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Abstract: A conventional electric vehicle charger (EVC) charges only one EV concurrently. This leads
to underutilization whenever the charging power is less than the EVC-rated capacity. Consequently,
the cost-effectiveness of conventional EVCs is limited. Reconfigurable EVCs (REVCs) are a new
technology that overcomes underutilization by allowing multiple EVs to be charged concurrently.
This brings a cost-effective charging solution, especially in large car parks requiring numerous
chargers. Therefore, this paper proposes an optimal planning strategy for car parks deploying REVCs.
The proposed planning strategy involves three stages. An optimization model is developed for each
stage of the proposed planning strategy. The first stage determines the optimal power rating of power
modules inside each REVC, and the second stage determines the optimal number and configuration
of REVCs, followed by determining the optimal operation plan for EV car parks in the third stage. To
demonstrate the effectiveness of the proposed optimal planning strategy, a comprehensive case study
is undertaken using realistic car parking scenarios with 400 parking spaces, electricity tariffs, and
grid infrastructure costs. Compared to deploying other conventional EVCs, the results convincingly
indicate that the proposed optimal planning strategy significantly reduces the total cost of investment
and operation while satisfying charging demands.

Keywords: electric vehicle (EV); reconfigurable electric vehicle chargers (REVCs); planning; EV car
park; operation

1. Introduction

The speed of the global transition of the transport industry towards environmental
friendliness is critically based on the rate of adoption of EVs [1–3]. Therefore, to increase the
rate of adoption, more EV chargers (EVCs) are required. Further, with growing EV charging
demands, more EVCs are expected to be publicly available [4–6]. Careful consideration
must be given to various factors to properly plan EVC investments for public charging
purposes. These include satisfying charging demands that vary in location and the charging
time allowed [7–12], minimizing waiting time [13], and peak-load shaving and valley filling
to mitigate grid loading impacts [14–20].

Satisfying public charging demands depends on properly planning the number and
location of EVCs [7–13]. Meeting these demands can ensure the utilization rate of EVCs is
high, which improves the cost-effectiveness of investment. However, the average utilization
of public level-two and fast chargers is only 25% and 37%, respectively [21]. Numerous
EVC planning issues for public charging have been addressed in the literature, including
locations and installing appropriate numbers of fast and slow EVCs to meet charging
demands with minimum investment costs [7–13,22]. However, existing works only consid-
ered the number of EVCs to be installed without determining the optimal power rating
of each EVC. Nevertheless, satisfying charging demands also depends on determining
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the appropriate power ratings of EVCs. For example, EVCs that are undersized in terms
of power rating may be highly utilized but unable to fully satisfy all charging demands.
Not being able to satisfy charging demands introduces a risk that EV users may run out of
charge, which lowers the attractiveness of owning and using an EV. If EVCs are oversized
in terms of power rating, the level of utilization is lowered, and the cost-effectiveness of
the investment is reduced. Currently, the average utilization of the rated capacity of EV
chargers is only from 35% to 71% [21]. Therefore, EVC planning must be appropriate to
ensure EVC investment is cost-effective without compromising on the ability to satisfy
charging demands.

Less work exists on the planning of EVCs for large car parks. A planning approach for
large car parks to determine the optimal number of fast EVCs and waiting queue size was
presented in [23]. In [24], a planning method was developed to optimally plan the number
of fast EVCs and EV charge waiting spaces, with the charging demands modeled using
queuing theory and the Markov chain. An energy management strategy was presented
in [25] to maximize the EV penetration level and revenue in a car park with a transformer
capacity limit. In each of the studies reported in [23–25], different issues related to EV
car parks were addressed. However, the EVCs used in those studies were conventional
types that allow for charging only one EV at a time. This leads to underutilization of
EVCs whenever the charging power demanded is less than the rated capacity of EVCs.
This can occur for several reasons, for example, when the battery state-of-charge (SOC)
is high and the charging power demanded from the EVC is low, or when the charging
capacity allowed for a particular EV model is less than the power rating of the EVC. Thus,
the cost-effectiveness of conventional EVC investments is limited. This can be addressed
by raising the flexibility of EVCs, allowing one EVC to serve multiple EVs. An approach
to improving the flexibility of EVCs was presented in [26] by using a four-way switch
to adjust the connection of the EVC to only one of four connected EVs parked at four
different charging spaces. However, this approach does not allow for concurrent charging
of several EVs and gives limited improvement. In [27], the authors proposed a method to
improve the flexibility of EVCs by allowing an EVC to connect multiple EVs. Thus, the
charging schedules of the connecting EVs on an EVC can be controlled. By applying their
method, fewer EVCs can be installed, increasing the utilization of EVCs. The authors in [28]
designed a charging system to improve the flexibility of EVCs by connecting serval EVCs
to serval charging spaces. In their method, the random parking behaviors of EV users at
charging spaces can be solved by controlling the power flow from an available EVC to a
charging space via the connection cables among the charging spaces and EVCs. However,
the methods in [27,28] have some limitations. Firstly, the charging power of EVCs is not
flexible, making EVCs less likely to adapt to the charging power requirements of different
EV models. In addition, each EVC can only charge one EV at a time, so concurrent charging
of multiple EVs is not available. Moreover, the fact that their methods are practically viable
is unknown because they did not mention any EVC manufacturing companies that had
produced similar products.

