving distance directly [14], CO2 emis-
sions [15], or the installation cost [16]. The objective was
to maximize the flow through the servicing unit (i.e. the
charging station) or the EV share, in some other studies.
The allocation problem is also formulated as a set covering
problem [17] to minimize the number of stations required to
cover a certain geographical area, as presented by Zhang [18].
Similarly, a node-based approach to the problem is presented
in other research [19].

Awidely adoptedmethodology in service allocationwithin
transportation networks is the ‘‘flow capturing model’’. This
model seeks to maximize the flow passing through the servic-
ing unit, in this case, the charging station. It can be expressed
as

Max
∑
q∈Q

fqxq (1)

where fq represents the EV traffic flow on the shortest paths
for the qth origin-destination (O-D) pair in the network. This
flow is measured by the number of vehicles that are expected
to pass by a certain O-D pair in the network and xq is the
binary decision variable that represents the inclusion or cap-
ture of that flow.WhileQ representing the set of all O-D pairs
in the modeled traffic network. This is achieved by summing
up the product of the EV traffic flow and the binary decision
variable across all O-D pairs in the set Q.
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FIGURE 4. Flow chart of PRISMA methodology.

Two notable approaches under this framework are the
Flow-Capturing Location Model (FCLM) [20] and the Flow
Refueling Location Model (FRLM) [21]. The FRLM is a
variant of the FCLM that considers the demand for refueling
or recharging vehicles in this problem, where a set of O-D
pairs represents the EV flows and is utilized to maximize
the flow volume of charged vehicles. This approach has been
adopted in several research studies [22], [23], [24].
From the review of the exact approaches for allocat-

ing FCS within a transportation network, it is evident that
flow-capturing models are dominant, where nodes in the
network are considered candidate locations. While existing
methodologies offer valuable insights into FCS allocation,
one significant gap is the lack of representation of the
dynamic network flows. Most studies adopt static models
that assume constant traffic patterns, disregarding temporal
variations in EV demand and traffic conditions. This simplifi-
cation overlooks the potential for FCS locations to influence
route choices and create new traffic patterns, impacting the
utility and profitability of the charging stations. The lack
of consideration for the traffic flow dynamics may not only
result in suboptimal station placements but could also lead

to unexpected issues such as traffic congestion or market
displacement. Moreover, in this category, the reliance on
exact optimization techniques faces scalability challenges,
when adopted to large-scale planning problems such as the
allocation of FCS.

Additionally, the choice of optimization methodology is
heavily influenced by the problem’s complexity, the need for
scalability, and the level of accuracy required. For instance,
Mixed Integer Linear Program (MILP) methods, while robust
and versatile, may not be practical for large-scale and
dynamic systems due to computational constraints. Dynamic
Programming offers a structured approach to multi-stage
decision problems but can become computationally infeasible
for high-dimensional problems. Table 1 provides a summary
of the exact solution approach, including the formulations,
algorithms/solvers used, modeling procedure, and the main
limitations of each study.

B. APPROXIMATE APPROACHES
Several studies propose approximate approaches to address
the complexity of the allocation problem in the transportation
network. In approximate approaches, there is an inherent
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TABLE 1. Exact approaches in transportation networks.

trade-off between solution optimality and computational effi-
ciency. While these methods may not guarantee an optimal
solution, they are particularly useful for tackling the complex-
ity and scalability issues often associated with FCS allocation
in transportation networks. Several studies propose approxi-
mate approaches utilizing specific well-known models such
as the set covering approach [28], the arc-based approach [29]
as presented by Csiszár and Csonka [30], FRLM [31], [32],
or the Multipath Refuelling Location Model (MPRLM) [33],
which is a more flexible model than FRLM and allows EVs
to deviate from the predefined path to reach the FCS. The
MPRLM has been utilized for the FCS allocation problem,
as presented by Li and Huang [34]. These models consider
a set of candidate locations as inputs, either by dividing the
region into zones and developing assumptions to generate
initial candidate locations and constraints, or by developing
selection criteria for the locations. However, these assump-
tions and inputs may not accurately reflect drivers’ behaviors
or preferences in real-world applications, potentially impact-
ing traffic flow. Other researchers have adopted different
approaches for the allocation problem, such as minimizing

driving distance and waiting time [35] or maximizing EV
share [36].
Furthermore, to accommodate drivers’ decisions, some

researchers introduced a driver preference function and
adopted a multi-objective approach to balance between min-
imum installation costs and maximum driver satisfaction.
This function includes factors such as electricity prices and
driving distance to the station, as presented in [37], and may
further include considerations like crowdedness, brand of
charging station, and level of attraction [38]. Additionally,
to incorporate traffic flow, researchers have adopted the con-
cept of system optimum [39] or user equilibrium [31] or even
developed a novel mathematical program to minimize social
costs with equilibrium constraints [40].
In the approximate approaches category, incorporating

traffic flow into the allocation problem is a challenging task
that requires careful modeling and efficient solutions. Fur-
thermore, the inclusion of factors such as EV penetration
level, charging demand uncertainty, charging time, waiting
time, and driving distance further complicates the problem
formulation. Table 2 summarizes the findings of this category,
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TABLE 2. Approximate approaches in transportation network.

including the objectives, algorithms used, modeling proce-
dures, and limitations.

There are two main well-known optimization techniques
utilized in this category, either Genetic Algorithms (GA) or
Particle Swarm Optimization (PSO), each with its strengths
and weaknesses. For instance, both approaches can achieve
good results within a reasonable computational time. How-
ever, GA relies heavily on parameter selection, while PSO
may get trapped in a local optimum. Other research that
utilizes problem-specific heuristics may perform differently
under large-scale problems or different instances. Therefore,
care should be taken as the allocation and sizing problem is a
large-scale planning problem.

C. HYBRID APPROACHES
To enhance the solution quality, account for more factors,
and eliminate some of the limitations of a single optimization
technique, hybrid approaches are introduced [43], [44], [45],
[46], [47]. These approaches combine metaheuristic meth-
ods with other techniques to solve the allocation and sizing
problem.

Some researchers have utilized metaheuristic approaches
for the allocation of FCS, combining them graphically
with Voronoi diagrams to determine the service area [43],
[44]. The Enhanced Heuristic Descent Gradient (EHDG)
algorithm is applied in a study [43]. The method employs
a two-step strategy beginning with GA to generate sets of
feasible solutions and then applying a series of gradient
descent for optimization enhancement. The method’s main
strength lies in its ability to utilize GA’s global search capa-
bilities and gradient descent’s fine-tuning, particularly useful
for problems with complex solution landscapes. However,
its scope is limited to electric buses with predefined routes
and schedules, constraining its broader applicability. Another
study employed PSO for FCS allocation and the Voronoi
diagram for sizing [44]. The Voronoi diagrams offer spatial
granularity, allowing the model to consider the service areas
more realistically. However, like GA, PSO still has its limita-
tions, including the risk of converging to local optima.

A more complex approach uses a hybrid problem-specific
heuristic combined with GA to solve the location and siz-
ing problem [45]. This method focuses on maximizing the
captured EV flow in the network. However, it becomes
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TABLE 3. Hybrid approaches in transportation network.

computationally complex on a large scale and some chromo-
somes in the GA may represent the same solution, reducing
the algorithm’s efficiency.

On the other hand, a bi-level approach was presented,
where each level is solved using a specific algorithm [46].
The upper level aims to minimize installation cost and envi-
ronmental impacts using cross-entropy, while the lower level
optimizes routing and ensures traffic network equilibrium
using successive averages. For traffic assignment, the authors
adopted a stochastic user equilibriummodel with Poisson (O-
D) demand and stochastic charging demand. This approach is
a mathematical model tailored for EV users. However, it may
require several assumptions that could potentially limit its
applicability in real-world scenarios.

A multi-objective optimization problem is formulated to
minimize costs and EV charging time [47]. The study divides
the area into zones based on congestion and signal waiting
time. A combination of PSO and Simulated Annealing is used
to allocate and size the FCS. While promising, this algorithm
needs to be tested against other algorithms for validation.
Moreover, the authors did not consider the range anxiety of
EVs and assumed that drivers are aware of traffic congestion
levels and will therefore seek alternative charging locations
based on this knowledge.

Additionally, the use of hybridmodels to enhance solutions
should be tested against other algorithms and in different
instances, including large-scale planning that reflects the
complexity of the problem. The promising aspect of hybrid
models is their ability to enhance the search space to over-
come the limitations of a single approach and obtain higher-
quality solutions. However, this has only been addressed in

a limited number of studies [47]. Thus, testing these hybrid
approaches, especially in multi-objective problems, presents
a major challenge in assessing solution quality. Table 3
summarizes the findings of this category, along with the
limitations of each method.

Despite these advancements, all mentioned articles have
considered transportation aspects from different perspectives
to capture the EV demand and hence allocate the charg-
ing stations. However, these approaches have assumed a
static assignment of EVs, which may not reflect realistic
situations as traffic conditions can substantially affect FCS
locations. The focus has been narrowly on capturing the flow
of EVs, with no research measuring the broader impact of
FCS locations on overall traffic performance, especially when
considering the future scenario of high EV penetration levels.
Moreover, by solely focusing on the transportation aspect, the
electrical demand of FCS is completely overlooked, despite
its significant impact on electric service and charging costs.

The next section discusses the research studies that con-
sider the electrical system performance and the needed
upgrades to accommodate the EV-FCS load.

IV. FCS ALLOCATION IN ELECTRICAL NETWORK
This section discusses the research that focused solely on the
FCS allocation problem considering the electrical network.
According to the optimization problem solution approach,
they have been categorized into the three levels that were used
before (i.e., exact approaches, approximate, solutions, and
hybrid approach). The section also addresses key challenges
such as modeling EV charging demand, grid reinforcement,
and incorporating power flow equations.
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Modeling the charging demand for EVs is one of the
biggest challenges facing the FCS allocation and sizing prob-
lem for the electrical system operators. Due to the lack of
data, several approaches have been introduced in the literature
and will be presented in this section along with the prob-
lem formulation and solution approaches. Moreover, the grid
reinforcement or upgrade to accommodate the introduced
load of FCS is another challenge, some researchers consid-
ered transformers and voltage regulators upgrade for the grid
according to the maximum expected power consumption of
the added EV charging load. Some other researchers con-
sidered the integration of renewable distributed generation
(RDG) and battery energy storage systems (BESS) for grid
reinforcement and Co2 emissions reduction which elevate the
complexity of the planning problem due to their stochastic
nature. Additionally, the inclusion of power flow equations
in the problem to guarantee operational constraints poses
another challenge due to their highly non-linear nature. The
power flow equations (PFE) [48] are crucial in electrical grid
optimization. These equations generally describe how power
flows through the network. Since FCS represent significant
power load, which is often fluctuating due to the fluctuation
in EV charging demand, their placement in the electrical
grid affects the distribution of active and reactive power.
Therefore, to analyze how this load impacts the overall power
flow in the grid, equations (2) and (3) describe the active
and reactive power at each bus in the electrical network,
respectively.

