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Abstract: A shared autonomous electric vehicle (SAEV) fleet and the vehicle-to-grid (V2G) strategy
both have great potential to reduce GHG emissions. As these concepts have complementary value,
they are even more promising combined. However, to the best of our knowledge, no research has
yet been conducted on locating charging infrastructure for SAEVs with V2G feasibility. For this
construction, the challenge lies in the fact that both mobility demand (mainly for SAEVs) and energy
(for any installation of charging infrastructure) have a major influence on this problem. To find
the optimal charging infrastructure (CI) allocation for SAEVs with V2G operations, both mobility
requirements and grid constraints must be considered. In this paper, we find that optimization
models are the most frequently used method to solve the CI allocation problem. We conduct separate
examinations of the V2G and SAEVs location optimization models that have been formulated in the
literature, for which objective functions are used, and which constraints are considered (with respect
to mobility and the electric grid). We find that SAEV and V2G models have overlapping elements,
but remain disjunct in their respective perspectives. CI allocation for SAEVs mainly takes mobility
into account, but tends to ignore grid constraints or impacts. On the other hand, CI allocation for
V2G focuses on the distribution network and the grid, forgetting about mobility demand. To take
advantage of the SAEV-V2G potential, future research should combine mobility and grid aspects to
find the optimal CI locations for SAEVs with V2G feasibility.

Keywords: shared autonomous electric vehicle (SAEV); vehicle-to-grid (V2G); charging infrastructure

1. Introduction

This paper is an extended version of work published in [1].
Global warming is felt all over the world. Droughts, forest fires and floods make

climate change undeniable. The European Union (EU) therefore launched the Green Deal,
a plan to make the EU climate neutral by 2050. Part of the Green Deal is the FitFor55
target, which states that greenhouse gas (GHG) emissions must be reduced by 55% by 2030
(compared to 1990).

Over 25% of GHG emissions in Europe derive from the transport sector [2]. Research
comparing CO2 emissions—making up approximately 99% of GHG emissions for road
transport [3]—of internal combustion engine vehicles (ICEV) and its alternatives through a
complete Life Cycle Assessment (LCA), found that electric vehicles (EVs) have the lowest
CO2 emissions [4]. With the average European electricity mix, the level of GHG emissions
of EVs is 17–30% lower than diesel and petrol vehicles, respectively [5]. This shows the
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motivation behind the EU’s decision, in June 2022, to set a target for only fuel-free cars to
be sold by 2035. EVs are therefore becoming increasingly important.

Shared autonomous electric vehicles (SAEVs) can reduce GHG emissions even further,
thanks to their lower vehicle kilometres travelled (VKT) [5], their smaller fleet [6], and
their energy efficient driving style [7]. However they need locations where they can charge.
Determining the allocation of charging infrastructure (CI) is an important issue, as this has
an influence on the efficient routing of the SAEV fleet.

Another widely asked question, for EVs in general, is whether the energy grid will be
able to handle the extra load demand. Research has found that the uncoordinated charging
of many EVs may result in a peak load demand which causes financial losses, power losses,
and electricity network congestion [8]. Many grid problems (such as the degradation of
voltage stability and increased power losses) are a result of the poor allocation of charging
stations (CSs) in the distribution network [9]. Therefore, a coordinated charging technique
with V2G functionality and the proper allocation of CSs grid-wise are crucial.

Finally, we want to stress that “the potential of V2G is influenced by EVs availability,
which depends on the owner acceptance, driving behaviour, willingness to participate,
system readiness, technical constraints, market readiness, and regulations” ([10], p. 9).
Many of these factors differ between privately owned EVs and SAEVs. Also, SAEV fleet
operators have different requirements regarding CI than individual EV owners (such as
customer waiting time and total VKT rather than individual walking distance to a CS).
Therefore, current studies on CI for regular EVs with the implementation of V2G technology,
such as [9,11], are not suitable in an SAEV context. Other literature reviews that consider
charging infrastructure planning, such as [12], mainly include CI for regular EVs. However,
too few studies on SAEV CI are included. Therefore, there is no elaborate view provided
on the components needed to optimally allocate CSs for SAEVs.

This paper will investigate which elements are needed to decide on the CI when an
SAEV fleet is combined with a V2G charging strategy. To the best of our knowledge, no
research has yet been performed on such a location analysis. Therefore, the aim of this
paper is to answer the following research questions:

RQ1 What methodologies are used in deciding where to locate CSs for SAEVs and V2G,
and which is/are the most popular?

RQ2 What elements are important to take into account when locating SAEV and V2G CSs,
both mobility- and energy-wise?

By answering these questions, this paper will provide the following contributions:

• A detailed review that examines, separately for V2G and SAEVs, which location
analysis methods have already been reported in the literature.

• A discussion on the different decision variables, objective functions and constraints of
the charging station placement problem both for SAEV and V2G.

• An identification of the links and/or combinations that are still missing for the combi-
nation of SAEVs and V2G.

• A research agenda that suggests a combination of mobility and grid components that
should be considered in a model for optimal CS placement for SAEVs with V2G.

The remainder of the paper is structured as follows. Sections 1.1 and 1.2 elaborate on
the motivation and advantages for introducing V2G charging in an SAEV fleet. Section 2
presents the methodology used for the collection of papers. Results are discussed in
Section 3. Section 4 provides a discussion highlighting the most important findings from
the results. In Section 5, we propose future research directions and Section 6 summarizes
the main conclusions of the paper.