To address the shortcomings of the existing methods, conventional EVCs have been
specifically adapted to overcome flexibility and utilization issues. EVCs of this type are
referred to as reconfigurable EVCs (REVCs).

A REVC comprises internal PMs that can be dynamically allocated to realize different
levels of output power at multiple outlets [29]. Several outlets can be coupled to a power
cabinet housing the PMs, with a control unit used to connect and disconnect PMs in a
power cabinet between outlets. This flexibility allows for better use of charging resources.
For example, if an EV needs only a portion of the power rating of a REVC, idle PMs can
be used for charging other EVs concurrently, which cannot be achieved by conventional
EVCs. Further, since the PMs of a REVC are self-contained, they are easily installed
and removed. Moreover, the wide power range makes a REVC suited to a wide range
of charging powers. These are significant benefits, and numerous manufacturers have
developed REVC products with similar functionality [30–38]. REVCs have been utilized
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in public areas, and some customers have provided positive feedback on using REVCs in
terms of flexibility [39]. A comparison of REVCs and conventional slow and fast EVCs is
shown in Table 1.

Table 1. Comparison of REVC and conventional types of EVCs.

EVC Type Slow EVC Conventional Fast EVC REVC

AC or DC AC DC DC
Number of EVs

Charged
Concurrently

1 1 >1

Flexibility Low Low High
Degree of
Resource

Utilization
Low Low High

There are two types of REVCs on the market. One is the integrated-type REVCs, where
each REVC has multiple identical PMs inside, as illustrated in Figure 1a. Generally, the
number of EVs that can be charged concurrently by an integrated-type REVC depends
on the number of PMs inside and the number of charging cables connected to a REVC. A
disadvantage of the integrated-type REVCs is the need for long charging cables to reach
charging spaces distant from the REVCs. For example, the lower-level charging spaces in
Figure 1a are distant from the REVCs in the upper charging spaces. This need for long
cables is an inconvenience and safety issue that practically limits the number of charging
cables fitted to an integrated-type REVC to two or three. Consequently, the number of
charging spaces served by an integrated-type REVC is limited.
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Figure 1. Schematic of (a) Integrated-type REVCs; (b) a split-type REVC.

The other type of REVC is the split-type, shown in Figure 1b, which has a power
cabinet and separate charging posts (CPs). For split-type REVCs, power outlets are CPs
connected to a REVC. The CPs are distributed at each charging space and connected to a
power cabinet via unobtrusive underground cables (dashed lines in the figure). Charging
cables of a convenient length connect to the CPs and are used to plug into the EVs. The
use of underground cables and charging posts allows charging spaces to be served that are
distant from the power cabinet, such as lower-level charging spaces. The PMs within the
split and integrated-type REVCs are controlled and reconfigured as necessary to deliver
the required power levels to different EVs.



Energies 2023, 16, 7204 4 of 21

The planning of REVCs has not previously been reported, despite key differences with
conventional EVCs that mean higher levels of flexibility and utilization can potentially be
realized. The key differences include the ability to charge multiple EVs concurrently and to
change the power allocated to each connected EV dynamically. Especially for split-type
REVCs, each one can connect many CPs, which introduces the numerous combinations of
REVC numbers and corresponding CP numbers for planning in large car parks. Therefore,
it is critical to have an optimal planning strategy to obtain the optimal plan for deploying
REVCs in large car parks. An optimal planning strategy that incorporates these key
differences and is suited to the planning of REVCs for small or large car parks is needed to
realize the full potential of REVC technology. Accordingly, an optimal planning strategy for
REVCs is presented in this paper. Compared with existing research, the key contributions
of this paper are summarized as follows:

• The proposed optimal planning strategy can be applied as a planning tool for car
parks deploying REVCs under various scenarios.

• The proposed optimal planning strategy can be applied as an operation controller for
REVCs to allocate charging powers and spaces for individual EVs.

• The proposed optimal planning strategy can not only determine the size (number of
REVCs) of EV car parks but also determine the optimal power rating for PMs and
each REVC.

• A grouping method is proposed to aggregate EV charging demands for scenarios with
a large number of EVs.

The remainder of the paper is organized as follows: The overall framework for the
proposed optimal planning strategy is illustrated in Section 2. In Section 3, the modeling
for determining the power rating of power modules is described. The optimization model
for determining the number and configuration of REVCs is formulated in Section 4. In
Section 5, the optimization model to determine the operation plan of REVCs is formulated.
In Section 6, a comprehensive case study is undertaken to illustrate the effectiveness of
the optimal planning strategy under various conditions and to show the benefits of using
REVCs compared to conventional EVCs. Finally, conclusions are given in Section 7.

2. Overall Framework for Optimal Planning Strategy

In this section, the overall framework of the proposed three-stage optimal planning
strategy is introduced. To provide an integrated plan, each stage of the proposed strategy
should be closely related. The outputs of the previous stage are applied as parameters to
the next stage. The first stage is to determine the optimal power rating of PMs. In this stage,
the degree of utilization of PMs is modeled. Therefore, the objective is to determine the
optimal power rating of PMs with a maximized degree of utilization. After the optimal
power rating of PMs is determined, this optimal power rating is used as a parameter for
the second stage. The second stage is to determine the optimal number and configuration
of REVCs, including determining the number of REVCs, the number of PMs in each REVC,
and the number of CPs connected to each REVC. Then, in the third stage, the optimal
operation plan can be determined based on the EV charging demands, which include the
charging profile for the whole car park, the additional transformer capacity to be upgraded,
and allocations of charging space and charging power for individual EVs. The determined
number and configuration of REVC in the second stage and the collected charging demands
are applied as parameters and constraints for the third stage to allocate the optimal charging
space and charging power for each EV. To obtain EV charging demands, government travel
reports or data mining methods can be utilized [40,41]. Once the data on EV charging
demand is obtained, advanced forecasting strategies can be applied to predict future EV
charging behaviors [42,43]. The forecasting of the data is out of the scope of this paper,
and please refer to the references for detailed explanations. Detailed explanations of the
proposed strategy and modeling are demonstrated in the following sections. The overall
framework of the proposed optimal planning strategy is displayed in Figure 2.
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3. Model for Determining the Power Rating of Power Modules

