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With the rapid development of the electric vehicle industry and promotive policies worldwide, the electric bus (E-bus) has been
adopted in many major cities around the world. One of the most important factors that restrain the widespread application of the
E-bus is the high operating cost due to the deficient battery management. This paper proposes a geometric-process-based (GP-
based) battery management optimizing policy which aims to minimize the average cost of the operation on the premise of meeting
the required sufficient battery availability. Considering the deterioration of the battery after repeated charging and discharging,
this paper constructs the model of the operation of the E-bus battery as a geometric process, and the premaintenance time has
been considered with the failure repairment time to enhance the GP-based battery operation model considering the battery cannot
be as good as new after the two processes. The computer simulation is carried out by adopting the proposed optimizing policy,
and the result verifies the effectiveness of the policy, denoting its significant performance on the application of the E-bus battery
management.

1. Introduction

With the intensification of the environmental pollution as
well as the fast development of the smart grid and the vehicle
industry, the electric vehicle (EV) will be a significant trend
in the vehicle industry for its environment-friendly, energy
saving, and high energy utilization rate characteristics [1, 2].
With the massive access of the EVs in the near future, the
electric bus, that is, E-bus, will constitute a significant part
in the public transportation [3]. And, with the development
of the battery-switching technology, the battery-switching
station (BSS) is the necessary refueling infrastructure for the
adoption of the E-bus [4, 5].

Due to the aging of the E-bus batteries through repeated
charging and discharging as well as stochastic impacts of
the daily usage, the state of health (SOH) of the batteries
degenerates, causing the rising of batteries failing probability.
Those disadvantages above will result in the reduction of the
battery life-cycle, the decline of the battery’s availability, and
the increasement of the E-bus daily cost-in-use. Therefore,
themanagement of the battery should be optimized to further
enhance the operating availability and reduce the long-run

average cost per unit time, andmany related studies have been
carried out focusing on the problems of battery operation and
repairment.

Gould et al. [6] propose an adaptive battery model to
observe the battery voltages and monitor the degradation of
the estimated dynamic model parameters, and Agarwal et al.
[7] build the battery model that incorporates with the
recovery effect for accurate life-cycle estimation and make
a suggestion about the maximum available energy approxi-
mated at charge/discharge nominal power level.

In the state of charge (SOC) estimation,Wang and Liu [8]
gather the parameters of battery voltage, current, and temper-
ature in real time and estimate the battery state of charge
as well as implementing the fault diagnosis or alarming
according to the battery status to achieve the full and efficient
use of battery power.

In the SOH monitoring, Li et al. [9] study the EV battery
monitoring and management system based on monitoring
and analyzing the performance of Li-ion battery and the
battery fault in the operation of electric vehicle; Han et al.
[10] propose a novel health prediction model of Li-ion
battery based on sample entropy and establish the prediction
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Figure 1: Life-cycle of the E-bus battery.

model by calculating the sample entropy, using Arrhenius
formula and optimizing and fitting polynomial; Paul-Henri
and Vincent [11] propose a scheme of state of charge and
state of health estimation using a hybridization of Kalman
filtering, Recursive Least Squares approach, and Support
Vector Machines learning; and Dung et al. [12] propose a
state of health estimation system based on time-constant-
ratio measurement, which achieves the purpose of an
environmental-impedance-free and fast SOH estimation.

However, the previous modeling, estimation, and moni-
toring studies related to the EV batteries mainly concentrate
on the prediction of the SOC or SOH and seldom consider
the effects of the battery premaintenance, which is critical in
prolonging the life-cycle of the battery. And the geometric-
process-based (GP-based) method, with its practical advan-
tages in characterizing the whole operation process of the
components in a system [13], gains worldwide scholar’s atten-
tion in recent years, and many researches have been carried
out based on GP in different application domains. Tan et al.
[14] and Jia et al. [15] study an optimal maintenance strategy
for one component and present the optimal tradeoff model
of cost and availability. Lam [16] introduces a geometric
process 𝛿-shock maintenance model for a repairable system
and adopts a replacement policy forminimizing the long-run
average cost per unit time.Wang and Zhang [17–20] as well as
Zhang [21] propose a GP-based preventive repairment policy
to solve the efficiency for a deteriorating and valuable system
tominimize the average cost rate, andHan et al. [22] present a
generalized formulation for determining the optimal operat-
ing strategy and cost optimization for battery and formulate
the operating strategy as a nonlinear optimization problem.
Most of the studies based on GP denote a good applicability
in the related fields, but their assumption that the property of
the component, for example, the EV battery, after premainte-
nance is as good as new is not fully compatible with the E-bus
battery considering its chemical reactions within. Aiming at
improving the insufficient aspectsmentioned above, themain
research work of this paper is carried out as follows:

(1) A monotone process model of the E-bus battery is
proposed by applying GP theory.