1.1. Motivation for V2G

Despite the fact that EVs do not have any direct tailpipe emissions, a large part of
EVs’ well-to-wheel(i.e., electricity generation + transmission + battery charging + use to
drive motor) (WTW) GHG emissions derive from electricity production. The electricity mix
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in energy production has a large impact on these WTW GHG emissions. An EV charged
exclusively with coal-generated electricity has WTW GHG emissions of at least as high
as an ICEV, while an EV charged exclusively with wind power would have WTW GHG
emissions of 100 times lower [5]. This indicates the importance of the implementation
of renewable energy sources (RES) in the energy mix. The current share of RES in the
European electricity mix is around 30–34% and could increase to 65–70% by 2030 [13,14].
However RES’s electricity generation depends on nature conditions, thus it is not consistent,
lacks flexibility and is thereby less reliable [14]. Moreover, the peak of solar PV and the peak
of wind power generally do not coincide with the peak in energy demand. The imbalance
between renewable energy production and (peak) energy demand is visualized in Figure 1
by the so-called ‘duck-curve’ (named for its shape that resembles a duck), which shows a
steeper increase in needs and a higher risk of overgeneration with a higher penetration of
RES [15,16].

Flexibility needs to be introduced into the system to counter the variations in the
duck-curve in order to ensure a balance between energy demand and energy supply to
maintain a balanced grid [14]. One of the most promising technologies in this context
is V2G. V2G is a technology that supports a bi-directional power flow between the grid
and EVs. The EV acts as a movable storage method of electrical energy, a battery on
wheels one might say. It can absorb energy in periods of high electricity penetration and
feed electricity back into the grid in situations of insufficient electricity generation [17].
With this technique, EVs can provide ancillary services to the grid, such as voltage and
frequency regulation, and act as spinning reserve (i.e., a quick response to the required
needs) [10,17,18]. Moreover, EVs can deliver active power support by flattening the grid
load profile. This is achieved by peak-load shaving (sending power back to the grid when
demand is high) and valley-filling/load-levelling (charging when demand is low), as
illustrated in Figure 2 [10,19,20].

Figure 1. Duck-curve [15].

Finally, further potential services of EVs as storage systems, include grid congestion
mitigation, renewable energy storage and reduction of renewable energy intermittence [10].
All of these capabilities are crucial, since research showed that in a stress test, the net peak
load demand could increase to up to 25% with forecasted EV adoption in 2035, and up to
50% in a full electrification scenario [21]. Additionally, even at low adoption levels of EVs,
EV charging can have a significant local impact on the distribution grid (more specifically
on the expected lifetime of transformers) in the event of uncoordinated charging [22].
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Thanks to the aforementioned V2G services, a total of 600 GW of flexible capacity could
be unlocked across China, the EU, the United States and India. In 2030, this could be
associated with a reduction in electricity generation during peak demand of 380 TWh,
leading to a reduction in CO2 emissions of 330 million tonnes [18]. The advantages of V2G
are shown in Figure 3a.

Figure 2. Peak-load shaving and load-levelling. Source: Redrawn from [17].

However V2G also has some challenges. Next to the fundamental issues of battery
deterioration (due to more battery cycles) and the high investment cost for bidirectional
chargers [10,18], user-related challenges are also at hand. Firstly, there is the social barrier
for participation in V2G driven by range anxiety. Research found low values of probabilities
of V2G services if it is not used for services in the EV owner’s own household. The
availability of users providing the service during peak demand is lower than 20% [23].
Secondly, for V2G deployment, communication between the EVs and the grid operator is
necessary. Vehicle information, such as state of charge (SOC) and location of charging, needs
to be gathered. When this is stored, user history can reveal information about the vehicle
owner. This causes privacy issues and creates a need for high-level cybersecurity [10,18].

1.2. Motivation for SAEVs

Electrifying the fleet and striving for a larger share of RES (using V2G) significantly
reduces GHG emissions, but this electrification creates emission issues at the production
phase. Battery manufacturing causes GHG emissions from EV production to be 1.3–2 times
higher than those of ICEV production [5]. A solution to this is car- and ride-sharing. Next
to the lower VKT [5], which lowers the use stage emissions, a smaller fleet is needed
to perform the same amount of household trips, which reduces production emissions.
Research shows that if only 25% of all trips in the G7 (Canada, France, Germany, Italy,
Japan, the United Kingdom, the United States, and the EU) were conducted as shared rides,
production GHG emissions could be reduced by 13–20% [24]. Therefore, shared EVs are a
promising option to reduce GHG emissions, both in the production stage and the use stage.

Automating these shared EVs gives rise to new advantages. First, autonomous vehi-
cles are more energy efficient than their non-autonomous EV counter parts due to their
gentle driving style [7] and efficiency of travel [25]. For a platoon of connected autonomous
EVs (CAEVs) it is possible to optimally plan their driving operations, taking into consid-
eration the aerodynamic resistance forces and acceleration and deceleration manoeuvres.
Researchers have designed an eco-driving control architecture for a platoon of CAEVs,
and found that in a platoon of five CAEVs on a straight road the energy consumption of
each vehicle was reduced by 3.5–4.6% compared to the baseline scenario where the energy-
saving purpose was not taken into account [26]. Next to this, the autonomy of SAEVs
creates an extra opportunity in flexible charging, such as allowing the vehicles to move to
charging locations during the day when they are not being used [5]. This way, if an SAEV
fleet is owned by a central company, the SAEVs’ charging scheme can be optimized. This
enables charging to be more dispersed throughout the day, which cuts the peak charging
demand. Moreover, SAEVs can be sent to locations with less impact to the grid [27]. In
addition, SAEVs have an advantage for customers cost wise. The lower operation costs of
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EVs compared to ICEVs will outweigh their current higher purchase cost, especially when
used in a shared fleet. Furthermore, the fact that there is no need for a driver in SAEVs
reduces the service cost even further, making SAEVs very attractive as a means of transport
for customers [5,28]. An overview of all SAEV values is illustrated in Figure 3b. However,
it should be noted that policies or incentives are needed to encourage people to choose
shared mobility [25].