Pi = PGi − PLi =

N∑
k=1

|V iV kYik |(Cos(δi − δk − θik )) (2)

Qi = QGi − QLi =

N∑
k=1

|V iV kYik |(Sin(δi − δk − θik )) (3)

where PGi and QGi are the generated active and reactive
power at bus i, respectively, whilePLi and QLi are the active
and reactive load at bus i, respectively. This represents the
FCS load and the conventional loads that already exist in the
network. Additionally, Vi is the voltage magnitude at bus i,
δi is its angle, Yik is the admittance of the transmission line
connecting buses i and k and θik is its angle. While N is
the total number of busses in the distribution network. This
analysis is critical for maintaining power quality and stability
in the network, especially considering the fluctuating demand
associated with EV charging.

The voltage Vi and current Ii at each bus should remain
within the minimum and maximum values as technical limits
during planning, as presented in (4) and (5):

Imin < Ii < Imax (4)

Vmin < Vi < Vmax (5)

These limits ensure that voltages and currents remain
within safe operational bounds, thus preventing network over-
load and ensuring the reliability and safety of the electrical

grid. Bymaintaining these limits, overloading parts of the dis-
tribution network due to the addition of FCS can be avoided.

A. EXACT APPROACHES
In this category, researchers have utilized exact methods to
optimize the FCS allocation in the electrical grid to accom-
modate such incoming load either by adding it optimally
to the existing grid, considering upgrades of the infrastruc-
ture such as transformers, voltage regulators, and feeders,
or renewables reinforcement to account for the added FCS
load. For instance, some studies considered the grid’s upgrade
by increasing the capacity of transformers or voltage regula-
tors using different EV demand models [49], [50].

On the other hand, recognizing the significance of RDG
in reinforcing the grid, some researchers proposed an opti-
mization model for the allocation problem that integrates
RDGs. For example, both RDGs and BESS sizes and loca-
tions are integrated in the same process [51], while other
studies suggested using FCS equipped with BESS [52], and
FCS equipped with RDS [53].
In this category of research, all the articles focused on

a single objective problem, which was either minimizing
the power losses (Eq. 6 and 7) and/or the total investment
costs (Eq. 8).

Min
∑

Ploss (6)

Ploss =

N∑
i=1

N∑
k=1

[Bik (V 2
i + V 2

k − 2ViVkCos (δi − δk)] (7)

where Ploss is the power lost in the transmission lines of the
distribution system, while Bik is the conductance in the line
connecting buses i and k . The voltage magnitudes at these
buses (Vi and Vk ) and their respective phase angles (δi and δk )
contribute to the power loss and they are directly impacted by
the placement of FCS in the distribution system.

Min
∑

Ctotal (8)

where Ctotal is the total investment costs, which may include
FCS installation costs, grid upgrade equipment costs, RDGs,
and BESS costs.

In the existing literature on FCS planning using exact
methods in the electrical network, there is a methodologi-
cal divergence in constraint formulation. Researchers either
incorporate the electrical network’s technical limitations
only or facilitate the exact solution of the problem through
linearization, or relaxation of the power flow equations
adopted [54], [55], [56]. While such simplifications enable
the use of robust and exact optimization methods, they
introduce critical concerns for the steady-state power flow
representation. These linearized models may lead to subopti-
mal FCS locations, especially when the conventional loads
already present in the grid are considered, a factor that is
absent in the studies within this category. Thus, a research
question that arises from the review of this section is whether
these linearized models or relaxations have a significant

VOLUME 12, 2024 46749



S. M. Kandil et al.: Optimization Approaches for Fast Charging Stations Allocation and Sizing: A Review

TABLE 4. Exact approaches in electrical power network.

impact on the final optimal locations of the FCS or not.
To investigate this, future research should aim to assess the
impact of using linearized models on the planning problem’s
solutions. A suggested investigative strategy could involve
a comparative analysis between the outcomes derived from
linearized models and those obtained using the actual power
flow equations. Such an approach would offer an under-
standing of the trade-offs involved, establishing the reliability
and effectiveness of employing linearized or approximated
models in the allocation problem considering the dynamic
operational constraints of the grid. Table 4 provides a sum-
mary of the findings in this category, including the modeling
procedure that investigates the EV demand modeling for the
FCS, the solution approach, and formulation along with the
limitations.

B. APPROXIMATE APPROACHES
The approximate approach is one of the most widely used
approaches in this area of research, due to the high non-
linearity of the power flow equations and the complexity
of the problem when considering different factors such
as the time-varying existing loads in the distribution net-
work, the power quality issues that arise due to the added load
of the FCS and the temporally dynamic nature of EV charging
demand. Some researchers have formulated the FCS alloca-
tion problem without considering any grid reinforcement or
upgrade [57], [58], [59], [60], [61], [62], [63]. While this
approach simplifies the problem, it poses significant stress
on the existing electrical infrastructure, particularly con-
sidering the time-dependent nature of FCS demand, which
may coincide with peak grid demand. Consequently, such a

scenario would strain the infrastructure to its limits, resulting
in degradation potential of power quality issues and electri-
cal service interruption. Therefore, this approach may not
be sustainable in the long-term planning, especially as the
adoption of EVs continues to grow. On the other hand, other
researchers have considered alternative grid reinforcement
approaches such as increasing the capacity of distribution
transformers [64], [65]. While this approach addresses the
limitations of the existing infrastructure, it shifts the primary
objective of reducing carbon emissions from transportation
networks by EVs to the electrical network to meet the charg-
ing demands of FCS. This could potentially compromise
the environmental benefits of transitioning to EVs, as the
electrical grid may still rely on non-renewable energy sources
to meet the increased demand. Conversely, recognizing the
importance of integrating RDGs into the electric grid as a tool
for reinforcing the system to meet FCS demand and reduce
carbon emissions, some researchers have formulated the
problem of allocating FCS equipped with RDGs [66], [67].
However, this approach may not be practical in real-world
applications due to the environmental dependency of RDGs
and space constraints especially in urban settings. A more
realistic yet complex formulation, freely allocating the RDGs
and FCS to meet the demand has been proposed in different
studies [68], [69], [70], [71]. This approach offers the flexi-
bility to adapt to different scenarios and constraints. While
this approach is more aligned with real-world conditions,
it also increases the complexity of the problem, requiring
more sophisticated optimization algorithms and computa-
tional resources.

An additional challenge facing this category of research is
the representation of the EV electrical demand present in the
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TABLE 5. Approximate approaches in electrical network.

planning problem, since this area of research focuses on the
electrical network and due to the lack of real data to represent
the EV demand, different approaches have been presented in
this category. Some studies have followed basic assumptions
for the initial candidate locations of the FCS [57], [61], [63],

while others have utilized mathematical formulas for the
initial number and sizes of FCS [68].

These approaches may lack adaptability to dynamically
changing demand patterns. A step forward to more realistic
initial candidate locations is the use of zonal analysis [69],
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TABLE 6. Hybrid approaches in electrical network.

and geographic information-based models [58], which refine
the assumed locations to make them more realistic but may
still not capture the dynamic nature of EV demand and require
solid knowledge about the geographical locations, attractions,
and population. Other studies have adopted statistical models
to represent EV demand [60], [62], [64], [65]. While these
models can be data-driven, theymay not account for real-time
variations and could be sensitive to the quality of past data and
assumptions employed which impacts the universal adopt-
ability. Finally, the most sophisticated approaches, such as

Monte Carlo methods and worthiness metrics used in stud-
ies [66], [67], [70] add computational complexity and require
extensive data, making them less practical for real-world
applications.

From the solution algorithm perspective, GA and PSO are
the most widely used approaches in this category. Table 5 rep-
resents a summary of the research in this category including
the problem formulation, solution algorithm, modeling pro-
cedure for EV demand and electrical network considerations,
and finally, the associated limitations.
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TABLE 7. Exact approaches in multidisciplinary.

C. HYBRID APPROACHES
In this sub-section, researchers who focused on utilizing
more than one optimization method to allocate and/or size

the FCS in the electrical network are being discussed.
As categorized in the previous sub-section, certain stud-
ies have formulated the problem without considering grid
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TABLE 8. Approximate approaches in multidisciplinary.

reinforcement or upgrades [74], [75]. This simplifica-
tion, while computationally less intensive, often overlooks
the long-term sustainability of the electrical infrastructure.
On the other hand, given the significance of integrating
RDGs into the electrical grid to meet the expected FCS
load and reduce the peak-valley ratio resulting from high
demand at specific times of the day, several studies have
investigated the joint allocation and sizing of both FCS and
RDGs [76], [77], [78], [79]. Others have further extended
the scope with additional considerations for mobile energy
storage [80].

There is a divergence in the primarymotivation for employ-
ing a hybrid approach in this category. One primary driver is
the need to address complex, multi-faceted problems through
specialized optimization methods where the utilization of

more than one optimization technique can be to perform
a specific task within a large problem. For instance, the
Marine Predators Algorithm (MPA) is tailored for FCS and
RDG allocation and combined with the Recalling-Enhanced
Recurrent Neural Network (RERNN) for station sizing [78].
Another hybrid approach is the combination of GA and the
Generalized Reduced Gradient descent (GRG) algorithm.
The algorithm starts with generating a population of GA chro-
mosomes, where each chromosome represents the planning
decision variables. Then, for each chromosome in the current
generation, the GRG method is used to solve the monthly
operating costs, followed by evaluating the solutions based
on the fitness function and checking the stopping criteria [80].
This modular approach allows for specialized techniques to
be applied to different aspects of the problem, potentially
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TABLE 9. Hybrid approaches in multidisciplinary.

yielding more accurate or efficient solutions. Conversely,
other studies have leveraged hybrid methods to refine the
selection process among a generated set of solutions. For
example, a hybrid approach combining GA and minimax
game theory has been developed to optimize both the peak
load demand and service level at FCS locations [75]. The
most promising utilization of the hybrid methods can be
viewed as enhancing the searchability of a single approach
for better search exploration and avoiding the limitations of
a single approach thus enhancing the quality of the obtained
solution. Examples include the integration of Teaching and
Learning-Based Optimization (TLBO) with Shuffled Frog
Leap (SFL) for its superior search space exploration [74], [76]
and the combination of GreyWolf Optimization (GWO) with
Particle Swarm Optimization (PSO) for enhanced solution
efficiency [77]. Furthermore, a combination of GA, infor-
mation entropy, and game theory was presented by Wei and
Chan [79] where 3 populations are generated in parallel,
Information entropy decides the most diverse solution, and
game theory selects individuals in populations. Nonetheless,
it is important to compare the employed method against
alternative approaches and conduct extensive validation on
large-scale, real-life problems to ensure its suitability for FCS
planning and multi-objective optimization.