(2) The process of the premaintenance is modelled on
condition that the battery, after premaintenance, can-
not be as good as new.

(3) The long-run average cost per unit time is optimized
on the premise of meeting the required availability
under the proposed E-bus battery management opti-
mizing policy.

The content of the paper is arranged as follows: in
Section 2, the mathematical model is proposed for the E-bus
battery life-cycle based on GP, and the necessary definitions
and the assumptions are given; in Section 3, E-bus battery
management optimizing policy is applied to estimate the
long-run average cost per unit time under the constraint
of the availability; in Section 4, the simulation results are
evaluated for the 220Ah Li-ion battery and the effectiveness
of the proposed E-bus batterymanagement optimizing policy
is verified; and the paper concludes in Section 5.

2. Mathematical Model

Themathematical model of the E-bus battery life-cycle based
on GP is firstly proposed. Assume that the E-bus battery is
new at the beginning, and the initial state of health (SOH) is
𝑅0. When a single operation is completed, the E-bus battery
will be premaintained. Then the maintenance policy (𝑀,𝑁)

is applied, where the amount of the premaintenance within
a single failure repairment is 𝑀 while the failure repairment
amount during the battery life-cycle is𝑁.

By the definition of GP, a complete life-cycle of an E-bus
battery is actually a time interval between the beginning of
the battery’s initiated utilization and the first replacement or
a time interval between two consecutive replacements, and
the life-cycle of the E-bus battery is illustrated in Figure 1. For
𝑛 = 1, 2, . . . , 𝑁 − 1, the time interval between the (𝑛 − 1)th
and the 𝑛th failure repairment in a cycle can be defined as the
𝑛th period of the E-bus battery life-cycle. Given the battery
operating time after the 𝑖th premaintenance in the 𝑛th period
{𝑋
𝑖

𝑛
, 𝑛 = 1, 2, . . . , 𝑖 = 1, 2, . . .}, the 𝑖th premaintenance time

in the 𝑛th period {𝑌
𝑖

𝑛
, 𝑛 = 1, 2, . . . , 𝑖 = 1, 2, . . .}, and the

failure repairment time in the 𝑛th period {𝑍
𝑛
, 𝑛 = 1, 2, . . .},
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let {𝑀
𝑛
, 𝑛 = 1, 2, . . .} be the amount of the premaintenance

in the 𝑛th period and 𝐻 the replacement time. Finally, the
replacement policy (𝑀,𝑁) is applied by which the battery
is replaced by a new one at the time when the SOH is less
than or equal to the threshold 𝑅 after the 𝑁th period. And
the depleted battery that has been replaced will be sold or
recycled for the secondary usage.

Considering the chemical property of the battery, the
battery’s SOH will deteriorate in the process of repeated
charging and discharging. The following definitions and
assumptions are given.

Definition 1. The depreciation rate of the battery after a
single operation is 𝑤1, the recovery rate after a single
premaintenance is 𝑤2, and the descent rate after the failure
repairment is𝑤3, where (1+𝑤2)(1−𝑤1) < 1 denotes that the
premaintenance process will improve the performance of the
battery by reducing but not eliminating the loss of the SOH
during the operating process.

Definition 2. The successive battery operating time {𝑋
𝑖

𝑛
, 𝑖 =

1, 2, . . .} after premaintenance in the 𝑛th period forms a GP
with ratio 𝑎 and 𝐸(𝑋

1
1) = 𝜆, and the premaintenance time

{𝑌
𝑖

𝑛
, 𝑖 = 1, 2, . . .} in the 𝑛th period forms a GP with ratio 𝑏

and 𝐸(𝑌
1
1 ) = 𝜇, while the consecutive failure repairment time

{𝑍
𝑛
, 𝑛 = 1, 2, . . .} constitutes a GP with ratio 𝑐 and 𝐸(𝑍1) = 𝜐.

