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Abstract. Charging decisions on electric vehicles is an important aspect to con-
sider for ensuring the continuity of the electric vehicle demand satisfaction. An
electric vehicle system could not operate well without sufficient resources for
charging each vehicle's battery after its use. In this study, we propose an alloca-
tion problem of electric vehicles to battery recharging stations. We discuss a re-
al-time electric vehicle charging problem, in which the decision to allocate the
vehicles to the charging stations must be made fast. Such a situation occurs
when we need to charge the vehicles within the operational time of the electric
vehicle system. We consider the required charging time and the number of re-
charging slots available at each station to ensure the recharging demand satis-
faction. To allocate the vehicles efficiently, we consider the charging price at
each station and minimize the total costs for the recharging. We formulate the
problem mathematically. Important cases to be considered in the problem are
listed.

Keywords: Electric Vehicle Recharging, Price Fluctuation, Allocation Prob-
lem.

1 Introduction

The usage of electric vehicles (EVs) for various purposes (e.g., car sharing, public
transportation, etc.) has become clearly important nowadays [1, 2]. EV sales have
been reported to increase every year, as shown in Fig. 1 [3]. Many studies have dis-
cussed various optimization problems in the EV system, including the EV station
location problem [4, 5], EV routing problem [6, 7], EV recharging problem [1, 8], etc.
In this study, we address the EV recharging allocation problem, in which the EVs to
be recharged are allocated to one of many recharging stations, as illustrated in Fig. 2 [9].
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Fig. 1. Increased global EV sales.
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Fig. 2. Alternative of EV recharging stations.

The difference between our study and previous studies are listed in Table 1. While
most studies discussed how to determine the EV charging price, our study deals with
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the EV allocation to the charging stations to minimize the total charging costs. Even
though [10] also discussed an EV allocation problem, our study differs from theirs
because we consider the limited number of charging slots available at each station,
while Aljafari et al. [10] allowed each EV to wait in queue at its allocated station.

Table 1. The novelty of our study.

Study Decision variables Objective

Minimizing charging load fluctua-

Renetal. [11 EV chargi i . .
enctal. [11] charging price tion and total charging costs
. . . Minimizing chargi ts of all
Liang et al. [12] EV charging price {IIZIng Charging costs ot a
users
Whether to charge each electric ~ Minimizing travel costs to the
Zhong et al. [13] taxi or not based on its level recharging station, the queuing
(state of charge) cost, and the recharging cost
EV routi d chargi hed- .
Deng et al. [14] ule routing and charging sche EV energy consumption
Minimizing charging load fluctua-
Lin et al. [15] EV charging price tion and maximizing profits for the

company
EV allocation to charging sta-

Aljafari et al. [10] tions (allowing queue at each

station)

EV allocation to charging sta-

tions (no queue, considering an ~ Minimizing total costs for EV

exact number of empty charging recharging

slots at each station)

Minimizing total costs for EV
recharging

Our study

Section 2 introduces a simplified EV allocation problem that does not consider the
transportation time required for the EV from its initial location to the recharging sta-
tion. Section 3 discusses the EV allocation problem considering the required EV
transportation time. Section 4 shows the numerical experiment result. Section 5 dis-
cussed some important aspects of the defined problems and possible extensions of the
problems to be considered by the next researchers. Section 6 concludes the study.

2 Electric Vehicle Allocation Problem without Transportation
Time Consideration

In the first problem, we consider the problem of allocating EVs to recharging stations.
We define time slots (e.g., 30 minutes) and consider that each EV requires a number
of time slots to recharge its battery to reach a minimum battery level for its next use.
At the moment of such real-time decision-making, each recharging station has a lim-
ited number of empty recharging slots. The mathematical model is presented as fol-
lows.
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Sets
E  : Setof electric vehicles to recharge (e =1, 2, ..., |E])
S : Set of recharging stations (s =1, 2, ..., |S])

Parameters

¢s @ Recharging cost per time slot at station s

ps : Number of available recharging slots at station s

re  : Number of required time slots to recharge EV e and reach its minimum
battery level

Decision variables

xes : 1,1fEV eis recharged at station s; otherwise, 0
Z Z XosCsle )
Z Xes =1 Ve €E ©)
ers s p; Vs ES 3)
X; = {0,1} Ve€EEs€ES (4)

Objective (1) minimizes the total charging costs considering the allocation of EVs
to recharging stations. Constraints (2) ensure each EV e to be recharged at exactly one
station. Constraints (3) limit the number of recharged EVs with the number of availa-
ble slots at each station s. Constraints (4) are binary constraints.

This first problem can easily be solved by using the transportation (mathematical)
model. The supply nodes are the slots available at the recharging stations, and the
demand nodes are the EVs. Considering that the number of EVs to be recharged is
less than the number of recharging slots, we introduce dummy nodes at the demand
side of the transportation model. Matrix representing the transportation problem is
shown in Fig. 3. A similar way to convert the allocation problem into the transporta-
tion model was considered by [1].

3 Electric Vehicle Allocation Problem with Transportation
Time Consideration

In the second problem, we consider a more realistic problem. We consider the EV
allocation problem to the recharging slots while considering the required transporta-
tion time for each EV from its initial location to its recharging station. To consider the
required transportation time, we introduce the time slot index, and to deal with a more
realistic setting, we consider the changes (fluctuation) in recharging prices at different
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time slots. Time slots with a higher demand have a higher price [16, 17]. The mathe-

matical model is presented as follows.

