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Abstract. In order to reduce carbon emissions, various government or-
ganizations have taken measures to promote the development of the elec-
tric vehicle industry. Motivated by scheduling practices, this work pro-
poses a battery electric bus (BEB) charging scheduling problem. Differ-
ent from the existing research on scheduling, the completion level of each
task in this problem is controllable, because the charging level of BEB
can be controlled. Besides, for saving charging cost, bus companies usu-
ally charge their battery electric buses (BEBs) at night. Because of the
concentration of charging time, the decision-maker must make charging
scheduling decision under a departure schedule to ensure charging with
no delay. For solving this problem, we first establish a mixed integer
linear programming model with the aim of minimising the total electric-
ity cost and battery loss cost. Numerical experiments demonstrate the
electiveness of the proposed model.

Keywords: Scheduling · Optimization · Bus charging · State of charge
· Battery loss cost.

1 Introduce

With the rapid development of the world economy and the excessive develop-
ment of natural resources, the energy crisis and the deterioration of the ecological
environment have become a focal topic (Ibarra-Rojas et al. 2015; Mahmoud et
al. 2016). As the dominant position of petroleum energy consumption and green-
house gas emissions, traditional fuel vehicles are facing revolutionary changes.
In the long run, new energy vehicles will become the main direction of the future
development of the automobile industry (Lajunen 2014; Nurhadi et al. 2014; Liu
and Song 2017; Grande Yahyaoui and Gómez 2018). In recent years, many coun-
tries and regions have issued policies to promote the development of new energy
vehicles. Especially battery electric buses (BEBs) are the main way to improve
environmental quality and promote people’s green travel (Wesseling 2016; Hao
et al. 2014).
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Due to many advantages of BEBs, their number has increased rapidly. How-
ever, the construction speed of charging piles is slow, and the problem of insuffi-
cient charging resources is prominent. Under the premise of the limited resources
available, a reasonable BEB charging scheduling can effectively solve this prob-
lem (Rogge et al. 2018; He et al. 2020; Abdelwahed et al. 2020). In this work,
we describe the process of BEB charging as a parallel machine problem that
controllable task completion level. As an important means to optimize indus-
trial resource allocation and promote industrial structure upgrading, parallel
machine scheduling theory can improve the competitiveness of enterprises (Liu
et al. 2012; Zheng et al. 2013; Karhi and Shabtay 2017; Aschauer et al. 2020). We
combined the parallel machine scheduling theory to establish a BEB charging
scheduling model with a controllable task completion level. In our mathematical
model, the task completion level is regarded as a variable to be decided. The
current research on BEBs mainly concentrates on the fields of charging site selec-
tion, charging resource optimization and allocation, and there are relatively few
studies on bus charging scheduling (Kang et al., 2016; He et al., 2020). And our
research is mainly devoted to the formulation of a charging scheduling plan, the
purpose is to save the cost of charging and battery loss. In addition, the model
incorporates the cost of battery loss into the minimization goal, and explores
the charging scheduling plan for BEBs.

The remainder of this paper is organized as follows. In Section 2, we describe
the problem. In Section 3, we establish a mixed integer linear programming
model. In Section 4, we have verified the applicability of the model through a
case study. In Section 5, gives the conclusion.

2 Problem description

In this part, we introduce the concept of BEB charging with a controllable
task completion level. The controllable task completion level means the BEBs
charging level can be controlled, and the BEB departure time and residual state
of charge (SOC) will affect its charging level decision. When the BEB starts to
charge, the residual SOC of the battery is known. There are |M| (M is charging
pile set) can be used to serve |J | (J is BEB set) BEBs. For the convenience of
calculation, we use a charging level set B = {1, 2, · · · , |B|} to replace the charging
power quantity set Q = {1%, 2%, · · · , |Q|%}. In details, charging level 1 denotes
1% of the battery capacity is charged. Once a BEB arrives at the charging
depot, its remaining SOC aj is known. We define Hj as the actual SOC of BEB
j after charging activity. The controllable task completion degree in this work
means that the charging level of each BEB is controllable. Fig. 1 describes the
controllable task completion degree. Notice that the red bracket part in Fig.1
denotes the controllable charging interval, while the green part means the actual
charging level.

In practice, a safe remaining SOC is usually set to ensure battery health of
each BEB. If the remaining SOC of a BEB less than its safe remaining SOC, it is
unavailable. In the actual operation process, such a safe remaining SOC usually
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set as 20% of the battery capacity. Under the given the fixed bus schedules,
we make a reasonable assumption that the departure time, arrival time and
driving route of each BEB are fixed and known before charging activity. Hence,
the lower SOC limits lj of BEB j ∈ J to meet a day’s operation is known.
Besides, for reducing the damage to the battery caused by overcharging and
over-discharging, BEB j ∈ J is set with an optimal SOC, i.e., H̄j . If Hj > H̄j ,
there is a overcharging risk. While Hj < H̄j , it may cause the battery’s discharge
depth to be too deep the next day, thus, there is a over-discharge risk. Therefore,
the closer the SOC after charging activity is to H̄j , the lower the loss of the
battery.