Besides, the replacement time 𝐻 is a random variable with
𝐸(𝐻) = 𝜏.

Definition 3. The premaintenance cost rate is 𝑐
𝑚
, the failure

repairment cost rate is 𝑐
𝑓
, the benefit rate of the battery

operating is 𝑐
𝑏
, the replacement cost rate is 𝑐

𝑟
corresponding

to the replacement time 𝐻, the cost of the new battery is 𝑐
𝑁
,

and the depleted battery recycling benefit is 𝑐
𝑐
.

Assumption 4. The processes of {𝑋𝑖
𝑛
, 𝑖 = 1, 2, . . .}, {𝑌𝑖

𝑛
, 𝑖 =

1, 2, . . .}, and {𝑍
𝑛
, 𝑛 = 1, 2, . . .} are independent. Besides, 𝑋𝑖

𝑛
,

𝑖 = 1, 2, . . . ,𝑀 + 1, 𝑛 = 1, 2, . . . , 𝑁 and 𝑌
𝑖

𝑛
, 𝑖 = 1, 2, . . . ,𝑀,

𝑛 = 1, 2, . . . , 𝑁 are independent and identically distributed
(i.i.d.) random variables.

Assumption 5. Neither the premaintenance nor the repair-
ment can repair the battery to be as good as new.

Based on Definitions 1–3 and Assumptions 4-5, the stud-
ied policy is based on the GP model with premaintenance.
The battery after premaintenance is not as good as new and
the successive operating time in one period will form a GP.
Furthermore, the GP model is a deteriorating system for 𝑎 >

1, and it is an improving system for 𝑏 < 1 and 𝑐 < 1.

3. E-Bus Battery Management
Optimizing Policy

The optimization of the E-bus battery management policy
is to find the proper 𝑀 and 𝑁 that minimize the long-run
average cost per unit time on the premise of meeting the
required availability. In the defined mathematical model, the
related functions are deduced.

The successive operating time with the ratio 𝑎 can be
derived through the following function:

𝐸[

𝑀+1
∑
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.
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(1)

where 𝐴 = 𝑎
−𝑀 and𝑀 is the amount of the premaintenance;

then

𝐸

𝑁

∑

𝑛=1

𝑀+1
∑

𝑖=1
𝑋
𝑖

𝑛
=

𝑁

∑

𝑛=1
(𝐸

𝑀+1
∑

𝑖=1
𝑋
𝑖

𝑛
) =

1 − 𝐴
𝑁

1 − 𝐴

𝑀+1
∑

𝑖=1

𝜆

𝑎𝑖
. (2)

And the successive premaintenance time with the ratio 𝑏

can be derived through the following function:

𝐸[
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(3)

where 𝐵 = 𝑏
1−𝑀.

The long-run average cost per unit time on the premise
of meeting the required availability is the major target for
optimizing the E-bus battery management. For the commer-
cial operation of the BCS, the availability of the E-bus is the
ratio of the battery operation time to its total life-cycle. In
the proposed policy, firstly, the long-run average cost per unit
time 𝐶(𝑀,𝑁) is defined in function (4). Consider

𝐶 (𝑀,𝑁) =
𝐶Sum
𝑇

, (4)

where 𝐶Sum and 𝑇 are given by function (5). Consider

𝐶Sum = 𝐸(𝑐
𝑚

𝑁

∑

𝑛=1

𝑀

∑

𝑖=1
𝑌
𝑖

𝑛
− 𝑐
𝑏
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∑
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𝑛
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𝑛
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𝑟
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+𝑐
𝑁
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𝑐
) ,

𝑇 = 𝐸(

𝑁
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𝑛
+
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(5)
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Then,

𝐶 (𝑀,𝑁) =
𝐸 (𝑐
𝑚
∑
𝑁

𝑛=1 ∑
𝑀
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𝑖

𝑛
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𝑁
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𝑖

𝑛
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𝑓
∑
𝑁−1
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𝑛
+ 𝑐
𝑟
𝐻 + 𝑐
𝑁
− 𝑐
𝑐
)