Because a REVC is made up of multiple identical PMs, and PMs are key components
of a REVC, determining the optimal power rating of PMs is essential. The objective is to
select the optimal power rating of PMs to achieve the highest degree of utilization. For
example, in Figure 3, an EV with a low battery SOC allows for charging at a 50 kW rate. If
the EVCS comprises five 10 kW PMs, all PMs will be fully utilized. If the EVCS comprises
four 15 kW PMs or three 20 kW PMs, underutilization will occur on the last PM. From this
example, it is apparent that the highest degree of utilization is achieved with 10 kW PMs.
In addition, the degree of utilization also depends on the charging power of an EV.
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When an individual EV is applying a REVC, mathematically, the number of working
PMs is expressed as:

Nindividual = ceil(
PEV

x
PPM

u
), (1)

where the charging rate of this EV is at PEV
x , and the power rating of PMs is PPM

u . Conse-
quently, for this EV, the degree of utilization for the last PM is:

UDindividual = 1− [Nindividual −
PEV

x
PPM

u
]. (2)

The degree of utilization can be generalized to a scenario with several different EV
types with diverse charging rates:

UDall = ∑x=X
x=1 wx·UDindividual (3)

where X is the number of EV types, and wx is the weighting factor of each EV type.
Therefore, the objective is to choose the optimal power rating of PMs when the degree

of utilization is maximized, which can be expressed as:

.
P

PM
u = argmax

PPM
u

UDall(PPM
u ). (4)
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4. Model for Determining the Number and Configuration of REVCs

After determining the optimal power rating of PMs, the optimal number and con-
figuration of RVECs can be determined. The number and configuration of REVCs are
determined by the parking behaviors of EV users. However, parking behavior is uncer-
tain. Therefore, some typical scenarios with different parking behaviors are considered
to represent uncertainty. Consequently, for determining the number and configuration
under uncertainty, an optimization model is formed as a robust optimization problem. The
purpose is to calculate an optimal solution when the worst-case scenario occurs within a
number of scenarios “δ∈∆”. From the EV car park operator’s perspective, at this stage, the
objective includes minimizing the equivalent annual investment cost of REVCs and the
degree of dissatisfaction due to losing some EV customers, as expressed in (5). The degree
of dissatisfaction is described by the time at which EV users look for charging spaces at
other EV car parks. The constraints account for the technical specifications of REVC and
the number of parking spaces, as formulated in (9)–(16). Thus, the optimization model is
formulated as follows:

min
a

max
δ∈∆

CRF·[costinv(a,δ) + costtime(a,δ )] , (5)

where:

CRF =
d(1+d)m

(1+d)m − 1
, (6)

costinv(a, δ) = (NPM(δ)·
.
P

PM
u ·costkW

PM + NCP(δ)·costCP + NCP(δ)·costcable + costother)·N(δ), (7)

costtime(a,δ) = Nloss(δ)·costperEV
time , (8)

subject to:

Pmin
REVC ≤ NPM(δ)·

.
P

PM
u ≤ Pmax

REVC, (9)

nmin
CP ≤ NCP(δ) ≤ nmax

CP , (10)

NEV
pt (δ) = NCP(δ)·N(δ) + Nloss(δ), (11)

NCP(δ)·N(δ) + Nloss(δ) ≤S, (12)

NPM(δ) ∈
{
Z+
}

, (13)

NCP(δ) ∈
{
Z+
}

, (14)

N(δ) ∈
{
Z+
}

, (15)

Nloss(δ) ∈
{
Z+

0
}

. (16)

The objective function and constraints are further explained as follows.

4.1. Objective Function

The objective function is to minimize the equivalent annual investment cost of REVCs
and the time cost (dissatisfaction degree) of some EV customers, which is expressed in
(5). Decision variables are the number of power modules for a REVC (NPM(δ)), number of
charging posts for a REVC (NCP(δ)), number of REVCs to be installed (N(δ)), and number
of lost EVs (Nloss(δ)). In (6), d is the discount rate, m is the life cycle of the project, and CRF is
the capital recovery factor of the costs. The capital recovery factor represents the conversion
relationship from the present value to equivalent annual costs in years. Equation (7) defines
the investment costs of deploying the split-type REVCs, including PMs, CPs, underground
and charging cables, and other expenses. If the integrated-type REVCs are deployed, the
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second term can be removed from (7). The time cost (dissatisfaction degree) is defined
in (8), which indicates the inconvenience of the user experience due to losing some EV
customers. The time cost (dissatisfaction degree) is calculated by the product of the number
of lost EVs and the cost of losing an EV. Because the number of charging EVs changes on
different days of the year, it is necessary to determine the optimal number of REVCs to
guarantee that most EVs have charging spaces. However, if too many REVCs are installed
to satisfy all the charging EVs on peak days, the cost-effectiveness of the REVCs will be
reduced. The reason is that many charging spaces will be idle on off-peak days due to too
many REVCs. Therefore, the purpose of having the time cost (dissatisfaction degree) in
the objective function is to save investment costs by not installing too many REVCs but
accommodating most EVs.