A critical gap in this section of research lies in themodeling
of EV demand and the associated strategic placement of
FCS. Existing models predominantly rely on pre-selection
criteria for demand estimation and FCS location [74], statis-
tical models [75], [76], [79], mathematical calculations [77],
[78], or assumptions [80]. None of the previously mentioned
models have taken into account how the location and size
of FCS may affect the transportation network flow. These
models usually select candidate locations based on dense
areas, but this approach could attract more vehicles to these
areas and negatively impact the network flow and transporta-
tion network performance. In addition, failure to incorporate
traffic network conditions may result in underutilization of
charging stations, congestion at some stations, or bottlenecks
within the traffic network. Since the charging time of EVs is
much longer than refueling, it is essential to test the planning
output on traffic flow during different scenarios, including
low, medium, high, and extreme traffic congestion and rush
hours. It is crucial to incorporate the dynamic character-
istics of charging operations and traffic movements while
extending the fast-charging network [81]. Placing large-sized
FCSs in highly congested areas may increase traffic con-
gestion and divert EV drivers to less congested stations for
time and energy saving. Based on the above discussion,
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multidisciplinary optimization approaches are essential for
the success of the deployment of FCS and higher penetration
of EVs.

Table 6 presents an overview of the utilized methods,
modeling procedures, and associated limitations.

V. MULTIDISCIPLINARY OPTIMIZATION OF
TRANSPORTATION AND ELECTRICAL
NETWORKS
In this section, the articles that focused on optimizing both
networks simultaneously are being reviewed. According to
the optimization problem solution approach, they have been
categorized into the same three levels discussed earlier (exact,
approximate, and hybrid approaches).

As a general starting task in this multidisciplinary
approach, coupling between the transportation and electrical
network should happen to reflect common locations for the
decision variables of FCS.

A. EXACT APPROACHES
In this sub-section, the coupling between the transporta-
tion and electrical network happens to accommodate both
networks’ limits and constraints. These methodologies are
predominantly directed towards minimizing the installation
costs of the FCS station or travel time to the station. One
proposed approach is to couple the two networks and consider
the electrical network requirement while constraining the
locations to the special coupling points only [83]. Although
this approach succeeds in incorporating both networks in a
comprehensive model, it relies on a deterministic O-D traffic
flow matrix and deterministic electrical load profile. Such
determinism, however, fails to capture the dynamics inherent
in transportation, EV charging demand, and existing electri-
cal loads, thus representing a considerable limitation.

A more prevalent model adopted in this sub-section is
the Capacitated Flow-Refuelling Location Model (CFRLM)
[84]. This model offers increased flexibility compared to the
FRLM and incorporates queuing theory for estimating EV
demand, [85], [86], [87], [88], with additional accommoda-
tion of RDGs [89], [90]. Furthermore, Modified Staircase
Facility Location Model (MSCFLM) [100], which is a mod-
ified CFRLM that accounts for traffic deviation and adopts
a multi-period perspective in conjunction with user equilib-
rium [99]. Additionally, some researchers have employed
mathematical models for traffic flow assignment [91], [92],
[93]. Although these models incorporate the transportation
network aspect in the problem, relying on mathematical mod-
eling to represent traffic flowmay fail to capture the dynamics
of the transportation network. In addition, the upgrade or
reinforcement of the grid was not taken into account, and
the demand for EVs was modeled using user equilibrium
traffic assignment along with queuing theory to ensure a
satisfactory level of service for the FCS [94]. Furthermore,
the representation of the electrical network in this area either
focused on the technical limitations of the network, such as
voltage and current limits, or utilized linearized or relaxed

formulation for power flow equations [95], [96], [97], [98].
Hence, the major drawback in this area is the unrealistic
representation made for both networks, which is a significant
gap.

Table 7 provides a comprehensive overview of the opti-
mization techniques used, including the formulation, solver,
and utilization of linearized models. To be able to provide an
exact solution to the optimization problem in this subsection,
researchers relied exclusively on linearization procedures for
power flow equations during the planning process. This may
oversimplify the problem fail to capture the operational con-
straints of the electrical network and overlook its critical
aspects. Furthermore, when considering the transportation
network perspective, the utilization of capture flow mod-
els or static flow assignments could have adverse impacts
on real-world transportation network performance. Thus,
it becomes crucial to conduct further analysis and compare
the outcomes of these models with the original power flow
formulation. Additionally, incorporating RDGs is essential
to address the environmental requirements of EV charging.
However, due to the uncertainties associated with RDGs,
the existing formulations may not be sufficient for optimal
integration.

B. APPROXIMATE APPROACHES
In this category, the presented research aims to optimize both
the electrical and transportation networks utilizing approx-
imate optimization techniques. The studies employ varying
models for the transportation network, ranging from static
Flow-Capturing Location Models (FCLM) for generating
EV demand [101], to more dynamic models incorporating
Origin-Destination (O-D) matrices and travel surveys [102].
A significant portion of these studies utilize some form of
traffic flow modeling to better reflect the real-world trans-
portation network [103], [104], [105], [106], [107], [108].
Notably, a subset of these works explicitly incorporates
dynamic flow elements within the transportation network by
utilizing a traffic simulation tool [109].

In the context of the electrical network, some studies do
not take into account grid reinforcements or upgrades [104],
[106], [109], while other cases consider RDG [105], [108].
Few studies also consider the need for electrical network
upgrades [101], [102]. Furthermore, some research addresses
the broader aspect of expansion planning for both the trans-
portation and electrical networks [103].
Table 8 presents the details of the references in this cate-

gory, including the optimization algorithms utilized and the
limitations of the models presented. The wide array of solu-
tion algorithms employed across these studies could indicate
that research in this multidisciplinary area is still in its forma-
tive stages. This diversity can be seen as both an asset and a
challenge. On the one hand, it represents a rich landscape of
approaches to tackle complex problems. On the other hand,
it highlights the need for more consistent methodologies and
benchmarking to assess the relative merits and drawbacks of
these various approaches.
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C. HYBRID APPROACHES
In this category, there is a general lack of research due to
complexity and multidisciplinary dependency. Studies in this
category predominantly utilize MINLP formulations. Addi-
tionally, the electrical network operational constraints are
being recognized in the form of the power flow equations
and the technical limits. However, the research diverges in
whether it includes any system upgrades or reinforcement
to account for the increased load of EVs. Moreover, the
inclusion of conventional grid loads varies among the studies.
While some studies neglect the need for grid upgrades or
reinforcements [115], others incorporate aspects like substa-
tion and feeder upgrades [116]. RDGs are also considered
in a few cases [117], [118] While a more comprehensive
approach considering RDGs and upgrades is presented by Pal
and Bhattacharya [119].

The main differences were the transportation network
adoption and the optimization algorithm used. For trans-
portation network representation in the problem, either by
maximizing the served flow by integrating of gravity model
with spatial-temporal O-D analysis [115], or integrating
the gravity model with queuing theory [117] or a sequen-
tial capacitated flow-capturing location model (SCFCLM)
which is a variant of the well-known FCLM [116], or EV
demand uncertainty modeling considering different conges-
tion levels [119].
These methodologies heavily rely on assumptions to pre-

dict EV demand and may not adequately account for the
influence of FCS locations on traffic flow. Conversely, a more
realistic way of representing the transportation network using
a Dynamic Traffic Assignment simulation tool to control the
level of service [118].
Regarding the use of hybrid models, their primary function

is not to augment the algorithmic searchability of a single
method but to enhance the selection among the generated
solutions [115], [117], or perform a specified task within the
problem [116], [117], [118], [119].
The proposed algorithms generally provide good coverage

and fast convergence compared with others as represented in
each research. However, there was no utilization of hybrid
algorithms to enhance the searchability of a single method as
presented in previous hybrid sections. The efficiency of the
GWO or GA chosen in this category mainly depends on the
parameter’s choice. As a future recommendation, a combi-
nation of Mata-heuristic algorithms may yield better quality
in terms of solutions and will also need to be compared with
other methods to evaluate the computational time and quality.
Details of the methods and models are presented in Table 9.

VI. DISCUSSION AND FUTURE RESEARCH
The literature review presented in this research highlights the
significance of addressing the allocation and sizing problem
of FCS to meet the growing demand for EVs. However,
several areas require further research to promote EV adop-
tion and facilitate a sustainable future for the transportation

and electrical sectors. These areas can be viewed from two
perspectives: A. the factors considered within each network
as part of themultidisciplinary approach, and B. the optimiza-
tion techniques employed. The following subsections discuss
these aspects in detail.

A. FACTORS
One of the key findings of this review is the limited
consideration given to the impact of FCS placement on
the transportation network flow. While many studies have
focused on optimizing FCS location based on factors such as
demand, driving distance, and EV penetration rates, few have
considered the interaction of the FSCs with the traffic net-
work to assess the impact of FCS on traffic flow and system
equilibrium. To mitigate these negative impacts, it is crucial
to integrate traffic flow analysis when planning the location
and sizing of FCS. Additionally, the static consideration of
traffic flow needs to be expanded to include dynamic traf-
fic conditions to represent the spatial-temporal EV charging
demand and the traffic performance under various scenarios.
Therefore, a major research question to guide future research
direction in this area is what is the impact of FCS locations on
traffic flow, especially with a high penetration level of EVs?

In response to that, Figure 5 presents a conceptual plan-
ning framework for integrating both networks, considering
their unique factors to achieve optimal FCS locations. The
main structure of the proposed framework is the dynamic
EV driving and charging demands through traffic simulation
tools rather than relying on static mathematical representa-
tion of driving behaviors or historical data combined with
electrical grid optimization. The framework begins with inte-
grating dynamic EVmovement in the transportation network,
enabling precise identification of spatial-temporal demand
locations. For that purpose, suggestion of traffic simulation
tools to represent EV driving and thus charging demands
may account for the realistic representation and allow for
reassessment of the network performance. Subsequently,
these demands and associated locations are introduced into
the electrical network as candidate sites for the charging
stations. The electrical network optimization with the fed-in
locations and demands along with the conventional loads of
the distribution network, decides upon the upgrade or rein-
forcement of the grid along with the optimum locations from
the perspective of electrical network requirements. In some
cases, the electrical network optimization may suggest new
proposed locations for the FCS. This methodology differs
significantly from existing approaches in the literature, which
often rely on static or oversimplified representations of traffic
networks. In addition, the proposed approach accounts for
existing loads in the electrical network as well as testing the
impacts of the locations on the traffic performance, which has
not previously addressed in the literature.

In the subsequent stages, the proposed locations within the
electrical network are reintegrated into the dynamic trans-
portation simulation to evaluate their impact on traffic flow.
This iterative process continues until both networks exhibit
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minimal requirements for further changes, marking the con-
vergence to optimal solutions that satisfy both networks’
requirements.

For effective integration of the transportation and electrical
networks, a comprehensive set of parameters is necessary.
These include the parameters of the electrical distribution
network to be used where IEEE standard test systems play
an important role [121] as well as existing conventional
loads in the electrical distribution network, and factors related
to RDGs such as the and necessary upgrades. Whereas,
transportation network parameters including the nodes, links,
capacity of the network as well as the EV consumption related
parameters.

The proposed framework offers a roadmap for policy-
makers to address the multidimensional planning problem,
emphasizing a comprehensive tool that integrates multiple
stakeholder needs. This includes accommodating EV users’
needs by elevating service levels and ease of access to charg-
ing stations, which is a critical social aspect. Environmental
considerations involve complementing the EV transition with
renewable generation to prevent shifting loads from the
transportation to the electrical network. Additionally, the
framework presents economic solutions, enabling sustainable
electrification of the transportation system.