In addition, this research is also based on the following assumptions:

1. Only one charging depot is available to satisfy the charging demand of BEBs.

2. Each BEB has a fixed departure time.

3. The type of charging pile are the same, that is to say, the charging powers
are the same and known before charging activity.

4. All BEBs are homogeneous and have the same cruising range.

5. The charging rate of all charging piles is the same, and the charging process
is continuous.

Fig. 1. Charging process of BEB with controllable task completion
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3 Model formulation

In this work, we assume that only one charging depot is available to satisfy the
charging demand of BEBs. Under the given the fixed bus schedules, we make a
reasonable assumption that the departure time, arrival time and driving route
of each BEB are fixed and known before charging.

Below we first present other basic parameters and decision variables, and
then establish a mixed integer linear programming model.

Parameters

M : set of charging piles indexed by i, i.e., i ∈M = {1, 2, . . . , ||M|}
J : set of BEBs index j, i.e., j ∈ J = {1, 2, . . . , |J |}
B : set of charging level indexed b, b ∈ B = {1, 2, . . . , |B|}
aj : initial sate of charge (SOC) of BEB j ∈ J
lj : the lower limit of the SOC of the BEB j ∈ J after charging

rj : arrival time of BEB j ∈ J
dj : departure time of BEB j ∈ J
c : unit electricity price

āj : the lower limit of SOC before charging activity

H̄j : the optimal SOC j ∈ J
λ : the penalty coefficient for overcharging and over-discharging

τb : the charging time spent when charged to level b

L : a sufficiently large positive real number

Variables

Sj : charging start time of BEB j ∈ J
Cj : charging end time of BEB j ∈ J
pj : the charging time of BEB j ∈ J
Hj : the actual SOC at the end of charging activity

zjb : a binary variable equal to 1 if the BEB j ∈ J is charged to level

b ∈ B, 0 otherwise

xij : a binary variable equal to 1 if BEB j ∈ J is assigned to charging pile

i ∈M, 0 otherwise

yijj′ : a binary variable equal to 1 if both BEBs j ∈ J and j
′ ∈ J {j}

are charged on the charging pile i and j is charged before j′, and, 0

otherwise

The complete model is provided in (1)–(15):

min
∑
j∈J

∑
b∈B

c · τb · zjb +
∑
j∈J

λ · |Hj − H̄j | (1)
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Subject to: ∑
i∈M

xi,j ≤ 1 ∀j ∈ J (2)

Hj ≥ lj ∀j ∈ J (3)

Hj = aj +
∑
b∈B

b · zjb ∀j ∈ J (4)

xij + xij′ ≥ 2− L(1− yijj′) ∀i ∈M, ∀j, j′ ∈ J , j 6= j′ (5)∑
i∈M

(yijj′ + yij′j) ≤ 1 ∀j, j′ ∈ J , j 6= j′ (6)

Sj ≥ Cj′ − L(1−
∑
i∈M

yijj′) ∀j, j′ ∈ J , j 6= j′ (7)

Cj = pj + Sj ∀j ∈ J (8)

pj =
∑
b∈B

τb · zjb ∀j ∈ J (9)

∑
b∈B

zjb =
∑
i∈M

xi,j ∀j ∈ J (10)

∑
b∈B

zjb ≤ 1 ∀j ∈ J (11)

Cj ≤ dj ∀j ∈ J (12)

Sj > rj ∀j ∈ J (13)

zjb, xij , y
i
jj′ ∈ {0, 1} ∀i ∈M ∀j, j′ ∈ J ∀b ∈ B j 6= j′ (14)

sj , cj , pj ∈ Z+ ∀j ∈ J (15)

Formula (1) is to minimize the total charging cost. Constraint (2) denotes
that each BEB can only be assigned to a certain charging pile. Constraint (3)
ensures that the SOC of BEB j ∈ J after charging activity is not less than
the power required for BEB j ∈ J to complete a day’s operation. Constraint
(4) calculates the SOC of the battery after charging activity. Constraints (5)-(6)
define yi

jj′
, which means that if both buses j ∈ J and j′ ∈ J are charged on

the same charging pile i ∈ M, bus j is charged before j′. Constraints (7)-(9)
calculate the charging start time Sj , charging completion time Cj , as well as
charging time pj of each BEB j ∈ J . Constraints (10)-(11) guarantee that each
BEB can only be charged to a certain level. Constraint (12)-(13) express the
constraints of charging start time and completion time. Constraints (14)-(15)
give the value range of decision variables.
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4 Case study

For demonstrating the effectiveness of the proposed mixed integer linear pro-
gramming, we apply it to solve a case study, i.e., the transit sub-network in the
city of Shanghai, China.