When an SAEV fleet operates as a mobility-on-demand service, and is owned by one
company, communication between the vehicles is easier than when all vehicles are privately
owned. Additionally, vehicle information is no longer linked to individuals. Therefore,
privacy issues are less of a concern. Because of this, and since SAEVs have the flexibility
to move to a charging station (CS) at any moment of the day, they are ideal candidates to
take part in V2G operations. Furthermore, according to [29] car-sharing organizations and
mobility-as-a-service providers can easily integrate V2G. This claim has been investigated
by several researchers. Melendez et al. [30] optimize the operations of a system of charging
hubs and a fleet of SAEVs. Iacobucci at al. [31] propose a methodology for optimal charge
scheduling with V2G along with optimized routing and relocation. However, in these
studies the charging locations were chosen arbitrarily.

(a) (b)
Figure 3. Overview of the values (a) for V2G and (b) for SAEVs. Source: Adapted from [1].

2. Materials and Methods

To provide an answer to the research questions defined earlier, we conducted a sys-
tematic search strategy using different keywords from various databases. Based on the
relevance of the papers, 23 SAEV papers and 26 V2G papers were selected. In the sections
below, a more detailed description of the search process is provided.

2.1. Search Strategy

The methodology used for this review is based on the methodological frameworks
used by Bask et al. [32] and Mualla et al. [33]. They propose a three-stage procedure, which
we adapted and visualized in Figure 4.

Figure 4. Three-stage procedure for systematic literature review. Source: Adapted from [32,33].
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2.1.1. Planning Stage

First, we define the keywords that characterize the research problem: ‘charging infras-
tructure’, ‘SAEV’, and ‘V2G’.

Then, a synonym search for every keyword is conducted. Looking at the first 50 results
in Mendeley, synonyms are chosen (e.g., ‘bidirectional charging’ as a synonym for ‘vehicle-
to-grid charging’). Likewise, wildcards (*) were used for alternate spellings and variations
on a word (e.g., the truncation term ‘auto*’ was used to denote potential variations of
‘autonomous’ such as ‘automated’ or ‘automatic’). After this, the following two search
strings are built: one for the CI for SAEVs, and one for the CI with V2G. The resulting
search strings are provided in Table 1.

Table 1. Search strings.

Charging Infrastructure for SAEVs Charging Infrastructure for V2G

(charging infrastructure
OR charging station* place*
OR charging station* location*
OR charging point* place*
OR charging point* location*)
AND
(auto* taxi
OR auto* car
OR auto* fleet
OR auto* vehicle
OR auto* mobility on demand
OR driverless OR self-driving)

(charging infrastructure
OR charging station* place*
OR charging station* location*
OR charging point* place*
OR charging point* location*)
AND
(vehicle-to-grid
OR V2G
OR bidirectional charging
OR charging-discharging
OR two-way energy
OR bidirectional energy flow)

The search was conducted in January 2022. We look for papers published after 2014
since the topic of this study is in a fast-evolving domain. Four databases are included:
ISI Web of Science, ScienceDirect, Scopus and IEEE Xplore. For each database, the search
string was adapted to the limitations and requirements of the database. For example,
ScienceDirect does not support the use of wildcards (*). Next, quotation marks were
sometimes included for more relevant results, and sometimes omitted when the use of
quotation marks resulted in very few results, e.g., for Web of Science. An article was
included if (1) the entire manuscript was written in English; either (2a) a form of shared
(autonomous) electric transport was considered (autonomous was not considered as a hard
requirement to not limit the search, which makes sense because e.g., a non-autonomous
taxi-fleet would also resemble the travel behaviour of an SAEV fleet); or (2b) V2G strategy
was included; and (3) location of charging infrastructure was determined.

2.1.2. Review Stage: Part 1

An overview of the paper selection is presented in Figure 5. The search string for CI
for SAEVs and V2G delivered, respectively, a total of 767 and 834 papers among the four
databases. Coarse-grained inclusion is conducted, as shown in [33], stopping the search
after a sequence of 10 titles incoherent with the subject appeared. After this, we keep a
total of 198 and 569 papers for SAEVs and V2G, respectively. The papers were screened
according to the abstract. When it is clear from the abstract that no optimal CI allocation is
solved, the paper is not included. This leaves a total of 72 and 204, respectively, for SAEVs
and V2G. This high level of reduction is due to the fact that quotation marks were omitted
in the search string for some databases, which resulted in many less relevant papers. After
removing duplicate papers from the collection, there are 48 papers left about CI for SAEVs,
and 162 papers about CI with V2G. Finally a fine-grained inclusion is conducted, leaving
only the papers that are eligible after full-text-reading. There are 23 papers left discussing
the optimal CI for SAEVs, and there are 26 papers left discussing the optimal CI with
implementation of V2G.
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Keywords: (charging infrastructure, charging
station* place*, charging station* location*,
charging point* place*, charging point* location*)
+ (auto* taxi, auto* car, auto* fleet, auto* vehicle,
auto* mobility on demand, driverless,
self-driving)
Year: 2014–2022