4.2. Constraints

REVC must follow the technical specifications of the manufacturers. These technical
specifications include the power rating of each REVC and the number of CPs allowed for
each split-type REVC. These constraints are expressed in (9) and (10). For certain places,
such as workplaces, commercial areas, and residential areas, EV users normally park their
EVs in parking spaces for longer durations. EV users may set up their charging demands
and connect charging cables on arrival. Therefore, to accommodate peak-time charging,
the sum of the total number of CPs to be installed (NCP(δ)·N(δ)) with the number of lost
EVs should be equal to the number of charging EVs during peak time (NEV

pt (δ)), defined
in (11). In addition, the total number of CPs with the number of losing EVs should not be
greater than the total number of parking spaces (S) in a car park, as defined in (12). The
product of the number of CPs connected to each REVC (NCP(δ)) and the number of REVC
(N(δ)) defines the total number of parking spaces offering charging (charging spaces). All
the variables in this optimization model are integers, as shown in (13)–(16).

5. Model for Determining the Operation Plan

After the optimal number and configuration of REVCs are determined, the operation
plan can be determined. The operation plan is also an important factor to be determined
when planning EV charging infrastructure. This is because the operation cost is a large
proportion of the total cost. In most of the studies, the operation cost of EV charging is
defined by the charging schedule of each EV [26–28]. To determine the charging schedule
of each EV, a group of decision variables is applied to control how much power is delivered
to each EV during each time slot. However, this is not suitable for planning scenarios with
a large number of EVs because it is impractical and inefficient for the power distribution
network (PDN) operator to control individual EVs directly. Therefore, to accommodate
the large-scale EV charging scenarios, a hierarchical method is proposed to determine the
operation plan, as displayed in Figure 4. Before EVs arrive at the EV car park, the EV
users set up their charging demands via the mobile app. Some mobile apps have been
commercialized for public EV charging [44–46]. Next, the charging demands are sent to the
communication and control center (CCC) of the EV car park. Then, the CCC aggregates
individual charging demands and sends the aggregated charging demand to the PDN
operator on behalf of the EV car park. After the PDN operator receives the power request
from the EV car park, the PDN operator dispatches power to the EV car park. The EV
car park obtains the daily charging profile based on the dispatched power. Afterwards,
based on the charging profile, the CCC calculates the optimal operation plan for each EV
and sends the allocation information for charging spaces to each EV via the mobile app.
Finally, each EV goes to the allocated charging space and gets charged. This method fits the
large-scale EV charging infrastructure planning problems and day-ahead scheduling of EV
charging problems since the EV charging demands are normally forecasted beforehand.
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Figure 4. Framework for determining the operation plan.

To apply the proposed hierarchical method, there are two sub-stages to determine
the optimal operation plan, as shown in Figure 2. In the first sub-stage, the individual
EV charging demands are aggregated. Then, the aggregated charging demand is used to
determine the optimal charging profile and additional transformer capacity to be upgraded.
Afterwards, in the second sub-stage, the determined charging profile and additional trans-
former capacity are applied as constraints to determine the allocation of charging spaces
and powers for individual EVs.

5.1. Determining the Charging Profile and Additional Transformer Capacity to Be Upgraded

In this sub-stage, individual EV charging demands are aggregated, and EVs are classi-
fied into different groups depending on their arrival and departure times, as demonstrated
in Figure 5. Different colors are applied to represent different arrival and departure times
of EVs. For example, in Figure 6, EV1, EV2, and EV5 arrive and depart during the same
time slot, as highlighted in blue; therefore, they are grouped into the same set. EV3 and
EV4 arrive and depart during the same time slot, as highlighted in orange; therefore, they
are grouped into the same set.
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For a group of EVs (g ∈ G) under scenario δ, to satisfy the energy demand, the
total energy supplied from the grid should not be less than the total energy demands, as
expressed in (17). To protect the EV batteries, (18) defines the sum of the total charged
energy and energy at arrival for each group to be not more than the group battery capacity.

∑
t=td

g
t=ta

g
Ptot

g,t (δ)·∆t·η ≥ ∑gi∈GI(SOCd
gi − SOCa

gi)·BCgi, ∀g ∈ G, (17)

∑gi∈GISOCa
gi·BCgi + ∑

t=td
g

t=ta
g
Ptot

g,t (δ)·∆t·η ≤ ∑gi∈GIBCgi, ∀g ∈ G, (18)

where Ptot
g,t (δ) is the total charging power of a group in a time slot t; ∆t is the duration

of a time slot; η is the charging efficiency; SOCd
gi is the desired SOC; SOCa

gi is the SOC at
arrival; and BCi is the battery capacity for an EV. Apart from utilizing the SOCs of an EV,
the energy level during a time slot of an EV can be utilized to represent the charging process
as well. In this study, to simplify the representation of the model, SOCs of EVs are applied
to the model.