Moreover, the review highlights the importance of a multi-
disciplinary approach in addressing the complexities of FCS
allocation and sizing. Collaboration among various fields
such as electrical engineering, transportation engineering,
urban planning, and environmental science is essential. Such
collaboration will reveal different aspects of the problem,
ensuring that all facets of FCS deployment – technical, envi-
ronmental, social, and economic – are adequately addressed.
This holistic approach will lead to sustainable, efficient,
and user-friendly EV charging infrastructures that align with
broader environmental and societal goals.

Moreover, the lack of a mix of charging technologies
is another area requiring attention. Future research should
explore the potential of combining multiple technologies,
such as wireless charging, mobile battery storage, or battery
swapping stations, to effectively accommodate the increasing
EV load. It is important to investigate the impact of these
technologies on both transportation and electrical networks,
considering their advantages and disadvantages. This direc-
tion can be guided by the research question of What is the
optimal mix of EV charging technologies to effectively serve
different penetration levels of EVs?. Furthermore, the focus
on RDGs as a cost-driven factor should be complemented by
considering the reduction in CO2 emissions, which is a key
driver for the transition to EVs.

Moreover, there is a lack of studies focusing on the Middle
East and North Africa (MENA) region, which has unique
driving behavior and road layouts. Besides, the impact of
hot weather conditions and driving habits on EV energy
consumption and allocation should be examined to account
for the specific challenges faced in this region as the use

of air conditioners in extreme weather regions (i.e., cold,
or hot aired climate regions) causes an about 33% drop in
the driving range [122]. Therefore, it is crucial to investigate
how these regional factors influence the optimal placement of
FCS. Additionally, investigating the impact of FCS locations
on power quality and the extreme load consumption of FCS
in conjunction with conventional loads connected to the grid
would provide valuable insights.

Furthermore, the technological advancement in EV and
its charging infrastructure highlights the need of investigat-
ing new technologies and their impact on the locations of
FCS. Such technologies include autonomous and connected
EVs as well as automatic and coordinated charging systems.
These research directions also emphasis the multidisciplinary
approach incorporating optimized routing of EVs and the
smart grid demand response strategies. This can be moti-
vated by testing the hypothesis that high penetration of fully
autonomous and connected EVs may significantly impact
FCS optimal locations, particularly since it is believed that
automated and connected EVs consumption rate might be
different from conventional EVs [123].

Finally, government incentive programs play a crucial
role in promoting EV adoption and supporting the required
infrastructure. Future studies should evaluate how differ-
ent government incentive programs affect EV market share
growth and the development of EV infrastructure.

B. OPTIMIZATION TECHNIQUES
This paper has demonstrated the use of various optimization
techniques in FCS allocation and sizing. However, further
research is needed in the following areas:

Exact Approaches: While exact approaches utilizing math-
ematical programming models have been widely employed,
they provide a significant strength over the other methods in
finding a global optimum solution using commercial solvers.
However, their reliance on linearization formulations may
oversimplify the problem. Future research should carefully
evaluate the accuracy of these linear approximations and
compare them with the original power flow formulations to
ensure an accurate representation of system behavior and
examine the impact of linearizedmodels on the allocation and
sizing problem. A potential research question could be: How
do the results of optimal FCS locations, from linearizedmath-
ematical models, differ when compared to results derived
from original power flow formulations?

Approximate Approaches: The performance of approxi-
mate approaches, including heuristic and metaheuristic algo-
rithms, should be assessed, and compared. These approaches
have the strength of finding good solutions within a shorter
computation time and are particularly effective in han-
dling NP-hard and highly non-linear problems. However,
their weakness lies in their reliance on initial parameters
and the risk of getting trapped in local optima. Compar-
ative analyses will aid in selecting appropriate methods
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FIGURE 5. Conceptual planning framework.

for specific problem instances. Besides the need for algo-
rithms that handle multi-objectives and large-scale planning
problems.

Hybrid Approaches: The utilization of hybrid approaches
combining multiple optimization techniques shows promise.
These methods offer a major advantage by allowing the
combination of different methodologies to benefit from the
strengths of each. Future research should focus on enhancing
the search capability of these hybrid models and com-
pare their performance with alternative approaches. Multi-
objective optimization within hybrid approaches should also
be explored to simultaneously consider conflicting objec-
tives, such as cost, power loss, environmental impact, grid
reliability, traffic flow, and user preference.

Moreover, the coupling between transportation and elec-
trical networks should be based on realistic assumptions and
real-world data to ensure the relevance and accuracy of the
optimization models.

VII. CONCLUSION
In recent years, the deployment of fast charging stations
on highways has become a significant concern due to the
increasing number of electric vehicles. Many researchers
have proposed various approaches for allocating and sizing
fast charging stations on highways. The literature review pre-
sented in this paper has broadly categorized the literature into
three main categories: a traffic network-centric approach an
electrical network-centric approach and a multidisciplinary
approach focused on integrating both networks seeking a
more efficient and realistic representation.

In each of these categories, the researchers have adopted
an exact approach, an approximate approach, and a hybrid
approach. While each approach has its advantages, they often
fall short of addressing the complexity of the problem com-
prehensively. Particularly in the use of linear or nonlinear
formulations with exact solutions, the problem is frequently
oversimplified, making it challenging to scale to larger con-
texts like cities or countries. This limitation is evident across
all three main categories of research. Due to the complexity
and the variety of factors involved, the most widely adopted
approach among the three subcategories is the approximate
approach. Hybrid approaches are emerging as a promising
area of research where more than one solution approach is
utilized. These are either employed for specific tasks within
the problem, such as location or sizing, or used to enhance
population selection in metaheuristic approaches. They also
offer the potential to merge two or more solution approaches,
thereby enhancing the searchability of a single method.

However, the main research gap in this area is the lack
of a comprehensive approach that integrates both the electri-
cal and traffic networks into a single optimization problem
while accounting for the main needs and factors of both
networks. The vast majority of the existing research has
primarily focused on either incorporating traffic information
to generate realistic candidate locations for the electrical
optimization problem or selecting candidate locations on the
electrical system and optimizing the network flow. Relatively
little research has focused on the incorporation of both net-
works. Thus, there is a need for a multidisciplinary approach,
where collaboration among experts from various fields can
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address all aspects of FCS planning. Such an approach would
not only provide more accurate and comprehensive solutions
that consider technical, environmental, social, and economic
factors, but also offer a framework robust enough to scale to
larger problems at the city or country level. It should also
account for a possible mix of charging technologies thereby
aiding policymakers and stakeholders to make informed deci-
sions regarding the deployment of fast charging stations on
highways.

ACKNOWLEDGMENT
This article represents the opinions of the authors and does
not mean to represent the position or opinions of American
University of Sharjah.

REFERENCES
[1] J. A. Sanguesa, V. Torres-Sanz, P. Garrido, F. J. Martinez, and

J. M. Marquez-Barja, ‘‘A review on electric vehicles: Technologies and
challenges,’’ Smart Cities, vol. 4, no. 1, pp. 372–404, Mar. 2021.

[2] D. Pevec, J. Babic, A. Carvalho, Y. Ghiassi-Farrokhfal, W. Ketter, and
V. Podobnik, ‘‘Electric vehicle range anxiety: An obstacle for the
personal transportation (R)evolution?’’ in Proc. 4th Int. Conf. Smart
Sustain. Technol. (SpliTech), Jun. 2019, pp. 1–8, doi: 10.23919/SpliTech.
2019.8783178.

[3] M. J. Hodgson and K. E. Rosing, ‘‘A network location-allocation model
trading off flow capturing andp-median objectives,’’ Ann. Oper. Res.,
vol. 40, no. 1, pp. 247–260, Dec. 1992.

[4] Y. Motoaki, ‘‘Location-allocation of electric vehicle fast
chargers—Research and practice,’’ World Electr. Vehicle J., vol. 10,
no. 1, p. 12, Mar. 2019, doi: 10.3390/wevj10010012.

[5] H. Lu, X. Chen, C. Fang, and H. Yang, ‘‘Data analytics for optimizing
extreme fast charging: A survey,’’ Data Sci. Manage., vol. 1, no. 1,
pp. 23–31, Mar. 2021, doi: 10.1016/j.dsm.2021.02.001.

[6] C.-T. Ma, ‘‘System planning of grid-connected electric vehicle charging
stations and key technologies: A review,’’ Energies, vol. 12, no. 21,
p. 4201, Nov. 2019.

[7] D. Meyer and J. Wang, ‘‘Integrating ultra-fast charging stations within
the power grids of smart cities: A review,’’ IET Smart Grid, vol. 1, no. 1,
pp. 3–10, Apr. 2018.

[8] P. Patil, K. Kazemzadeh, and P. Bansal, ‘‘Integration of charging behavior
into infrastructure planning and management of electric vehicles: A sys-
tematic review and framework,’’ Sustain. Cities Soc., vol. 88, Jan. 2023,
Art. no. 104265, doi: 10.1016/j.scs.2022.104265.

[9] T. Unterluggauer, J. Rich, P. B. Andersen, and S. Hashemi, ‘‘Electric
vehicle charging infrastructure planning for integrated transportation
and power distribution networks: A review,’’ eTransportation, vol. 12,
May 2022, Art. no. 100163, doi: 10.1016/j.etran.2022.100163.

[10] W. Wei, D. Wu, Q. Wu, M. Shafie-Khah, and J. P. S. Catalão,
‘‘Interdependence between transportation system and power distribution
system: A comprehensive review on models and applications,’’ J. Mod.
Power Syst. Clean Energy, vol. 7, no. 3, pp. 433–448, May 2019, doi:
10.1007/s40565-019-0516-7.

[11] M. J. Page, J. E. McKenzie, and P. M. Bossuyt, ‘‘The PRISMA 2020
statement: An updated guideline for reporting systematic reviews,’’ Int.
J. Surg., vol. 88, Mar. 2020, Art. no. 105906.

[12] D. Moher, ‘‘Preferred reporting items for systematic reviews and meta-
analyses: The PRISMA statement,’’ Ann. Internal Med., vol. 151, no. 4,
p. 264, Aug. 2009.

[13] VOSviewer. Accessed: Aug. 20, 2023. [Online]. Available: https://www.
vosviewer.com

[14] S. Sun, Q. Yang, and W. Yan, ‘‘Hierarchical optimal planning approach
for plug-in electric vehicle fast charging stations based on temporal-
SoC charging demand characterisation,’’ IET Gener., Transmiss. Dis-
trib., vol. 12, no. 20, pp. 4388–4395, Nov. 2018, doi: 10.1049/iet-gtd.
2017.1894.

[15] J. Lee and S. Madanat, ‘‘Optimal design of electric vehicle public charg-
ing system in an urban network for greenhouse gas emission and cost
minimization,’’ Transp. Res. C, Emerg. Technol., vol. 85, pp. 494–508,
Dec. 2017, doi: 10.1016/j.trc.2017.10.008.