Web of Science: 481 Scopus: 66
ScienceDirect: 34 IEEE Xplore: 186

Web of Science: 51 Scopus: 66
ScienceDirect: 21 IEEE Xplore: 60

Web of Science: 22 Scopus: 26
ScienceDirect: 6 IEEE Xplore: 18

n = 48

n = 23

Keywords: (charging infrastructure, charging
station* place*, charging station* location*,
charging point* place*, charging point* location*)
+ (vehicle-to-grid, V2G, bidirectional charging,
charging-discharging, two-way energy,
bidirectional energy flow)
Year: 2014–2022

Web of Science: 237 Scopus: 290
ScienceDirect: 171 IEEE Xplore: 136

Web of Science: 231 Scopus: 172
ScienceDirect: 91 IEEE Xplore: 75

Web of Science: 93 Scopus: 40
ScienceDirect: 35 IEEE Xplore: 36

n = 162

n = 26

Charging infrastructure
SAEV

Charging infrastructure
V2G

Coarse-grained inclusion

Screened by abstract

Remove duplicates

Eligible after full-text reading

Figure 5. Overview of the search for papers about charging infrastructure allocation for SAEVs (left)
and about charging infrastructure allocation with implementation of V2G (right).

The exclusion of SAEV-related papers is because the following topics were their focus:
optimization of vehicle routing [34,35]; trip planning [34,36]; or optimal CS locations were
sought for non-shared non-autonomous EVs [37,38]. Topics in V2G-related papers that are
outside our scope and therefore excluded from the review include: optimization of charge
scheduling [39–41]; allocation of battery swap stations [42]; safe and reliable communication
between the EVs and the aggregator [43–45]; the configuration of a V2G enabled charging
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station [46]; and allocation of separate energy storage systems (ESS) instead of using EVs
for energy storage [47].

Finally, after the identification of relevant research, results were extracted and are
discussed in the following section.

3. Results

In this section, we provide an overview of the methods and their components used
for finding the optimal locations of CSs for SAEVs and V2G. In Figure 6, it can be seen
that various methods are used, including simulation, ad hoc placement, and optimization.
From here, papers with the research question to find optimal locations for CSs based on
V2G functionality are called ‘V2G papers’. Papers where CS locations are sought for an
SAEV fleet are called ‘SAEV papers’.

1. In simulation, CSs are located using an agent-based model. This method is used in
some reviewed SAEV papers, but not in V2G papers. Whenever a charging demand
pops up, and there is no CS for the SAEV to reach with its remaining battery range, a
new CS is generated at the location of the charging demand. This type of CS siting
mimics the objective of a coverage model [48–50]. The benefit of this method is that
many parameters, actions, and results can be integrated in the model and thereby can
be taken into account when determining a suitable placement for CSs. The drawback
of this method is that it is computationally intensive. Therefore, usually only 5–10%
of real-life trips are considered. However, linear up-scaling of the simulation results
may yield an overestimation of the service levels [51] and would thereby no longer
be trustworthy.

2. In ad hoc placement, a variable is chosen to represent the extent to which a certain
location is likely to be optimal for installing a CS. This likelihood variable differs
between SAEV papers and V2G papers. SAEV papers focus on mobility, with the
likelihood variable varying between average parking time, total number of parking
events [52], taxi arrival rate [53], average vehicle-hour per day, and average vehicle-
hour per vehicle [54]. The V2G papers can be divided into three groups. The first group
focuses on mobility, where CSs are placed at locations with high vehicle density [55]
based on the likelihood of finding oneself at a certain location [56], at locations with
the highest dwelling time [57], or at locations with high energy demand (based on
parking events associated to a recharge) [58]. The second group focuses on energy
aspects, where CSs are located at strong buses, defined as buses with a high voltage
stability index [59], or as buses with a high bus reliability index [60]. Finally, one
paper considers both mobility and energy aspects, added with a social aspect, placing
CSs at the geographic overlap of areas with solar excess generation, high convenience
and accessibility for EV drivers, and a low crime index [61]. The benefit of ad hoc
placement is that it is easy to apply as it is based on one likelihood parameter. However,
this simplicity also leads to a disadvantage. When only one parameter can be taken
into account, the complexity of reality can never be considered to an adequate level.

3. Optimization is a method where an objective function is minimized or maximized,
while various constraints need to be satisfied. This methodology allows for the imple-
mentation of many aspects (which was a shortcoming for ad hoc placement), while
also maintaining the ability to be solved relatively quickly using suitable algorithms
(which was a shortcoming for simulation). An overview of the different algorithms
adopted by researchers is given in [12]. Since optimization is the most often used
strategy, this technique will be the focus of this review and a detailed overview is
provided in Section 3.1.
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(a) (b)

Figure 6. A classification of the methodologies used for the charging infrastructure allocation problem
for (a) SAEV papers and (b) V2G papers. reworked from [1]. (When one paper performs multiple
strategies, all strategies are included as input for this chart. Voshoogi et al. [62] and Gacias et al. [63]
consider three and two different optimization problems, respectively. Cocca et al. [52] perform ad hoc
placement based on three different likelihood variables, and they solve one optimization problem.
Cai et al. [54] also perform ad hoc placement based on three different likelihood variables. These four
papers account for a total of six optimization methodologies and six ad hoc placement methodologies
in the bar chart. This is why the total considered in the bar chart for SAEVs is higher than 23.).