The total charging power for each group should not be smaller than zero, as expressed
by (19). During each time slot (t ∈ T), which is taken as 15 min in this paper, the sum of
the total charging power in all the groups cannot exceed the sum of the maximum allowed
charging power of all EVs, as expressed by (20).

Ptot
g,t (δ) ≥ 0, ∀t ∈ T, ∀g ∈ G, (19)

∑g∈GPtot
g,t (δ) ≤ ∑i∈I Pmax

i , ∀t ∈ T, (20)

where Pmax
i is the maximum allowed charging power for an EV i.

To protect the transformer of the PDN, during each time slot, the total charging power
of all EV groups must not exceed the difference between the upgraded transformer capacity
and the baseload (Lbase

t ). The upgraded transformer capacity is defined by adding the
existing transformer capacity (Cex) with additional transformer capacity to be upgraded
(Ctransformer(δ)) to accommodate EV charging demands, as formulated in (21) and (22).

Therefore, the peak demand (Ppeak
demand(δ)) is not larger than the upgraded transformer

capacity but not smaller than the addition of charging power for all EV groups and the
baseload, as expressed by (23).

∑g∈GPtot
g,t(δ) ≤ (Cex + Ctransformer(δ))·PF− Lbase

t , ∀t ∈ T, (21)

Ctransformer(δ) ≥ 0, (22)

Cex + Ctransformer(δ) ≥ Ppeak
demand(δ) ≥ ∑g∈GPtot

g,t (δ) + Lbase
t , ∀t ∈ T, (23)

where PF is the power factor of the transformer.
From the EV car park operators’ perspective, the objective is to minimize the expected

operational cost in all the scenarios. The corresponding optimization model is formulated
as a linear programming problem below.

min
b

Eδ

{
costoperation(b, δ)

}
= min

b

{
∑δ∈∆wδ·costoperation(b, δ)

}
, (24)
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where:
costoperation(b, δ) = CRF·Ctransformer(δ)·costkVA

transformer,

+365·∑G
g=1∑T

t=1

[
Ptot

g,t (δ)·ETt·∆t
]
+ 12·Ppeak

demand(δ)·costkW
demand,

(25)

subject to (17)–(23).
The charging demands of EVs are uncertain. Therefore, some typical scenarios are

taken to represent the uncertainty of the charging demands. These typical scenarios have a
different probability (wδ). Consequently, to comprehensively consider these scenarios, the
expected value of the annual operation cost of all the scenarios with different probabilities is
calculated. Thus, the objective function in this sub-stage is to minimize the expected value
of the annual operation cost, as expressed by (24). The annual operation cost incorporates
three parts: the first term is the upgrade cost of the transformer; the second term is the
EV charging cost; and the third term is the cost of demand charge, as expressed by (25).
The decision variables are the transformer capacity to be upgraded (Ctransformer(δ)), total

charging power of each group in each time slot (Ptot
g,t (δ)), and the peak demand (Ppeak

demand(δ)).
The upgrade cost of the transformer is the cost that the EV car park operator spends to
upgrade the additional capacity of the transformer to accommodate EV charging demands.
The EV charging cost is based on the EV car park operator purchasing electricity from the
utility company. The electricity tariff ETt is set up by the utility company. The demand
charge is a monthly fee to maintain the amount of grid capacity needed to deliver enough
power to a large energy user. It depends on the peak power that a large energy user puts
on the grid.

5.2. Allocation of Charging Spaces and Powers for EVs

In this sub-stage, the charging spaces and powers can be allocated to individual EVs
based on the EV charging demands, the determined number and configuration of REVCs,
and the determined charging profile.

To satisfy the energy demand, the total energy supplied from the grid for each EV
(i ∈ I) should not be less than the energy required by each EV, as expressed by (26). To
protect the battery of each EV, (27) defines the sum of the charged energy and energy at
arrival for each EV as not more than the battery capacity of each EV.

∑
t=td

i
t=ta

i
∑n∈N Pi,n,t(δ)·∆t·η ≥ (SOCd

i − SOCa
i )·BCi, ∀i ∈ I, (26)

∑
t=td

i
t=ta

i
∑n∈N Pi,n,t(δ)·∆t·η + SOCa

i ·BCi ≤ BCi,∀i ∈ I, (27)

where ta
i and td

i are the arrival time and departure time of an EV, respectively; SOCa
i and

SOCd
i are the arrival and departure SOC of an EV, respectively; BCi is the battery capacity

of an EV.
The charging power of each EV (Pi,n,t(δ)), during each time slot, should not be smaller

than zero or greater than the maximum charging power allowed by each EV, as expressed
by (28).

0 ≤ Pi,n,t(δ) ≤ Si,n,t(δ)·Pmax
i (δ), ∀i ∈ I, ∀n ∈ N, ∀t ∈ T, (28)

where Si,n,t(δ) is a set of binary variables defining the connection between an EV i and a
REVC n ∈ N, as shown in (29).

Si,n,t(δ) ∈ {0, 1}. (29)

The summation of the individual EV charging power during each time slot should not
be greater than the total charging power for the whole EV car park, as expressed in (30).

∑i∈I∑n∈N∑t∈T Pi,n,t(δ) ≤ Ptot
t (δ), ∀t ∈ T, (30)
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To avoid situations where the sum of the charging power of EVs exceeds the deter-
mined charging profile, a new set of variables Padd

t (δ) is applied to indicate that the CCC
makes additional power requests to the PDN operator. In (31), the additional power request
during each time slot should be greater or equal to zero because the power is dispatched
from the PDN.