[16] Z. Liu, Z. Song, and Y. He, ‘‘Planning of fast-charging stations for
a battery electric bus system under energy consumption uncertainty,’’
Transp. Res. Rec., J. Transp. Res. Board, vol. 2672, no. 8, pp. 96–107,
Dec. 2018.

[17] T. Cormen, C. Leiserson, R. Rivest, and C. Stein, Introduction to Algo-
rithms. Cambridge, MA, USA: MIT Press, 2022.

[18] L. Zhang, B. Shaffer, T. Brown, and G. Scott Samuelsen, ‘‘The opti-
mization of DC fast charging deployment in California,’’ Appl. Energy,
vol. 157, pp. 111–122, Nov. 2015, doi: 10.1016/j.apenergy.2015.07.057.

[19] A. Golab, S. Zwickl-Bernhard, and H. Auer, ‘‘Minimum-cost fast-
charging infrastructure planning for electric vehicles along the Austrian
high-level road network,’’ Energies, vol. 15, no. 6, p. 2147, Mar. 2022,
doi: 10.3390/en15062147.

[20] M. J. Hodgson, ‘‘A flow-capturing location-allocation model,’’
Geographical Anal., vol. 22, no. 3, pp. 270–279, Jul. 1990, doi:
10.1111/j.1538-4632.1990.tb00210.x.

[21] I. Capar, M. Kuby, V. J. Leon, and Y.-J. Tsai, ‘‘An arc cover–path-cover
formulation and strategic analysis of alternative-fuel station locations,’’
Eur. J. Oper. Res., vol. 227, no. 1, pp. 142–151, May 2013, doi:
10.1016/j.ejor.2012.11.033.

[22] A. A. Kadri, R. Perrouault, M. K. Boujelben, and C. Gicquel, ‘‘A
multi-stage stochastic integer programming approach for locating electric
vehicle charging stations,’’Comput. Operations Res., vol. 117,May 2020,
Art. no. 104888, doi: 10.1016/j.cor.2020.104888.

[23] P. Jochem, C. Brendel,M. Reuter-Oppermann,W. Fichtner, and S. Nickel,
‘‘Optimizing the allocation of fast charging infrastructure along the
German autobahn,’’ J. Bus. Econ., vol. 86, no. 5, pp. 513–535, Jul. 2016,
doi: 10.1007/s11573-015-0781-5.

[24] S. Erdoğan, İ. Çapar, İ. Çapar, andM.M.Nejad, ‘‘Establishing a statewide
electric vehicle charging station network in maryland: A corridor-based
station location problem,’’ Socio-Econ. Planning Sci., vol. 79, Feb. 2022,
Art. no. 101127, doi: 10.1016/j.seps.2021.101127.

[25] M. Grant, S. Boyd, and Y. Ye, ‘‘CVX: MATLAB software for disci-
plined convex programming,’’ CVX Res., USA, Tech. Rep. Version 2.2,
January 2020, 2011.

[26] User’s Manual for CPLEX (V.12.1), IBM, Armonk, NY, USA, 2009.
[27] W. E. Hart, J.-P. Watson, and D. L. Woodruff, ‘‘Pyomo: Modeling and

solving mathematical programs in Python,’’ Math. Program. Comput.,
vol. 3, no. 3, pp. 219–260, Sep. 2011.

[28] P. Zhong, A. Xu, Y. Kang, S. Zhang, and Y. Zhang, ‘‘An optimal deploy-
ment scheme for extremely fast charging stations,’’Peer-Peer Netw. Appl.,
vol. 15, no. 3, pp. 1486–1504, May 2022, doi: 10.1007/s12083-022-
01306-7.

[29] C. ReVelle, C. Toregas, and L. Falkson, ‘‘Applications of the location set-
covering problem,’’ Geograph. Anal., vol. 8, no. 1, pp. 65–76, Jan. 1976,
doi: 10.1111/j.1538-4632.1976.tb00529.x.

[30] C. Csiszár, B. Csonka, D. Földes, E. Wirth, and T. Lovas, ‘‘Loca-
tion optimisation method for fast-charging stations along national
roads,’’ J. Transp. Geography, vol. 88, Oct. 2020, Art. no. 102833, doi:
10.1016/j.jtrangeo.2020.102833.

[31] H. Gao, K. Liu, X. Peng, and C. Li, ‘‘Optimal location of fast charging
stations for mixed traffic of electric vehicles and gasoline vehicles subject
to elastic demands,’’ Energies, vol. 13, no. 8, p. 1964, Apr. 2020, doi:
10.3390/en13081964.

[32] M. Kchaou-Boujelben and C. Gicquel, ‘‘Locating electric vehicle charg-
ing stations under uncertain battery energy status and power consump-
tion,’’ Comput. Ind. Eng., vol. 149, Nov. 2020, Art. no. 106752, doi:
10.1016/j.cie.2020.106752.

[33] Y. Huang, S. Li, and Z. S. Qian, ‘‘Optimal deployment of alterna-
tive fueling stations on transportation networks considering deviation
paths,’’ Netw. Spatial Econ., vol. 15, no. 1, pp. 183–204, Mar. 2015, doi:
10.1007/s11067-014-9275-1.

[34] S. Li and Y. Huang, ‘‘Development of electric vehicle charging cor-
ridor for South Carolina,’’ Int. J. Transp. Sci. Technol., vol. 4, no. 4,
pp. 395–411, 2015, doi: 10.1016/s2046-0430(16)30170-8.

[35] X. Duan, H. Chen, Y. Song, Z. Hu, and Y. Song, ‘‘Planning of plug-
in electric vehicle fast-charging stations considering charging queuing
impacts,’’ IET Smart Grid, vol. 3, no. 6, pp. 786–793, Dec. 2020, doi:
10.1049/iet-stg.2020.0109.

[36] Y. Wang, Z. Liu, J. Shi, G. Wu, and R. Wang, ‘‘Joint optimal pol-
icy for subsidy on electric vehicles and infrastructure construction in
highway network,’’ Energies, vol. 11, no. 9, p. 2479, Sep. 2018, doi:
10.3390/en11092479.

46760 VOLUME 12, 2024

http://dx.doi.org/10.23919/SpliTech.2019.8783178
http://dx.doi.org/10.23919/SpliTech.2019.8783178
http://dx.doi.org/10.3390/wevj10010012
http://dx.doi.org/10.1016/j.dsm.2021.02.001
http://dx.doi.org/10.1016/j.scs.2022.104265
http://dx.doi.org/10.1016/j.etran.2022.100163
http://dx.doi.org/10.1007/s40565-019-0516-7
http://dx.doi.org/10.1049/iet-gtd.2017.1894
http://dx.doi.org/10.1049/iet-gtd.2017.1894
http://dx.doi.org/10.1016/j.trc.2017.10.008
http://dx.doi.org/10.1016/j.apenergy.2015.07.057
http://dx.doi.org/10.3390/en15062147
http://dx.doi.org/10.1111/j.1538-4632.1990.tb00210.x
http://dx.doi.org/10.1016/j.ejor.2012.11.033
http://dx.doi.org/10.1016/j.cor.2020.104888
http://dx.doi.org/10.1007/s11573-015-0781-5
http://dx.doi.org/10.1016/j.seps.2021.101127
http://dx.doi.org/10.1007/s12083-022-01306-7
http://dx.doi.org/10.1007/s12083-022-01306-7
http://dx.doi.org/10.1111/j.1538-4632.1976.tb00529.x
http://dx.doi.org/10.1016/j.jtrangeo.2020.102833
http://dx.doi.org/10.3390/en13081964
http://dx.doi.org/10.1016/j.cie.2020.106752
http://dx.doi.org/10.1007/s11067-014-9275-1
http://dx.doi.org/10.1016/s2046-0430(16)30170-8
http://dx.doi.org/10.1049/iet-stg.2020.0109
http://dx.doi.org/10.3390/en11092479


S. M. Kandil et al.: Optimization Approaches for Fast Charging Stations Allocation and Sizing: A Review

[37] R. Shi and K. Y. Lee, ‘‘Multi-objective optimization of electric vehi-
cle fast charging stations with SPEA-II,’’ IFAC-PapersOnLine, vol. 48,
no. 30, pp. 535–540, 2015, doi: 10.1016/j.ifacol.2015.12.435.

[38] S. Bae, I. Jang, S. Gros, B. Kulcsár, and J. Hellgren, ‘‘A game approach
for charging station placement based on user preferences and crowded-
ness,’’ IEEE Trans. Intell. Transp. Syst., vol. 23, no. 4, pp. 3654–3669,
Apr. 2022, doi: 10.1109/TITS.2020.3038938.

[39] Z. Qian, Z. Yi, W. Zhong, H. Yue, and S. Yaojia, ‘‘Siting and sizing
of electric vehicle fast-charging station based on quasi-dynamic traf-
fic flow,’’ IET Renew. Power Gener., vol. 14, no. 19, pp. 4204–4214,
Dec. 2020, doi: 10.1049/iet-rpg.2020.0439.

[40] D. Qiao, G. Wang, and M. Xu, ‘‘Fast-charging station location prob-
lem: A two-phase approach with mathematical program with equilibrium
constraints considering charging choice behaviour,’’ Sustain. Cities Soc.,
vol. 96, Sep. 2023, Art. no. 104678, doi: 10.1016/j.scs.2023.104678.

[41] J. Cheng, C. Gicquel, and A. Lisser, ‘‘Partial sample average approxi-
mation method for chance constrained problems,’’ Optim. Lett., vol. 13,
no. 4, pp. 657–672, Jun. 2019.

[42] C. F. Daganzo and Y. Sheffi, ‘‘On stochastic models of traffic assign-
ment,’’ Transp. Sci., vol. 11, no. 3, pp. 253–274, Aug. 1977.

[43] A. M. Othman, H. A. Gabbar, F. Pino, and M. Repetto, ‘‘Optimal elec-
trical fast charging stations by enhanced descent gradient and Voronoi
diagram,’’ Comput. Electr. Eng., vol. 83, May 2020, Art. no. 106574, doi:
10.1016/j.compeleceng.2020.106574.

[44] H. Zhang, Z. Hu, Z. Xu, and Y. Song, ‘‘An integrated planning frame-
work for different types of PEV charging facilities in urban area,’’
IEEE Trans. Smart Grid, vol. 7, no. 5, pp. 2273–2284, Sep. 2016, doi:
10.1109/TSG.2015.2436069.

[45] Y. Wang, J. Shi, R. Wang, Z. Liu, and L. Wang, ‘‘Siting and
sizing of fast charging stations in highway network with budget
constraint,’’ Appl. Energy, vol. 228, pp. 1255–1271, Oct. 2018, doi:
10.1016/j.apenergy.2018.07.025.

[46] C. Q. Tran, M. Keyvan-Ekbatani, D. Ngoduy, and D. Watling, ‘‘Stochas-
ticity and environmental cost inclusion for electric vehicles fast-charging
facility deployment,’’ Transp. Res. E, Logistics Transp. Rev., vol. 154,
Oct. 2021, Art. no. 102460, doi: 10.1016/j.tre.2021.102460.