3.1. Optimization Problems

For solving an optimization problem, one or more decision variables and objective
functions need to be chosen. Next to this, a series of constraints needs to be considered.
In this subsection, we compare the decision variables, objective functions and constraints
between SAEV papers and V2G papers. This way, we gain insights in the components
that are required for guaranteeing a stable grid, as well as a decent mobility service. In
other words, from this review, we will learn how both fields can be brought together
in one optimization problem. This will be summarized in Section 4, together with the
argumentation of the importance of these components, and the advantage of taking them
into consideration in the optimization model.

3.1.1. Decision Variables

In all the reviewed papers, the locations of CSs are among the decision variables as a
result of our screening process. However, other decision variables have also been included
in some of the papers. A detailed overview of decision variables per paper is provided in
Appendix A, Table A1.

A first difference between SAEV papers and V2G papers regarding the CSs is that
SAEV papers focus more on the number of chargers (expressed in number of CSs and/or
number of chargers per CS), while V2G papers focus more on capacity. The number of
chargers is more closely related to mobility, as it has more to do with chargers being
available for SAEVs (with no or minimal waiting time), while the capacity of chargers is
more linked to energy. This gives a first hint of the difference in perspectives between
SAEV papers and V2G papers.

Another difference concerns decisions about the fleet. Some papers take decisions in
the fleet size that are necessary for satisfying mobility demand [64–68], in the operations
of the fleet (routing [66] and charge scheduling [67,69]), and in the battery capacity of the
fleet [70]. Apart from [69], all of these papers are SAEV papers. This indicates that SAEV
papers focus more on mobility than V2G papers.

On the other hand, there are a variety of additional decision variables in V2G papers,
most of them with a focus on energy, such as the siting and sizing of RESs [71–76]. Op-
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timally locating both CSs and RESs strengthens the synergy between them to obtain the
highest level of renewable energy, which is one of the advantages of V2G. Bilal et al. [77]
optimize the locations and capacities of capacitors. They found that this improves power
loss and voltage profile. Wang et al. [78] establish a collective planning of CSs and the
distribution network.

Finally, some papers optimize the locations and capacities of parking lots (PL) [79–81],
to asses the economic viability of the V2G strategy by maximizing PL owners’ profit (which
will be discussed in more detail in Section 3.1.2).

3.1.2. Objective Functions

Looking at the objective functions, we can distinguish the following five main groups:
Cost, Coverage, Customer, Revenue, and Grid. These are visualized in Figure 7, and are
elaborated on in more detail in Appendix A, Table A2.

Figure 7. Objective functions used in the reviewed papers.

Cost

Cost is the most used objective function overall, appearing both in SAEV and V2G
papers. Many kinds of costs can be included, such as fleet cost, installation/construction
cost, the cost of energy consumption, maintenance cost, and operation cost.

• Fleet cost is considered solely in SAEV papers and denotes the purchase cost of an EV,
which depends on the on-board battery capacity and fleet size [64–67], or solely the
cost of the battery and assembly of non-electric vehicles [70]. It must be noted that
both the on-board battery capacity and the fleet size of an SAEV affect the required
amount of CSs [68,82]. For the owner of an SAEV fleet, both fleet cost and installation
cost are relevant factors to take into account.

• Installation cost expresses the purchase of an CS, and sometimes also the construction
of a parking place and the grid-connectivity construction. Including this cost in the
objective function guarantees that the amount of CSs is limited to the necessary, and
that CSs are integrated as much as possible in the existing distribution grid. This aspect
is considered by both SAEV papers [64,66–68,70,83–85] and V2G papers [77–79,86–88].

• The cost of energy consumption consists of the cost of charging a vehicle and the
rebalancing cost. This cost is considered both by SAEV papers [64,67,68,83,89] and V2G
papers [69,71,72,86,88], and is mainly used to schedule the charging (and discharging
in a V2G context) scheme with volatile energy prices. In an SAEV context, this objective
function ensures that CSs are located conveniently, avoiding large detours to reach a
CS since this would increase energy consumption costs and rebalancing costs [68].

• The maintenance and operation cost is applicable both to vehicles and to the distri-
bution network. For vehicles, this cost is related to the travel distance (VKT) and the
battery degradation. Next to optimal routing purposes, travel distance (considered for
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SAEVs [64,67,68]) is also influenced by the location of CSs. Battery degradation is a
known issue in V2G and therefore important to take into consideration [86,87]. For
the distribution network, this cost refers to the maintenance and operation of feeders
and substations [79].

Coverage

Three types of coverage can be maximized. These are the geographical coverage
by CSs [52,62,63,82,90,91], the coverage of mobility demand [62,63,89], and the coverage
of traffic flow [78]. All of these objective functions are related to mobility and used in
SAEV papers, except for [78] which is a V2G paper. In geographical coverage, CSs are
uniformly distributed over the area, guaranteeing a scattered distribution. This provides
the advantage that all areas have the ability to access CSs. However, this method is slightly
controversial, as charging demand is usually not uniformly distributed. Therefore, it is
essential to measure charging demand. Mobility demand, traffic flow, and charging demand
are likely to coincide. Therefore, maximizing coverage of mobility demand and traffic
flow will result in placing CSs there where they are needed the most. However, if mobility
demand/traffic flow is the only measure taken into account, the model risks densely
clustering CSs, leaving other areas completely unsatisfied. Therefore, a combination of
both coverage methods would be recommended.