Padd
t (δ) ≥ 0, ∀t ∈ T, (31)

Thus, the total charging power for the whole EV car park is the sum of the determined
charging profile and the additional power requests, as expressed in (32).

Ptot
t (δ) = ∑g∈GPtot

g,t (δ) + Padd
t (δ), ∀t ∈ T, (32)

In (33), for each REVC, during each time slot, the total charging power provided by a

REVC cannot exceed its power rating (NPM(δ)·
.
P

PM
u ).

∑i∈I Pi,n,t(δ) ≤ NPM(δ)·
.
P

PM
u , ∀n ∈ N, ∀t ∈ T, (33)

where
.
P

PM
u is determined in Section 3, and NPM(δ) is determined in Section 4.

Since the configuration of the REVCs is determined in Section 4, for each REVC, the
number of connected EVs during each time slot cannot be more than the number of CPs
linked to each REVC, as expressed by (34).

∑i∈ISi,n,t(δ) ≤ NCP, ∀n ∈ N, ∀t ∈ T, (34)

An EV is only allowed to connect one REVC during the time it stays in the car park, as
formulated in (35). In (36), an EV is not connected to any REVCs before it arrives or after it
leaves the car park.

∑n∈NSi,n,t(δ) = 1, ∀i ∈ I, ∀t ∈
[
ta
i , td

i

]
, (35)

∑n∈NSi,n,t(δ) = 0,∀i ∈ I, ∀t ∈
[
1,ta−1

i

]
∪
[
td+1
i , T

]
, (36)

The primary purpose of this sub-stage is to ensure that the sum of the power allocated
to EVs is close to the charging profile determined in the previous sub-stage. Therefore, the
objective is to minimize the difference between the total charging power for the whole EV
car park and the summation of the charging power of individual EVs in each time slot.
Thus, the optimization model for allocating charging spaces and powers is formulated
below as a mixed-integer linear programming problem.

min
Pi,n,t(δ)

[
Ptot

t (δ)−∑i∈I∑n∈N∑t∈T Pi,n,t(δ)
]
, (37)

subject to (26)–(36).

6. Case Study
6.1. Case Overview and Parameter Settings

The proposed optimal planning strategy is applied to an existing car park with 400
parking spaces on the south campus of Auckland University of Technology, New Zealand.
The existing transformer capacity, Cex, is 750 kVA. In this case study (University), there are
four typical types of days based on the weather conditions in Auckland city. According to
the annual calendar of the University, the probabilities of the occurrence of these types of
days are 0.26 (University days in summer), 0.31 (University days in winter), 0.33 (holiday
days in summer), and 0.10 (holiday days in winter) [47]. The existing baseload of the
campus is illustrated in Figure 7. There are a total of 461 vehicles on a university day, and
there are a total of 182 vehicles on a holiday day. Arrival times and parking durations
of these vehicles were recorded during working hours from 9:00 to 17:00, as shown in
Figures 8 and 9, respectively. The data were collected in the University car park from 9
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am to 5 pm on University days and holiday days, respectively. Arrival and departure
times and parking durations of vehicles were recorded manually. Then, the recorded data
were summarized according to the University days and holiday days. All the vehicles
parked were internal combustion engine vehicles. For the case study, the vehicles are
assumed to be EVs. Popular EV models in New Zealand, including the Nissan Leaf, BMW
i3, Hyundai Kona, and Renault Zoe, are applied in this case study. The proportions of these
EV models are assumed as 40%, 30%, 20%, and 10%, respectively. Rated battery capacities
and maximum charging powers for each EV type are shown in Table 2. In the summer
season, the usable battery capacities were assumed to be rated capacities. However, in
the winter season, due to the influence of temperature, the usable battery capacities were
assumed to be 90% of the rated capacities [48]. The arrival SOC and departure SOC for each
EV are taken as 40% and 80%, respectively [26,49–51]. Transformer and REVC parameters
are displayed in Table 3 [52]. The electricity tariffs are listed in [53], used as electricity
purchase prices paid by REVC operators, as shown in Table 4. The demand charge per kW
(costkW

demand) is taken as 8.46 $/kW [54]. The discount rate (d) is assumed to be 6% [55]. The
life cycle of the project (m) is assumed to be 10 years. The time cost (dissatisfaction degree)
of losing an EV is set as the time cost of an EV looking for an available charging space in
another EV car park. The time cost per hour is taken as the median hourly wage, which
is NZD 29.66 [56]. Therefore, in 10 years, the time cost (dissatisfaction degree) of losing
an EV is the multiplication of time cost per hour (NZD 29.66/hour), time spent every year
(17 h) [57], and the project life cycle (10 years).
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Table 2. Rated battery capacity and maximum charging power.

EV Type Nissan Leaf BMW i3 Hyundai Kona Renault Zoe

Battery Capacity 62 kWh 42.2 kWh 67.5 kWh 54.7 kWh
Maximum Charging Power 100 kW 49 kW 77 kW 46 kW

Table 3. Transformer and REVC parameters.

Parameter Value Parameter Value

Pmax
REVC 480 kW (split-type) 160 kW (integrated-type) costcable NZD 1500

Pmin
REVC 120 kW (split-type) 100 kW (integrated-type) costother NZD 1500
nmax

CP 12 (split-type) 3 (integrated-type) PF 0.99
nmin

CP 2 (either type) Cex 750 kVA

costkW
PM NZD 100/kW costkVA

transformer
NZD

150/kVA
costCP NZD 1500 η 95%

Table 4. Electricity tariffs.