[47] H. Bian, C. Zhou, Z. Guo, X. Wang, Y. He, and S. Peng, ‘‘Plan-
ning of electric vehicle fast-charging station based on POI interest
point division, functional area, and multiple temporal and spatial
characteristics,’’ Energy Rep., vol. 8, pp. 831–840, Nov. 2022, doi:
10.1016/j.egyr.2022.10.161.

[48] P. S. R. Murty, ‘‘Power flow studies,’’ in Power Systems Analysis, 2nd ed.
Boston, MA, USA: Butterworth-Heinemann, 2017, ch. 1, pp. 205–276.

[49] M. Gjelaj, S. Hashemi, P. B. Andersen, and C. Traeholt, ‘‘Optimal infras-
tructure planning for EV fast-charging stations based on prediction of user
behaviour,’’ IET Electr. Syst. Transp., vol. 10, no. 1, pp. 1–12, Mar. 2020,
doi: 10.1049/iet-est.2018.5080.

[50] M. E. Kabir, C. Assi, H. Alameddine, J. Antoun, and J. Yan, ‘‘Demand-
aware provisioning of electric vehicles fast charging infrastructure,’’
IEEE Trans. Veh. Technol., vol. 69, no. 7, pp. 6952–6963, Jul. 2020, doi:
10.1109/TVT.2020.2993509.

[51] Y. Cheng, W. Wang, Z. Ding, and Z. He, ‘‘Electric bus fast charging
station resource planning considering load aggregation and renewable
integration,’’ IET Renew. Power Gener., vol. 13, no. 7, pp. 1132–1141,
May 2019, doi: 10.1049/iet-rpg.2018.5863.

[52] C. Shao, T. Qian, Y. Wang, and X. Wang, ‘‘Coordinated planning of
extreme fast charging stations and power distribution networks consid-
ering on-site storage,’’ IEEE Trans. Intell. Transp. Syst., vol. 22, no. 1,
pp. 493–504, Jan. 2021, doi: 10.1109/TITS.2020.3016765.

[53] Z. Wu, P. K. Bhat, and B. Chen, ‘‘Optimal configuration of extreme fast
charging stations integrated with energy storage system and photovoltaic
panels in distribution networks,’’ Energies, vol. 16, no. 5, p. 2385, 2023,
doi: 10.3390/en16052385.

[54] S. Haffner, L. F. A. Pereira, L. A. Pereira, and L. S. Barreto, ‘‘Mul-
tistage model for distribution expansion planning with distributed
generation—Part I: Problem formulation,’’ IEEE Trans. Power Del.,
vol. 23, no. 2, pp. 915–923, Apr. 2008, doi: 10.1109/TPWRD.2008.
917916.

[55] C. Shao, M. Shahidehpour, X. Wang, X. Wang, and B. Wang, ‘‘Integrated
planning of electricity and natural gas transportation systems for enhanc-
ing the power grid resilience,’’ IEEE Trans. Power Syst., vol. 32, no. 6,
pp. 4418–4429, Nov. 2017, doi: 10.1109/TPWRS.2017.2672728.

[56] M. Farivar and S. H. Low, ‘‘Branch flow model: Relaxations and
convexification—Part II,’’ IEEE Trans. Power Syst., vol. 28, no. 3,
pp. 2565–2572, Aug. 2013.

[57] A. Pahlavanhoseini and M. S. Sepasian, ‘‘Optimal planning of PEV
fast charging stations using Nash bargaining theory,’’ J. Energy Storage,
vol. 25, Oct. 2019, Art. no. 100831, doi: 10.1016/j.est.2019.100831.

[58] P. Sadeghi-Barzani, A. Rajabi-Ghahnavieh, and H. Kazemi-Karegar,
‘‘Optimal fast charging station placing and sizing,’’ Appl. Energy,
vol. 125, pp. 289–299, Jul. 2014, doi: 10.1016/j.apenergy.2014.03.077.

[59] A. Rajabi-Ghahnavieh and P. Sadeghi-Barzani, ‘‘Optimal zonal fast-
charging station placement considering urban traffic circulation,’’ IEEE
Trans. Veh. Technol., vol. 66, no. 1, pp. 45–56, Jan. 2017, doi:
10.1109/TVT.2016.2555083.

[60] X. Wu, Q. Feng, C. Bai, C. S. Lai, Y. Jia, and L. L. Lai,
‘‘A novel fast-charging stations locational planning model for electric
bus transit system,’’ Energy, vol. 224, Jun. 2021, Art. no. 120106, doi:
10.1016/j.energy.2021.120106.

[61] I. Morro-Mello, A. Padilha-Feltrin, J. D. Melo, and F. Heymann, ‘‘Spatial
connection cost minimization of EV fast charging stations in electric dis-
tribution networks using local search and graph theory,’’ Energy, vol. 235,
Nov. 2021, Art. no. 121380, doi: 10.1016/j.energy.2021.121380.

[62] X. Jiang, L. Zhao, Y. Cheng, S. Wei, and Y. Jin, ‘‘Optimal configuration
of electric vehicles for charging stations under the fast power supplement
mode,’’ J. Energy Storage, vol. 45, Jan. 2022, Art. no. 103677, doi:
10.1016/j.est.2021.103677.

[63] M. Asna, H. Shareef, and A. Prasanthi, ‘‘Planning of fast charging
stations with consideration of EV user, distribution network and sta-
tion operation,’’ Energy Rep., vol. 9, pp. 455–462, May 2023, doi:
10.1016/j.egyr.2023.01.063.

[64] J. Chen and H. Chen, ‘‘Research on the planning of electric vehicle
fast charging stations considering user selection preferences,’’ Energies,
vol. 16, no. 4, p. 1794, Feb. 2023, doi: 10.3390/en16041794.

[65] Y. Tao, J. Qiu, S. Lai, X. Sun, and J. Zhao, ‘‘Adaptive integrated planning
of electricity networks and fast charging stations under electric vehi-
cle diffusion,’’ IEEE Trans. Power Syst., vol. 38, no. 1, pp. 499–513,
Jan. 2023, doi: 10.1109/TPWRS.2022.3167666.

[66] J. A. Domínguez-Navarro, R. Dufo-López, J. M. Yusta-Loyo,
J. S. Artal-Sevil, and J. L. Bernal-Agustín, ‘‘Design of an electric
vehicle fast-charging station with integration of renewable energy and
storage systems,’’ Int. J. Electr. Power Energy Syst., vol. 105, pp. 46–58,
Feb. 2019, doi: 10.1016/j.ijepes.2018.08.001.

[67] A. Amer, A. Azab, M. A. Azzouz, and A. S. A. Awad, ‘‘A stochastic
program for siting and sizing fast charging stations and small wind
turbines in urban areas,’’ IEEE Trans. Sustain. Energy, vol. 12, no. 2,
pp. 1217–1228, Apr. 2021, doi: 10.1109/TSTE.2020.3039910.

[68] F. Ahmad, I. Ashraf, A. Iqbal, M. Marzband, and I. Khan, ‘‘A novel AI
approach for optimal deployment of EV fast charging station and reliabil-
ity analysis with solar based DGs in distribution network,’’ Energy Rep.,
vol. 8, pp. 11646–11660, Nov. 2022, doi: 10.1016/j.egyr.2022.09.058.

[69] G. Battapothula, C. Yammani, and S. Maheswarapu, ‘‘Multi-objective
simultaneous optimal planning of electrical vehicle fast charging stations
and DGs in distribution system,’’ J. Mod. Power Syst. Clean Energy,
vol. 7, no. 4, pp. 923–934, Jul. 2019, doi: 10.1007/s40565-018-0493-2.

[70] A. Amer, M. A. Azzouz, A. Azab, and A. S. A. Awad, ‘‘Stochastic
planning for optimal allocation of fast charging stations and wind-based
DGs,’’ IEEE Syst. J., vol. 15, no. 3, pp. 4589–4599, Sep. 2021, doi:
10.1109/JSYST.2020.3012939.

[71] F. Ahmad and M. Bilal, ‘‘Allocation of plug-in electric vehicle charging
station with integrated solar powered distributed generation using an
adaptive particle swarm optimization,’’ Electr. Eng., pp. 1–14, 2023, doi:
10.1007/s00202-023-02087-9.

[72] L. Sun and D. Lubkeman, ‘‘Agent-based modeling of feeder-level electric
vehicle diffusion for distribution planning,’’ IEEE Trans. Smart Grid,
vol. 12, no. 1, pp. 751–760, Jan. 2021, doi: 10.1109/TSG.2020.3013641.

[73] P. Phonrattanasak and N. Leeprechanon, ‘‘Optimal location of fast
charging station on residentialdistribution grid,’’ Int. J. Innov., Manage.
Technol., vol. 3, no. 6, p. 675, 2012.

[74] G. Battapothula, C. Yammani, and S. Maheswarapu, ‘‘Multi-objective
optimal planning of fast charging stations by considering various load
models in distribution system,’’ Int. J. Emerg. Electr. Power Syst., vol. 22,
no. 4, pp. 439–450, Aug. 2021, doi: 10.1515/ijeeps-2020-0252.

VOLUME 12, 2024 46761

http://dx.doi.org/10.1016/j.ifacol.2015.12.435
http://dx.doi.org/10.1109/TITS.2020.3038938
http://dx.doi.org/10.1049/iet-rpg.2020.0439
http://dx.doi.org/10.1016/j.scs.2023.104678
http://dx.doi.org/10.1016/j.compeleceng.2020.106574
http://dx.doi.org/10.1109/TSG.2015.2436069
http://dx.doi.org/10.1016/j.apenergy.2018.07.025
http://dx.doi.org/10.1016/j.tre.2021.102460
http://dx.doi.org/10.1016/j.egyr.2022.10.161
http://dx.doi.org/10.1049/iet-est.2018.5080
http://dx.doi.org/10.1109/TVT.2020.2993509
http://dx.doi.org/10.1049/iet-rpg.2018.5863
http://dx.doi.org/10.1109/TITS.2020.3016765
http://dx.doi.org/10.3390/en16052385
http://dx.doi.org/10.1109/TPWRD.2008.917916
http://dx.doi.org/10.1109/TPWRD.2008.917916
http://dx.doi.org/10.1109/TPWRS.2017.2672728
http://dx.doi.org/10.1016/j.est.2019.100831
http://dx.doi.org/10.1016/j.apenergy.2014.03.077
http://dx.doi.org/10.1109/TVT.2016.2555083
http://dx.doi.org/10.1016/j.energy.2021.120106
http://dx.doi.org/10.1016/j.energy.2021.121380
http://dx.doi.org/10.1016/j.est.2021.103677
http://dx.doi.org/10.1016/j.egyr.2023.01.063
http://dx.doi.org/10.3390/en16041794
http://dx.doi.org/10.1109/TPWRS.2022.3167666
http://dx.doi.org/10.1016/j.ijepes.2018.08.001
http://dx.doi.org/10.1109/TSTE.2020.3039910
http://dx.doi.org/10.1016/j.egyr.2022.09.058
http://dx.doi.org/10.1007/s40565-018-0493-2
http://dx.doi.org/10.1109/JSYST.2020.3012939
http://dx.doi.org/10.1007/s00202-023-02087-9
http://dx.doi.org/10.1109/TSG.2020.3013641
http://dx.doi.org/10.1515/ijeeps-2020-0252


S. M. Kandil et al.: Optimization Approaches for Fast Charging Stations Allocation and Sizing: A Review

[75] H.Woo, Y. Son, J. Cho, S.-Y. Kim, and S. Choi, ‘‘Optimal expansion plan-
ning of electric vehicle fast charging stations,’’ Appl. Energy, vol. 342,
Jul. 2023, Art. no. 121116, doi: 10.1016/j.apenergy.2023.121116.