4.1 Sub-network description and data preparation

We select a certain bus sub-network in the Shanghai area for analysis. This bus
sub-network includes one charging depot and 6 bus lines. For ease of expression,
bus lines are defined Line1 to Line6, and all bus lines are loop lines. The bus
departs from a terminal station and returns to the starting point after a round
detour. The bus sub-network is equip with BYD K9 BEBs. This type of BEB
has a cruising range of up to 350 kilometers, and the battery can be reused more
than 4000 times.

In this bus sub-network, the bus company arranges the number of buses
according to the length of each line. In the same bus route, the time interval
between adjacent flights is 5 minutes. the travel time between two bus stops is 5
minutes. In the same bus, the interval between the arrival time of the previous
flight and the start time of the next flight is 20 minutes. The real data is shown
in Table 2:

Table 2. Basic information of each bus line

Bus lineBus stops Temiral Mileage Number of BEBs Number of tasks per BEB
Line 1 11 2 16.9 km 17 11
Line 2 14 3 22.1 km 21 9
Line 3 12 2 18.2 km 18 10
Line 4 11 1 15.6 km 16 12
Line 5 9 2 14,3 km 15 13
Line 6 9 2 14.3 km 15 13

Table 2 shows the basic operation information of buses on different lines.
For example, on bus line 1, there are 11 bus stops and two terminal stations,
the total length is 16.9km. There are 17 buses operating together on this bus
Line, each bus needs to perform 11 flights of transportation tasks, and the daily
mileage is 185.9km.

4.2 Parameter setting and numerical experiment

Assigning values to the involved parameters according to the actual operating
conditions of the BEB. In order to protect the battery of the BEB, the bus will
set a minimum SOC requirement when it leaves the factory, the general setting
value is 20%, so we set āj = 20; We set the minimum SOC based on the average
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daily mileage of the BEB. Through calculation, after the charging activity, the
minimum SOC of the BEBs of line 1 to line 6 are set to 75%, 78%, 77%, 78%,
78%, and 76%, respectively. According to the physical properties of the battery,
when the SOC reaches 90%, the battery loss is minimal, so it is the optimal
SOC. The rated power of all charging piles in this charging depot is 60kw, and
the battery capacity of the BEB is 600Ah.

The charging depot serves 102 BEBs, and there are 30 charging piles in com-
mon. BEB earliest start time is 5:30, the latest end time is 22:35. For ease of
description, we let 5:30 as the starting point discretize one day into 288 time
intervals, with every five minutes as an interval. The proposed model was pro-
grammed in Matlab R2018a and solved by using the commercial solver CPLEX
12.4. All numerical experiments were run on a Surface book with 8 GB of RAM
and 4.0 GHz of CPU under a Windows 10 environment.

Table 3. Numerical experiment results

Line aj(%) pj(h) Hj(%) τb · zjb λ · |Hj − H̄j | obj
Line 1 25% 2.190 86% 131.40 136 2369.80
Line 2 27% 2.088 85% 125.28 210 2840.88
Line 3 30% 2.052 87% 123.12 108 2324.16
Line 4 25% 2.124 84% 127.44 192 2231.04
Line 5 36% 2.160 86% 129.60 120 2064.00
Line 6 27% 2,160 87% 129.60 90 2034.00
Total - - - - - 13863.88

The problem is solved in 13 minutes. The results are shown in Table 3. Since
the BEBs on the same route have the same transportation tasks and mileage,
the charging quantity and charging time after the decision is the same. The
total cost of charging for the bus sub-network is 13,863.88 RMB, which is 4.35%
lower than the average daily charging cost before the decision. At present, bus
companies do not take into account the battery loss cost when calculating the
charging cost. Therefore, the true ratio is higher than 4.35%.

5 Conclusion

In this work, we study a BEB charging scheduling model with a controllable task
completion degree. This model combines the physical properties of the power bat-
tery, taking into account the impact of overcharge and over-discharge on battery
loss, and incorporates the cost of battery loss into the model’s minimization goal.
In addition, the applicability of the model is verified by numerical experiments.
However, the current solution method consumes a long calculation time, and it
is even more unsolvable for large-scale multi-network problems. Therefore, our
next step is to develop efficient algorithms for this problem to solve large-scale
problems.
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