Period Type Tariff (NZD/kWh) Times (Hour)

Peak 0.2167 (12:00~19:00]
Shoulder 0.1116 (10:00~12:00] and (19:00~21:00]
Off-peak 0.0837 (21:00~10:00]

In Section 6.3, the comparison primarily focuses on split-type REVCs and conven-
tional EVCs, as split-type REVCs are considered to have the highest flexibility. After that,
Section 6.5 compares split-type REVCs and integrated-type REVCs.

6.2. Optimal Power Rating of PMs

According to REVC manufacturers, five commonly available power ratings of PMs
are used. These power ratings include 10 kW, 15 kW, 16 kW, 20 kW, and 30 kW [58,59].

Based on (3) and (4), calculated degrees of utilization of PMs are displayed in Table 5.
In this scenario, PMs with a 10 kW power rating have the highest degree of utilization.
Consequently, 10 kW PMs are selected and will be utilized as a parameter in the number
and configuration determining stage.
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Table 5. Degrees of utilization of PMs.

Power Rating of PMs (kW) Degree of Utilization

10 87%
15 38.14%
16 36.875%
20 73.5%
30 48.74%

6.3. Planning Results

The optimization in the number and configuration determining stage is conducted
according to the selected power rating of PMs and other parameters. The numerical simula-
tion results of planning are shown in Table 6. The outputs of the number and configuration
determining stages are utilized as parameters in the operation plan determining stage. The
planning results of REVC are compared with slow and fast EVCs under coordinated and
uncoordinated charging. Coordinated charging is an operation to control the charging
schedules of EVs to realize some objectives, such as peak shaving or reducing charging
costs. Uncoordinated charging is an ordinary operation in which EVs get charged immedi-
ately after connecting EVCs. The optimization problems were solved by CPLEX using the
branch-and-bound method [60]. Planning results show that the number of REVCs to be
deployed is much fewer than the number of slow EVCs or fast EVCs, and the total cost of
planning REVCs is less than the other two types of EVCs. This is because each REVC can
serve several charging spaces concurrently and dynamically allocate charging power to
different charging spaces. This contrasts with conventional slow or fast EVCs, which can
serve only one charging space at a time.

Table 6. Planning results.

EVC Type REVC (Split-Type) Slow EVC Fast EVC Slow EVC Fast EVC

Operation Manner Coordinated Coordinated Coordinated Uncoordinated Uncoordinated

EVC Number 30 362 360 362 360

Charging Post/cable
per EVC 12 1 1 1 1

EVC Power Rating (kW) 120 20 100 20 100

Upgraded Transformer
Capacity (kVA) 750 + 771 750 + 771 750 + 771 750 + 1937 750 + 5762

Equivalent Annual
Investment Cost (k NZD) 201.764 245.921 2445.623 245.921 2445.623

Equivalent Annual
Time Cost (Dissatisfaction

Degree) (k NZD)
1.370 0 1.370 0 1.370

Annual Operation
Cost (k NZD) 102.674 102.674 102.674 319.620 986.262

Annual Cost of
Demand Charge (k NZD) 154.412 154.412 154.412 281.515 661.098

Equivalent Annual
Transformer Upgrade Cost

(k NZD)
6.914 6.914 6.914 39.476 117.431

Total Annual Cost (k NZD) 428.789 471.576 2672.648 886.532 4211.784
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According to the outputs of the number and configuration determining stage and EV
charging demands, optimization in the operation plan determining stage is conducted. The
coordinated charging strategy can be achieved by applying the proposed charging strategy,
where the operation cost is reduced significantly, as indicated in Table 6. Even though
the operation cost, the cost of demand charge, and the transformer upgrade cost of three
different types of EVCs are the same with coordinated charging, the total annual cost of
deploying REVCs is 9% and 84% less than slow and conventional fast EVCs, respectively.
This is due to the fact that a smaller number of REVCs can be deployed than conventional
EVCs, and a larger number of EVs can be charged concurrently by each REVC. The charging
profiles of REVCs under different scenarios by applying the proposed optimal planning
strategy are illustrated in Figure 10. Comparing Figure 10a,b, the peak load is larger in the
summer than in the winter. This is because the driving range of an EV is short in winter
due to the weather impact on the usable battery capacity [39]. Consequently, under the
same arrival and departure SOCs, the energy delivered to an EV is less in winter. For
charging profiles on a holiday day of the summer season or winter season, most of the
charging sessions happen during the peak-tariff period. This is because most of the EVs
arrive after 12:00 and depart before 18:00. Therefore, due to the constraints of arrival
and departure times, their charging sessions are arranged during the peak-tariff period.
Comparing the charging profiles on a university day and on a holiday day, the peak load
is much smaller on a holiday day than on a university day. This is due to the fact that
the number of charging EVs on a holiday day is much smaller than on a university day.
The charging profiles of slow and fast EVCs with uncoordinated charging are shown
in Figures 11 and 12, respectively. In Figure 10, many charging sessions are scheduled
during off-peak and shoulder periods, compared to Figures 11 and 12. This is because by
applying the optimization model in the third stage of the proposed strategy, the function of
coordinated charging can be achieved, and charging sessions can be shifted to relatively
lower tariff periods to minimize the operation cost. For EVs stayed overnight, charging
sessions can be arranged during night periods with off-peak tariffs. For EVs parked for a
short time, charging power can be designated to a proper level without compromising on
charging demands.