[76] G. Battapothula, C. Yammani, and S. Maheswarapu, ‘‘Multi-objective
optimal planning of FCSs and DGs in distribution system with future EV
load enhancement,’’ IET Electr. Syst. Transp., vol. 9, no. 3, pp. 128–139,
Sep. 2019, doi: 10.1049/iet-est.2018.5066.

[77] F. Ahmad, A. Iqbal, I. Ashraf, M. Marzband, and I. Khan, ‘‘Placement of
electric vehicle fast charging stations in distribution network considering
power loss, land cost, and electric vehicle population,’’ Energy Sources,
A, Recovery, Utilization, Environ. Effects, vol. 44, no. 1, pp. 1693–1709,
Mar. 2022, doi: 10.1080/15567036.2022.2055233.

[78] V. J. Vijayalakshmi, P. Arumugam, A. Ananthi Christy, and R.
Brindha, ‘‘Simultaneous allocation of EV charging stations and renew-
able energy sources: An elite RERNN-m2MPA approach,’’ Int. J.
Energy Res., vol. 46, no. 7, pp. 9020–9040, Jun. 2022, doi: 10.1002/
er.7780.

[79] X. Wei, K. W. Chan, T. Wu, G. Wang, X. Zhang, and J. Liu, ‘‘Wasser-
stein distance-based expansion planning for integrated energy system
considering hydrogen fuel cell vehicles,’’ Energy, vol. 272, Jun. 2023,
Art. no. 127011, doi: 10.1016/j.energy.2023.127011.

[80] H. M. A. Ahmed, H. F. Sindi, M. A. Azzouz, and A. S. A. Awad,
‘‘Optimal sizing and scheduling of mobile energy storage toward high
penetration levels of renewable energy and fast charging stations,’’ IEEE
Trans. Energy Convers., vol. 37, no. 2, pp. 1075–1086, Jun. 2022, doi:
10.1109/TEC.2021.3116234.

[81] A. Golab, S. Zwickl-Bernhard, T. Perger, and H. Auer, ‘‘Spatio-
temporal charging model for the identification of bottlenecks in planned
highway charging infrastructure for passenger BEVs,’’ Elektrotechnik
Informationstechnik, vol. 139, no. 8, pp. 693–711, Dec. 2022, doi:
10.1007/s00502-022-01074-5.

[82] L. Jiacheng and L. Lei, ‘‘A hybrid genetic algorithm based on information
entropy and game theory,’’ IEEE Access, vol. 8, pp. 36602–36611, 2020,
doi: 10.1109/ACCESS.2020.2971060.

[83] S. N. Hashemian, M. A. Latify, and G. R. Yousefi, ‘‘PEV fast-
charging station sizing and placement in coupled transportation-
distribution networks considering power line conditioning capability,’’
IEEE Trans. Smart Grid, vol. 11, no. 6, pp. 4773–4783, Nov. 2020, doi:
10.1109/TSG.2020.3000113.

[84] S. A.MirHassani and R. Ebrazi, ‘‘A flexible reformulation of the refueling
station location problem,’’ Transp. Sci., vol. 47, no. 4, pp. 617–628,
Nov. 2013.

[85] H. Zhang, S. J. Moura, Z. Hu, and Y. Song, ‘‘PEV fast-charging sta-
tion siting and sizing on coupled transportation and power networks,’’
IEEE Trans. Smart Grid, vol. 9, no. 4, pp. 2595–2605, Jul. 2018, doi:
10.1109/TSG.2016.2614939.

[86] H. Zhang, J. Qiu, and Y. Wang, ‘‘Planning strategy of fast-charging
stations in coupled transportation and distribution systems consid-
ering human health impact,’’ Int. J. Electr. Power Energy Syst.,
vol. 133, Dec. 2021, Art. no. 107316, doi: 10.1016/j.ijepes.2021.
107316.

[87] H. Zhang, S. J. Moura, Z. Hu, W. Qi, and Y. Song, ‘‘A second-order
cone programming model for planning PEV fast-charging stations,’’
IEEE Trans. Power Syst., vol. 33, no. 3, pp. 2763–2777, May 2018, doi:
10.1109/TPWRS.2017.2754940.

[88] B. Zhou, G. Chen, Q. Song, and Z. Y. Dong, ‘‘Robust chance-constrained
programming approach for the planning of fast-charging stations in
electrified transportation networks,’’ Appl. Energy, vol. 262, Mar. 2020,
Art. no. 114480, doi: 10.1016/j.apenergy.2019.114480.

[89] R. Saadati, J. Saebi, and M. Jafari-Nokandi, ‘‘Effect of uncertain-
ties on siting and sizing of charging stations and renewable energy
resources: A modified capacitated flow-refueling location model,’’ Sus-
tain. Energy, Grids Netw., vol. 31, Sep. 2022, Art. no. 100759, doi:
10.1016/j.segan.2022.100759.

[90] R. Saadati, M. Jafari-Nokandi, J. Saebi, and S. H. Hosseini, ‘‘Opti-
mal location of fast charging stations alongside pricing design
from distribution company viewpoint considering renewable energy
resource: A modified capacitated flow-capturing location model,’’ Sus-
tain. Energy, Grids Netw., vol. 34, Jun. 2023, Art. no. 100989, doi:
10.1016/j.segan.2022.100989.

[91] Y. A. Alhazmi and M. M. A. Salama, ‘‘Economical staging plan
for implementing electric vehicle charging stations,’’ Sustain. Energy,
Grids Netw., vol. 10, pp. 12–25, Jun. 2017, doi: 10.1016/j.segan.2017.
02.001.

[92] W. Yang, W. Liu, C. Y. Chung, and F. Wen, ‘‘Joint planning of EV
fast charging stations and power distribution systems with balanced
traffic flow assignment,’’ IEEE Trans. Ind. Informat., vol. 17, no. 3,
pp. 1795–1809, Mar. 2021, doi: 10.1109/TII.2020.2995742.

[93] W. Wang, Y. Liu, W. Wei, and L. Wu, ‘‘A bilevel EV charging station
and DC fast charger planning model for highway network considering
dynamic traffic demand and user equilibrium,’’ IEEE Trans. Smart Grid,
vol. 15, no. 1, pp. 714–728, Jul. 2024, doi: 10.1109/TSG.2023.3275013.

[94] R. Aghapour, M. S. Sepasian, H. Arasteh, V. Vahidinasab, and
J. P. S. Catalão, ‘‘Probabilistic planning of electric vehicles charging sta-
tions in an integrated electricity-transport system,’’ Electr. Power Syst.
Res., vol. 189, Dec. 2020, Art. no. 106698, doi: 10.1016/j.epsr.2020.
106698.

[95] J. Vielma and G. Nemhauser, ‘‘Modeling disjunctive constraints with a
logarithmic number of binary variables and constraints,’’ in Integer Pro-
gramming and Combinatorial Optimization. Berlin, Germany: Springer,
2008, pp. 199–213.

[96] A. C. Rueda-Medina, J. F. Franco, M. J. Rider, A. Padilha-Feltrin, and
R. Romero, ‘‘A mixed-integer linear programming approach for optimal
type, size and allocation of distributed generation in radial distribution
systems,’’ Electr. Power Syst. Res., vol. 97, pp. 133–143, Apr. 2013.

[97] L. Gan, N. Li, U. Topcu, and S. H. Low, ‘‘Exact convex relaxation of
optimal power flow in radial networks,’’ IEEE Trans. Autom. Control,
vol. 60, no. 1, pp. 72–87, Jan. 2015, doi: 10.1109/TAC.2014.2332712.

[98] Z. Wang, B. Chen, J. Wang, and M. M. Begovic, ‘‘Stochastic DG place-
ment for conservation voltage reduction based on multiple replications
procedure,’’ IEEE Trans. Power Del., vol. 30, no. 3, pp. 1039–1047,
Jun. 2015.

[99] F. Keramati, H. R. Mohammadi, and G. R. Shiran, ‘‘Determining
optimal location and size of PEV fast-charging stations in coupled trans-
portation and power distribution networks considering power loss and
traffic congestion,’’ Sustain. Energy, Grids Netw., vol. 38, Jun. 2024,
Art. no. 101268, doi: 10.1016/j.segan.2023.101268.

[100] M. Miralinaghi, B. B. Keskin, Y. Lou, and A. M. Roshandeh, ‘‘Capac-
itated refueling station location problem with traffic deviations over
multiple time periods,’’ Netw. Spatial Econ., vol. 17, no. 1, pp. 129–151,
Mar. 2017, doi: 10.1007/s11067-016-9320-3.

[101] D.Mao, J. Tan, and J.Wang, ‘‘Location planning of PEV fast charging sta-
tion: An integrated approach under traffic and power grid requirements,’’
IEEE Trans. Intell. Transp. Syst., vol. 22, no. 1, pp. 483–492, Jan. 2021,
doi: 10.1109/TITS.2020.3001086.

[102] A. Pahlavanhoseini and M. S. Sepasian, ‘‘Scenario-based planning of
fast charging stations considering network reconfiguration using cooper-
ative coevolutionary approach,’’ J. Energy Storage, vol. 23, pp. 544–557,
Jun. 2019, doi: 10.1016/j.est.2019.04.024.

[103] W. Gan, M. Shahidehpour, M. Yan, J. Guo, W. Yao, A. Paaso,
L. Zhang, and J. Wen, ‘‘Coordinated planning of transportation and
electric power networks with the proliferation of electric vehicles,’’
IEEE Trans. Smart Grid, vol. 11, no. 5, pp. 4005–4016, Sep. 2020, doi:
10.1109/TSG.2020.2989751.

[104] W. Yao, J. Zhao, F. Wen, Z. Dong, Y. Xue, Y. Xu, and K. Meng, ‘‘A
multi-objective collaborative planning strategy for integrated power dis-
tribution and electric vehicle charging systems,’’ IEEE Trans. Power Syst.,
vol. 29, no. 4, pp. 1811–1821, Jul. 2014, doi: 10.1109/TPWRS.2013.
2296615.

[105] Y. Tao, J. Qiu, S. Lai, X. Sun, and J. Zhao, ‘‘A data-driven agent-based
planning strategy of fast-charging stations for electric vehicles,’’ IEEE
Trans. Sustain. Energy, vol. 14, no. 3, pp. 1357–1369, Jul. 2023, doi:
10.1109/TSTE.2022.3232594.