Customer

Customer convenience means a minimal waiting time and a maximal number of
satisfied trips, and is only considered in SAEV papers [52,68,85,92], where serving the
requested mobility in an enjoyable way is a main concern. With this objective function, CSs
will most likely be placed in areas where the SAEVs are located, and is therefore similar to
coverage of mobility demand, with similar benefits and disadvantages. In V2G papers, this
objective function is not considered.

Revenue

Revenue focuses on profits that can be made by participating in V2G, and therefore, it
is not surprising that this function is only considered in V2G papers. Several stakeholders
that can potentially profit from V2G implementation are considered in the reviewed papers.
It is important to assess the financial viability of the V2G strategy in order to convert
this theory into practice. This objective function is meaningful for stakeholders that are
interested in setting up a system where V2G services are delivered, and want to maximize
their profit in this system. The treated stakeholders are PL owners [79–81], distribution
companies (DisCo) [73–75], privately owned renewable energy systems (WG/PV) [73–75],
and energy storage (ES) owners [75]. The calculations of their revenue are shown in Table 2.

Table 2. Revenue calculation per stakeholder.

Paper Stakeholder Revenue Calculation

[79–81] PL owner market trading benefit + parking fees + EV charging
payment − cost of V2G incentives − CS installation cost
− maintenance costs

[73–75] DisCo benefit from charging/discharging program + energy
losses reduction − investment cost

[73–75] WG/PV owner energy sold to customers − WG/PV installation cost −
maintenance cost − operating cost

[75] ES owner benefit of discharging − cost of energy purchase
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Grid

Grid impacts are considered as an objective function solely in V2G papers. These
include mainly power or energy losses [69,71,72,75,77–80,87,88,93,94], and voltage devia-
tion [71,72,87,93,94]. Grid impacts are an essential aspect to take into account when placing
CSs, as the location of CSs has an impact on the smooth operations of the grid [95,96].
Power or energy losses, however, can also be seen as a cost, since it represents energy that
is paid for but not received. In some papers, network losses are seen as a part of total cost
or revenue, as they only care for the financial loss [75,78–80].

3.1.3. Constraints

Constraints are equations or inequalities that need to be satisfied when solving the
optimization problem. Some of them represent fundamental technicalities such as con-
sistency (e.g., the fact that a customer may only depart the origin location if an empty
seat in a vehicle is available), continuity (e.g., flow conservation, which means that vehi-
cles/power entering a node must exit the same node), and integer constraints. These types
of constraints are not included in the review.

Next to the technical constraints, there are several constraints specific to the problem
that needs to be solved or to the point of view that is taken. A detailed overview is given in
Appendix A, Table A3. Shown in Figure 8 are the following six main groups of constraints:
SOC, CS, Mobility, Budget, Charging, and Energy.

Figure 8. Constraints considered in the reviewed papers.

SOC

There are three types of SOC constraints. The first type is a constraint that claims that
the SOC at the end of each operation cycle should be equal to the SOC at the beginning
of that cycle. This ensures periodicity and mainly occurs in SAEV papers [65,67,70]. The
second type imposes a desired SOC for departure. Usually, this means an SOC of 100%
when leaving the depot. This constraint mainly occurs in SAEV papers [66–68,92], since
they are concerned with the operations of the SAEV fleet that needs to be able to serve
mobility demand. The constraint is also considered in one V2G paper [79]. The third type
is a constraint that imposes upper (usually 80%) and lower (usually 20%) limits on the SOC.
Bounds on the SOC are mainly to prevent battery damage due to overcharging and deep
discharging. For V2G papers [73–75,79,81,94] this is an important constraint, because the
higher number of cycles—due to participating in V2G—already causes battery degradation.
The lower limit can also serve as a threshold. Is the SOC below the threshold, G2V starts. If
the SOC is higher than the threshold, V2G starts [80]. For SAEV papers [62,66,70,85,92,97],
the lower limit also serves as a threshold to initiate the search for a CS and thus to generate
charging demand.
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CS

CS constraints are present in both the SAEV and V2G papers. These constraints all
represent the size of the charging infrastructure. Limits or fixed values are placed on a num-
ber of variables, such as the number of CSs (mostly used in SAEV papers [62,80,89,92,97]),
and the capacity of the CS (mostly used in V2G papers) expressed in kW [86] or in the
number of charging points or parking places (usually restricted because of available place)
[70–72,74,78–80,83,88]. The upper limit on number of CSs can also be understood as a
budget constraint (see later).

Mobility

The Mobility constraint imposes that all mobility requests must be satisfied. This
constraint is considered by several SAEV papers [64–68], but completely ignored by V2G
papers. CSs must be located in regions with a high mobility demand to prevent SAEVs
from needing to make a large detour to fulfil their charging needs. However, note that
the same risk applies here as for the objective function coverage of mobility demand.
Additionally, an SAEV fleet being able to satisfy all mobility demand depends on other
factors as well. Firstly the fleet must be large enough, which is why in all these papers fleet
size is optimized along with the CS locations. Secondly, there is a need for efficient vehicle
routing and charge scheduling, which is why in some cases this is optimized along with
the CS locations [65–67].