In addition, the cost of the demand charge and the upgraded transformer capacity
by applying coordinated charging are relatively smaller. However, for uncoordinated
charging, charging sessions occur immediately after the arrival of EVs. Therefore, at the
peak time of the arrival of numerous EVs, many charging sessions are carried out at the
same time, resulting in a high peak load. Consequently, high peak loads result in a large
demand charge and upgraded transformer capacity.
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Figure 10. Cont.
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Figure 10. Charging profiles with the proposed strategy (a) a university day of the summer season;
(b) a university day of the winter season; (c) a holiday day of the summer season; (d) a holiday day
of the winter season.
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Figure 11. Charging profiles by applying slow EVCs with uncoordinated charging (a) a university
day of the summer season; (b) a university day of the winter season; (c) a holiday day of the summer
season; (d) a holiday day of the winter season.
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Figure 12. Charging profiles by applying conventional fast EVCs with uncoordinated charging (a) a
university day of the summer season; (b) a university day of the winter season; (c) a holiday day of
the summer season; (d) a holiday day of the winter season.

6.4. Influence of State-of-Charge

The arrival SOC and departure SOC depend on the battery energy left when each EV
arrives at a car park and the energy required before each EV leaves, respectively. Thus,
different arrival and departure SOCs would influence the charging demands of EVs and
further influence the total annual cost. The total annual costs under different arrival SOCs
and departure SOCs are given in Figure 13. The lower the arrival SOC and the higher the
departure SOC, the higher the total annual cost. For the battery health of EVs, it is suggested
that battery SOC be maintained between 20% and 80% [36]. Consequently, applying a 20%
arrival SOC to 80% departure SOC is appropriate for a worst-case planning scenario.
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Figure 13. Total annual cost under different arrival and departure SOCs.
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6.5. Comparison of Split-Type and Integrated-Type REVCs

The comparison of two types of REVCs is undertaken in this section under different
charging spaces. Under a small number of charging spaces, the equivalent annual invest-
ment cost of planning integrated-type REVCs is less than that of planning split-type REVCs,
as shown in Figure 14a. However, under a large number of charging spaces, the equiv-
alent annual investment cost of planning split-type REVCs is less than that of planning
integrated-type REVCs, as illustrated in Figure 14b.
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Figure 14. Equivalent annual investment cost comparison (a) with a small number of charging spaces;
(b) with a large number of charging spaces.

A car park with a small number of charging spaces only requires a few EVCs. Due to
the technical specifications, the power rating of each split-type REVC is larger than that of
each integrated-type REVC. Consequently, the number of PMs in each split-type REVC is
greater than that of each integrated-type REVC. Therefore, the cost of each split-type REVC
is more expensive than each integrated-type REVC. Thus, the annual investment cost of
deploying split-type REVC is more costly than deploying integrated-type REVC. However,
because each split-type REVC can connect more EVs, the charging resources of a split-type
REVC can be shared with more EVs compared to an integrated-type REVC. Consequently,
for a car park with a large number of charging spaces, relatively fewer split-type REVCs
are deployed compared to integrated-type REVCs. Thus, the annual investment cost of
deploying split-type REVC is less expensive than deploying integrated-type REVC.

6.6. Sensitivity Analysis for REVC Component Costs

The component costs of REVCs and conventional EVCs vary depending on the manu-
facturers. Therefore, to evaluate the influence of the component costs on the equivalent
annual investment cost of the planning, a sensitivity analysis is undertaken in this section.
The main components of REVCs are PMs, CPs, and cables. The cost range for these com-
ponents is presumed according to [44], shown in Table 7. The cost range for a 20 kW slow
EVC is from NZD 5000 to NZD 8000. The cost range for a 100 kW fast EVC is from NZD
50,000 to NZD 75,000. To compare the equivalent annual investment costs with deploying
REVCs, slow EVCs, and fast EVCs, the same scenario in Section 6.1 is applied. With the
variations in the cost range, the equivalent annual investment cost of deploying REVCs is
smaller than that of deploying slow or fast EVCs, as shown in Figure 15. This is because
the number of REVCs to be deployed is much smaller than the other two types of EVCs, as
each REVC can charge multiple EVs concurrently.

Table 7. Cost range for REVC components.

Component Cost Range

Power Module 100~150 (NZD/kW)
Charging Post 1500~2500 (NZD)

Cable 1500~3500 (NZD)
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7. Conclusions

An optimal planning strategy for REVCs has been proposed in this paper. The pro-
posed optimal planning strategy involves three stages, and an optimization model has been
developed for each stage. The optimization model of the first stage determines the optimal
power rating of internal PMs inside each REVC, and the optimization model of the second
stage determines the optimal number and configuration of REVCs, followed by determin-
ing the optimal operation plan of REVCs from the optimization model of the third stage.
To demonstrate the effectiveness of the proposed optimal planning strategy based on the
optimization models, a comprehensive case study has been undertaken using realistic car
parking scenarios with 400 parking spaces, electricity tariffs, and grid infrastructure costs.
The results of the case study have shown that deploying REVCs by applying the proposed
optimal planning strategy can reduce the total annual cost by 9% and 84%, respectively,
compared to deploying other conventional types of EVCs.
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