SUPPLY NODES

available reharging slots
(charging station, slot index)

assignments of EVs
to recharging stations

€3]
a
Q
<
a
Z
<
=
3]
=]

dummy unassigned slots
demand at recharging stations

Fig. 3. Alternative of EV recharging stations.

Sets

E  : Setof electric vehicles to recharge (e =1, 2, ..., |E])

S : Set of recharging stations (s =1, 2, ..., |S])

T  : Set of time slots (each time slot could refer to 30 minutes, 1 hour, etc.) (¢
=1,2,...,]7)

Parameters

¢ Recharging cost per time slot at station s during time slot ¢

dsu  : Required EV transportation time from station s to station u

0. : Station where EV e is initially located

ps : Number of available recharging slots at station s

re  : Number of required time slots to recharge EV e and reach its minimum
battery level

Decision variables

we : The first time slot during when EV e is recharged at a station

xes: : 1,1f EV eis recharged at station s during time slot #; otherwise, 0
ves . 1,if EV eis recharged at station s; otherwise, 0

ze @ The last time slot during when EV e is recharged at a station

Z Z Z xestcsl'
e N t

xestsygs VQEE,SESfET

(&)
(6)
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Zyes =1 Ve €E @)
me =P, VsES tET ®)
Xpr =0 Ve€E seS tefl2,..d,.} )
Xps =0 VeEE,sES,tE{lTl—does—re,lTl—does (10)
-7, + 1,...,7’}

W, < |TI(1 —x,) + X,y VeEESEStET (11)
Zy 2= oy Ve€E seESteT (12)
Z,—w,+1=r, Ve€E (13)
Xest = Te Ve€eEFE (14)

N t
X, = {0,1} Ve€EE seESteT (15)

Objective (5) minimizes the total charging costs considering the allocation of EVs
to recharging stations. Constraints (6)—(7) ensure that each EV e must be recharged at
exactly one station. Constraints (8) limit the number of recharged EVs with the num-
ber of available slots at each station s during each time slot z. Constraints (9) ensure
that each EV e cannot be recharged before it has been transported to the target station.
Constraints (10) limit the EV recharging decision at recharging station u if the EVs
cannot arrive at station u and complete the recharging before the planning horizon
ends. Constraints (11) and (12) calculate the first and last time slots when the EV e is
recharged. Constraints (13) and (14) ensure each EV e is recharged as long as it is
required. Constraints (15) are binary constraints.

4 Numerical Experiment

A numerical experiment was used to verify the mathematical model in Section 3 that
represents the more realistic situation. The solutions were obtained using GUROBI
10.0.2. The experiment was conducted on an Intel(R) Xeon(R) CPU at 2.20GHz on
the Google Colab platform. The input data are shown in Tables 2-6. The optimal solu-
tion was obtained in less than 1 second and is shown in Fig. 4. It shows the recharging
schedule at each station s on each time slot t. As an example, electric vehicles 1 and 4
are recharged at station 1 during time slots 3-4, while electric vehicle 5 is recharged at
station during time slots 3-5. The number of electric vehicles recharged at each time
slot at station 1 does not violate the station’s number of available recharging slots (3).
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Table 2. Values for ¢ parameter.

t
1 2 3 4 5 6 7 8 9 10 11 12
20 50 13 31 81 62 54 97 13 47 65 19
96 86 65 62 46 97 63 82 44 31 51 31
26 64 56 71 42 10 10 9 30 10 19
79 50 3 20 94 85 46 28 50 73 57 93
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Table 3. Values for d parameter.
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Table 4. Values for o parameter.

t

Table 6. Values for r parameter.

e

5 Discussions

The problems above are still simplified versions of what happens in reality. To ensure

more realistic cases, we could consider the following additional aspects:

1. A relaxation of the time slot concept. It will allow more effective use of available
charging times but require more computational time.
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2. Availability of the relocation vehicles, e.g., trucks transporting the EVs [1] or
vehicles driven by the relocation operators [18].

3. A longer planning horizon that considers the recharging operation of multiple
EVs at every single slot. It optimizes the relocation system better considering
more look-ahead periods.

4. A strong use of big data for understanding relationships between data and allow-
ing a better prediction that could increase the efficiency of the EV relocation pro-
cess [19, 20]. An example of how big data could be considered to optimize the
EV system operation is shown in Fig. 5 [21].

s=4
s=3 ‘ e=3
=2
S =5 | =9
=l =2 =3 =45 66 =7 =8 =9 =10 =11 =12

Fig. 4. The obtained optimal solution.

Digital model

Feedback
& decision

Fig. 5. Optimization framework for the EV system based on big data.

6 Conclusions

In our study, we introduced problems of allocating EVs to recharging stations. We
proposed two models: (1) when the transportation times of EVs from their initial loca-
tions to the recharging stations are not considered, and (2) when the transportation
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times are taken into account. We provide the mathematical formulation for both cases.
At the end of our study, we list some important aspects to be additionally considered
in the models to ensure considering more realistic scenarios. For further studies, it is
also necessary to conduct more experiments with realistic data to observe the pro-
posed models' behavior and assess the model's strengths and weaknesses.
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which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder.
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