Budget

Budget is a type of constraint used by SAEV papers to limit cost. A way to do this is by
imposing a maximal budget that can be spent [97]. Another way to do this is by fixing the
total number of CSs beforehand [52,82,90,91]. For SAEV papers that maximize coverage
or customer convenience, this is an important constraint to make sure that the number of
located CSs does not exceed the requirements.

Charging

Charging constraints are mainly present in SAEV papers, but also in one V2G paper.
This type occurs in two forms: first as a constraint that imposes that all charging demand
must be satisfied [64,94,97], and secondly as a constraint that chooses a daily charging reject
rate (i.e., the probability that the vehicle cannot be charged at any of the charging stations
without waiting) [82,84]. Again, assuming that charging demand occurs where there is
high mobility demand, adding this constraint would have similar results as using objective
function coverage of mobility demand.

Energy

Three types of energy-related constraints are considered. The first one limits the range
of the voltage profile (usually between 0.95 ppu and 1.05 ppu). This constraint is considered
in one SAEV paper [89] and almost all V2G papers [69,71–74,76–79,81,86–88,93,94,98,99].
The second constraint is the so called thermal constraint, which imposes an upper limit on
the power or current running through transmission lines [69,71–74,77–79,81,88,93,94,98,99].
The third constraint takes the power capacity of the substation into account [73,78,79,86]. The
two latter Energy constraints are only considered in V2G papers. These constraints serve
as a worthy alternative to the grid impacts objective function. Either of the two should be
incorporated in the optimization model in order to guarantee smooth grid operations.

4. Discussion

Looking at the objective functions, we see that the overall cost of charging infrastruc-
ture is an important objective function both for SAEVs and V2G. However disregarding
this function, we clearly see an overall trend appearing in Figure 9a: the more important
the objective function is considered to be in the SAEV papers, the less important it is in the
V2G papers, and vica versa. Next to this, we see that SAEV papers mainly focus on mobility
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service (coverage and customer convenience), while V2G papers pay much attention to
grid impacts and economic feasibility by looking at business models (revenue).

Looking at the constraints in Figure 9b, we see that both SOC and CS constraints
are important for SAEV and V2G papers. However, for the other constraints, we notice
a similar trend as with the objective functions, i.e., importance is inversely proportional
between SAEV and V2G papers. Where SAEV papers focus again more on mobility, V2G
papers deem energy constraints most important.

Moreover, when SAEV papers do not have cost as an objective function to minimize,
they need budget constraints to prevent the number of CSs from blowing up. The reviewed
V2G papers did not need this kind of constraint.

From this research, it is clear that SAEV papers tend to ignore grid impacts and con-
straints, while V2G papers on their side usually do not take mobility aspects into account.

(a)

(b)

Figure 9. Visualization of the frequency of the usage of (a) objective functions and (b) constraints in
the reviewed SAEV and V2G papers.
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5. Research Agenda

The link between SAEV and V2G is still missing and must be bridged in future
research. This section provides an answer to how we can bring both fields together in
one optimization problem, and thereby improve current optimization models to suit an
SAEV-V2G context. From this review, we detect six elements that are needed:

1. Avoid placing too many CSs;
2. Take restrictions on the power grid into consideration;
3. Satisfy charging and mobility demand;
4. Impose limits on the SOC to slow down battery degradation;
5. Higher integration of renewable energy;
6. Bring services to the grid.

How these components can be incorporated in the optimization problem will be
described in the following Sections 5.1–5.6. However, the exact implementation of each of
the components depends on the aim of the study for which the model is used.

5.1. Avoid Placing Too Many CSs

There are various ways to avoid placing an excessive amount of CSs. The first way
is to include cost in the objective function. Installing a CS is expensive. By minimizing
the total cost, the number of CSs will be limited to the minimum amount that is necessary
to perform the needed SAEV and V2G operations. A second manner to limit CSs is by
imposing a maximum allowed budget via a budget constraint. All expenses, including
the construction of CSs, must stay below this limit. A third approach is to take the grid
restrictions into account. A CS acts as an extra load in the distribution network. Too many
CSs can cause instabilities in the grid. Therefore, minimizing grid impacts in the objective
function or including grid constraints can help to bound the number of CSs.

Cost is a popular overlapping objective function for the allocation of SAEV’s and
V2G’s CSs, which can be used to place CSs in the most efficient way. Efficient in this context
means enough but not an excess of CSs to enable the SAEV fleet to perform their mobility
and V2G operations. Depending on the goal, different kinds of cost must be included in
the objective function of the optimization model. For instance, for the owner of an SAEV
fleet who is also responsible for installing CSs, the costs that need to be considered are
installation costs, fleet costs, maintenance and operation costs, and energy consumption
costs. However for a distribution company, costs related to the fleet of SAEVs are irrelevant.

5.2. Restrictions on the Power Grid

We can respect the restrictions on the grid in two ways. Firstly, grid impacts can be
minimized in the objective function. These grid impacts mainly include power losses and
voltage deviation. When these are minimized, the damage to the grid is minimized as well.
A second way is by imposing constraints related to the grid restrictions, such as limiting
the voltage profile (related to minimizing voltage deviation) and power flowing through
lines (related to minimizing power losses).

The benefit of using the objective function is that the goal is to optimally respect the
grid restrictions. The advantage of using constraints is that when finding a feasible solution,
it is assured that for this solution that the limits are respected.