[106] G. Zhou, Q. Dong, Y. Zhao, H. Wang, L. Jian, and Y. Jia, ‘‘Bilevel
optimization approach to fast charging station planning in electri-
fied transportation networks,’’ Appl. Energy, vol. 350, Nov. 2023,
Art. no. 121718, doi: 10.1016/j.apenergy.2023.121718.

[107] A. Pal, A. Bhattacharya, and A. K. Chakraborty, ‘‘Placement of public
fast-charging station and solar distributed generation with battery energy
storage in distribution network considering uncertainties and traffic con-
gestion,’’ J. Energy Storage, vol. 41, Sep. 2021, Art. no. 102939, doi:
10.1016/j.est.2021.102939.

[108] F. Xia, H. Chen, M. Yan, W. Gan, Q. Zhou, T. Ding, X. Wang, L. Wang,
and L. Chen, ‘‘Market-based coordinated planning of fast charging sta-
tion and dynamic wireless charging system considering energy demand
assignment,’’ IEEE Trans. Smart Grid, vol. 15, no. 2, pp. 1913–1925,
Mar. 2024, doi: 10.1109/tsg.2023.3299591.

46762 VOLUME 12, 2024

http://dx.doi.org/10.1016/j.apenergy.2023.121116
http://dx.doi.org/10.1049/iet-est.2018.5066
http://dx.doi.org/10.1080/15567036.2022.2055233
http://dx.doi.org/10.1002/er.7780
http://dx.doi.org/10.1002/er.7780
http://dx.doi.org/10.1016/j.energy.2023.127011
http://dx.doi.org/10.1109/TEC.2021.3116234
http://dx.doi.org/10.1007/s00502-022-01074-5
http://dx.doi.org/10.1109/ACCESS.2020.2971060
http://dx.doi.org/10.1109/TSG.2020.3000113
http://dx.doi.org/10.1109/TSG.2016.2614939
http://dx.doi.org/10.1016/j.ijepes.2021.107316
http://dx.doi.org/10.1016/j.ijepes.2021.107316
http://dx.doi.org/10.1109/TPWRS.2017.2754940
http://dx.doi.org/10.1016/j.apenergy.2019.114480
http://dx.doi.org/10.1016/j.segan.2022.100759
http://dx.doi.org/10.1016/j.segan.2022.100989
http://dx.doi.org/10.1016/j.segan.2017.02.001
http://dx.doi.org/10.1016/j.segan.2017.02.001
http://dx.doi.org/10.1109/TII.2020.2995742
http://dx.doi.org/10.1109/TSG.2023.3275013
http://dx.doi.org/10.1016/j.epsr.2020.106698
http://dx.doi.org/10.1016/j.epsr.2020.106698
http://dx.doi.org/10.1109/TAC.2014.2332712
http://dx.doi.org/10.1016/j.segan.2023.101268
http://dx.doi.org/10.1007/s11067-016-9320-3
http://dx.doi.org/10.1109/TITS.2020.3001086
http://dx.doi.org/10.1016/j.est.2019.04.024
http://dx.doi.org/10.1109/TSG.2020.2989751
http://dx.doi.org/10.1109/TPWRS.2013.2296615
http://dx.doi.org/10.1109/TPWRS.2013.2296615
http://dx.doi.org/10.1109/TSTE.2022.3232594
http://dx.doi.org/10.1016/j.apenergy.2023.121718
http://dx.doi.org/10.1016/j.est.2021.102939
http://dx.doi.org/10.1109/tsg.2023.3299591


S. M. Kandil et al.: Optimization Approaches for Fast Charging Stations Allocation and Sizing: A Review

[109] W. Kong, Y. Luo, G. Feng, K. Li, and H. Peng, ‘‘Optimal location
planning method of fast charging station for electric vehicles consider-
ing operators, drivers, vehicles, traffic flow and power grid,’’ Energy,
vol. 186, Nov. 2019, Art. no. 115826, doi: 10.1016/j.energy.2019.07.156.

[110] M. Yan, X. Ai, M. Shahidehpour, Z. Li, J. Wen, S. Bahramira, and
A. Paaso, ‘‘Enhancing the transmission grid resilience in ice storms by
optimal coordination of power system schedule with pre-positioning and
routing of mobile DC de-icing devices,’’ IEEE Trans. Power Syst., vol. 34,
no. 4, pp. 2663–2674, Jul. 2019, doi: 10.1109/TPWRS.2019.2899496.

[111] F. Luo, Z. Y. Dong, Y. Chen, and J. Zhao, ‘‘Natural aggregation algorithm:
A new efficient metaheuristic tool for power system optimizations,’’
in Proc. IEEE Int. Conf. Smart Grid Commun. (SmartGridComm),
Nov. 2016, pp. 186–192.

[112] S. Das, P. Acharjee, and A. Bhattacharya, ‘‘Charging scheduling of
electric vehicle incorporating grid-to-vehicle and vehicle-to-grid technol-
ogy considering in smart grid,’’ IEEE Trans. Ind. Appl., vol. 57, no. 2,
pp. 1688–1702, Mar. 2021, doi: 10.1109/TIA.2020.3041808.

[113] R. Y. Rubinstein, ‘‘Optimization of computer simulation models with rare
events,’’ Eur. J. Oper. Res., vol. 99, no. 1, pp. 89–112, May 1997, doi:
10.1016/s0377-2217(96)00385-2.

[114] Q. Zhang and H. Li, ‘‘MOEA/D: Amultiobjective evolutionary algorithm
based on decomposition,’’ IEEE Trans. Evol. Comput., vol. 11, no. 6,
pp. 712–731, Dec. 2007, doi: 10.1109/TEVC.2007.892759.

[115] A. Shukla, K. Verma, and R. Kumar, ‘‘Multi-objective synergistic plan-
ning of EV fast-charging stations in the distribution system coupled with
the transportation network,’’ IET Gener., Transmiss. Distrib., vol. 13,
no. 15, pp. 3421–3432, Aug. 2019, doi: 10.1049/iet-gtd.2019.0486.

[116] S. Xiao, X. Lei, T. Huang, and X. Wang, ‘‘Coordinated planning for
fast charging stations and distribution networks based on an improved
flow capture location model,’’ CSEE J. Power Energy Syst., vol. 9, no. 4,
pp. 1505–1516, 2023, doi: 10.17775/CSEEJPES.2021.01470.

[117] N. Kumar, T. Kumar, S. Nema, and T. Thakur, ‘‘A comprehensive plan-
ning framework for electric vehicles fast charging station assisted by
solar and battery based on queueing theory and non-dominated sorting
genetic algorithm-II in a co-ordinated transportation and power net-
work,’’ J. Energy Storage, vol. 49, May 2022, Art. no. 104180, doi:
10.1016/j.est.2022.104180.

[118] A. Ali, M. F. Shaaban, A. Abdelfatah, M. A. Azzouz, and A. S. A. Awad,
‘‘Optimal allocation of FCSs and PV units in smart grids considering
traffic and generation dispatch,’’ Sustain. Energy, Grids Netw., vol. 34,
Jun. 2023, Art. no. 101063, doi: 10.1016/j.segan.2023.101063.

[119] A. Pal, A. Bhattacharya, and A. K. Chakraborty, ‘‘Planning of EV
charging station with distribution network expansion considering traffic
congestion and uncertainties,’’ IEEE Trans. Ind. Appl., vol. 59, no. 3,
pp. 3810–3825, May/Jun. 2023, doi: 10.1109/TIA.2023.3237650.

[120] H. Mahmassani, Y. Hawas, A. Abdelfatah, K. Abdelghany, Y. Chiu,
and Y. Kang, ‘‘Development of a deployable real-time dynamic traffic
assignment system, volume III: System implementation and software
design,’’ Univ. Texas-Austin, Tech. Rep, ST067-85, 1998.

[121] M. F. A. El-Salam, E. Beshr, and M. B. Eteiba, ‘‘A new hybrid technique
forminimizing power losses in a distribution system by optimal sizing and
siting of distributed generators with network reconfiguration,’’ Energies,
vol. 11, no. 12, p. 3351, 2018, doi: 10.3390/en11123351.

[122] J. Lee, S. Kwon, Y. Lim, M. Chon, and D. Kim, ‘‘Effect of air-
conditioning on driving range of electric vehicle for various driving
modes,’’ Soc. Automot. Eng., PA, USA, Tech. Rep. 2013-01-0040, 2013.

[123] A. Mohan, S. Sripad, P. Vaishnav, and V. Viswanathan, ‘‘Automation is
no barrier to light vehicle electrification,’’ 2019, arXiv:1908.08920.

SARAH M. KANDIL received the B.Sc. degree in
electrical engineering from Ain Shams University,
Cairo, Egypt, in 2009, and the M.Sc. degree in
electrical engineering and computer science from
York University, Toronto, Canada, in 2016. She
is currently pursuing the Ph.D. degree in engi-
neering system management. She was a Teaching
Assistant and a Lab Instructor with Arab Academy
for Science, Technology and Marine Transporta-
tion, Sharjah, United Arab Emirates. She is also

a Research Assistant with American University of Sharjah, Sharjah. Her
research interests include power system management and planning, intelli-
gent transportation systems, and smart city management.

AKMAL ABDELFATAH was a Teaching/Graduate
Research Assistant with Cairo University, The
American University in Cairo, and UT-Austin.
He has taught several graduate and undergrad-
uate courses in civil engineering, engineering
systems management, and urban planning. His
research and teaching interests include intelligent
transportation systems (ITS), traffic operations,
transportation planning, and operations research.
In addition to his academic experience, he has was

a part-time Transportation Planning and Traffic Expert for companies in
United Arab Emirates.

MAHER A. AZZOUZ (Senior Member, IEEE)
received the B.Sc. and M.Sc. degrees (Hons.) in
electrical power engineering from Cairo Univer-
sity, Giza, Egypt, in 2008 and 2011, respectively,
and the Ph.D. degree in electrical and computer
engineering from the University of Waterloo,
Waterloo, ON, Canada, in 2016. Hewas a Postdoc-
toral Fellow with the Power and Energy System
Group, University of Waterloo. He is currently
on leave with the Department of Electrical and

Computer Engineering, University of Windsor, and is with the Electrical
Engineering Department, Qatar University, Qatar. His research interests
include control of power electronic converters, power system protection, dis-
tribution system operation and planning, and renewable energy sources. He
has been recognized as one of the best reviewers of the IEEE TRANSACTIONS

ON SMART GRID. He is a Registered Professional Engineer with the Province
of Ontario.

VOLUME 12, 2024 46763

http://dx.doi.org/10.1016/j.energy.2019.07.156
http://dx.doi.org/10.1109/TPWRS.2019.2899496
http://dx.doi.org/10.1109/TIA.2020.3041808
http://dx.doi.org/10.1016/s0377-2217(96)00385-2
http://dx.doi.org/10.1109/TEVC.2007.892759
http://dx.doi.org/10.1049/iet-gtd.2019.0486
http://dx.doi.org/10.17775/CSEEJPES.2021.01470
http://dx.doi.org/10.1016/j.est.2022.104180
http://dx.doi.org/10.1016/j.segan.2023.101063
http://dx.doi.org/10.1109/TIA.2023.3237650
http://dx.doi.org/10.3390/en11123351