5.3. Satisfy Charging/Mobility Demand

For an SAEV fleet to be accepted by customers, it is important that the fleet serves
the customers’ mobility demand as well as possible. This can be incorporated in the
optimization problem in different ways. The first way is to choose satisfied trips as an
objective function and maximize this. A second way is to set a constraint that all mobility
must be served (with a certain maximal waiting time). However, when the maximum
allowed waiting time is too small, this constraint can lead to a lack of feasible solutions to
the problem.
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In order to move towards installing CSs, it is important to investigate how mobility
demand can be converted into charging demand of an SAEV fleet. When charging demand
is mapped in time and space, it is possible to impose a constraint that all SAEVs’ charging
demand must be satisfied, to limit the maximal allowed charging reject rate, or to maximize
satisfied charging needs as objective function.

Finally, with this component, it is crucial to avoid a situation where CSs are clustered
too densely together, possibly leaving certain areas neglected.

5.4. Limits on SOC

It is important to avoid overcharging and deep discharging of the SAEVs’ battery
in order to limit battery degradation. To accomplish this, upper and lower limits should
be imposed on the SOC and be included as constraints of the optimization problem. For
SAEVs that are performing trips, this lower bound serves as a threshold to indicate that
the SAEV should find a charging opportunity. In V2G operations, the lower bound acts
as a threshold that decides when the SAEV should switch from discharging (V2G) to
charging (G2V). In an SAEV fleet with V2G operations, this is an important constraint to
take into account.

5.5. Higher Integration of Renewable Energy

A large penetration of renewable energy in the energy mix is important to reach
the potential reduction in GHG emissions in a world with SAEVs and V2G. Therefore, it
is important to implement RESs in the grid and investigate their optimal locations and
capacities. This can be achieved by adding the locations and capacities of RESs to the
decision variables of the optimization model, which some researchers have already carried
out in V2G papers [71–76,87].

5.6. Bring Services to the Grid

EVs can bring ancillary services to the grid in order to limit the damage caused
by charging many EVs. It is important to investigate where the grid could use this
extra support.

6. Conclusions

The ability of SAEVs to reduce GHG emissions, together with the ability of V2G
to assist in the grid and increase the share of RESs in electricity generation, makes it an
interesting topic to explore the potential of an SAEV fleet participating in V2G services. We
aimed to research how to find the optimal CI allocation for an SAEV-V2G system. However,
to the best of the authors’ knowledge, no research has been conducted on the optimal CI
allocation for the combination of both components. Therefore, this paper reviews papers
that optimize the locations of CSs for SAEVs and V2G separately. The aim of this paper is
to present a review of the current trends in charging infrastructure planning for SAEVs and
for V2G purposes, to identify an overlap between the models for SAEV CI and V2G CI, and
to present an approach to combine both fields. Three main methods for locating CSs were
identified: simulation, ad hoc placement, and optimization models. It was observed that
optimization models are the most popular method to locate CSs both for SAEV and V2G.

An overview of frequently used objective functions and constraints showed an overlap
between SAEV and V2G optimization models. In both fields, cost appeared to be an
important element to take into consideration. However, the overview also revealed a
contrast in perspective taken by SAEV CI optimizers and V2G CI optimizers. SAEV papers
focus on mobility, usually ignoring grid requirements and limitations. V2G papers on the
other hand take the grid into account, but tend to forget about mobility requirements. To
bridge this gap, this paper identified the most important elements for a CI optimization
model where the SAEV side and the V2G side are combined.
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It was found that six major components should be incorporated in a CI allocation
optimization model for SAEVs with V2G operations, consisting of both mobility and grid
components. These components are:

1. Restrict the number of CSs;
2. Take restrictions on the power grid into consideration;
3. Satisfy charging and mobility demand for the SAEVs;
4. Impose limits on the SOC to slow down battery degradation;
5. Integrate RESs in the decision variables;
6. Bring services to the grid.

For each of these components, the utility, advantages, and possible risks were dis-
cussed. To the best of the author’s knowledge, studies in the current literature only cover
part of these components. Their research is appropriate to serve their specific goal. However,
in the future, it would be interesting to explore the combination of SAEVs and V2G, and
to find a method to optimally place CSs for this matter. To reach this goal, future research
should try to incorporate all of the components presented in this paper. This overview can
serve as a guideline for future researchers to determine the optimal placement of CSs for
SAEVs with V2G operations.
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Appendix A

Table A1. The different decision variables considered by SAEV and V2G papers.
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[52] X X

[62] X

[63] X

[64] X X X

[65] X X X

[66] X X X

[67] X X X X

[70] X X X X X

[83] X X

[84] X X

[85] X X X

[68] X X X

[89] X X

[90] X

[82] X

[91] X X

[92] X
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[97] X X

[99] X

[77] X X X X

[86] X X

[87] X X

[88] X X

[78] X X X X

[79] X X

[69] X X

[71] X X X

[72] X X X X

[80] X X

[81] X

[73] X X X

[74] X X

[75] X X X X

[93] X

[94] X

[98] X
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2G

[76] X X X X

1 Capacitor, 2 Substation.
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Table A2. The different objective functions considered by SAEV and V2G papers. + = maximize;
- = minimize.
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[52] X X
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[94] X X

[98] X
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[76] X

1 WG/PV, 2 travel to CS + waiting in queue at CS.
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Table A3. The different constraints considered by SAEV and V2G papers. L = lower limit; U = upper
limit.
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