𝐸 (∑
𝑁
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𝑀

𝑖=1 𝑌
𝑖

𝑛
+ ∑
𝑁
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𝑛
+ ∑
𝑁−1
𝑛=1 𝑍

𝑛
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=
𝑐
𝑚
((1 − 𝐵

𝑁
) / (1 − 𝐵))∑

𝑀

𝑖=1 (𝜇/𝑏
𝑖−1

) − 𝑐
𝑏
((1 − 𝐴

𝑁
) / (1 − 𝐴))∑

𝑀+1
𝑖=1 (𝜆/𝑎

𝑖
) + 𝑐
𝑓
∑
𝑁−1
𝑛=1 (𝜐/𝑐

𝑛
) + 𝑐
𝑟
𝜏 + 𝑐
𝑁
− 𝑐
𝑐

((1 − 𝐵𝑁) / (1 − 𝐵))∑
𝑀

𝑖=1 (𝜇/𝑏
𝑖−1) + ((1 − 𝐴𝑁) / (1 − 𝐴))∑

𝑀+1
𝑖=1 (𝜆/𝑎𝑖) + ∑

𝑁−1
𝑛=1 (𝜐/𝑐𝑛) + 𝜏

.

(6)

According to the update process with the E-bus battery
management optimizing policy, the availability 𝐴(𝑀,𝑁), as

another key constraint in the battery life-cycle, is calculated
through function (7). Consider

𝐴 (𝑀,𝑁) =
𝑇Operation

𝑇
=

𝐸 (∑
𝑁

𝑛=1 ∑
𝑀+1
𝑖=1 𝑋

𝑖

𝑛
)

𝐸 (∑
𝑁

𝑛=1 ∑
𝑀

𝑖=1 𝑌
𝑖

𝑛
+ ∑
𝑁

𝑛=1 ∑
𝑀+1
𝑖=1 𝑋𝑖

𝑛
+ ∑
𝑁−1
𝑛=1 𝑍

𝑛
+ 𝐻)

=
((1 − 𝐴

𝑁
) / (1 − 𝐴))∑

𝑀+1
𝑖=1 (𝜆/𝑎

𝑖
)

((1 − 𝐵𝑁) / (1 − 𝐵))∑
𝑀

𝑖=1 (𝜇/𝑏
𝑖−1) + ((1 − 𝐴𝑁) / (1 − 𝐴))∑

𝑀+1
𝑖=1 (𝜆/𝑎𝑖) + ∑

𝑁−1
𝑛=1 (𝜐/𝑐𝑖) + 𝜏

.

(7)

Considering the deteriorating performance of the battery
in the case of repeated charging and discharging, it will be
replaced by a new one when its SOH drops to 𝑅, while
𝑅(𝑀,𝑁) is correlatedwith the depreciation rate of the battery
after single operating 𝑤1 and the recovery rate after the
premaintenance 𝑤2. Firstly, at the end of the 1st period,
𝑅(𝑀, 1) is reduced to

𝑅 (𝑀, 1) = (1−𝑤1)
𝑀+1

(1+𝑤2)
𝑀

(1−𝑤3) 𝑅0. (8)

Then, before the replacement, the SOH after 𝑁th repair-
ment 𝑅(𝑀,𝑁) is shown in function (9) and is subject to
𝑅(𝑀,𝑁) ≥ 𝑅. Consider

𝑅 (𝑀,𝑁) = 𝑅 (𝑀, 1)𝑁−1 (1−𝑤1)
𝑀+1

(1+𝑤2)
𝑀

= ((1−𝑤1)
𝑀+1

(1+𝑤2)
𝑀
)
𝑁

(1−𝑤3)
𝑁−1

= (1−𝑤1)
𝑁(𝑀+1)

(1+𝑤2)
𝑁𝑀

(1−𝑤3)
𝑁−1

.

(9)

To acquire the relationship between variable 𝑀 and 𝑁,
take the logarithm for both sides of the inequation below:

𝑁(𝑀+ 1) ln (1−𝑤1) +𝑁𝑀 ln (1+𝑤2)

+ (𝑁− 1) ln (1−𝑤3) ≥ ln𝑅,

𝑀𝑁(ln (1−𝑤1) (1+𝑤2)) +𝑁 ln (1−𝑤1) (1−𝑤3)

− ln (1−𝑤3) ≥ ln𝑅,

𝑀𝑁(ln (1−𝑤1) (1+𝑤2))

+𝑁 ln (1−𝑤1) (1−𝑤3) ≥ ln𝑅 (1−𝑤3) ;

(10)

then the relationship between variable𝑀 and𝑁 will be
𝑁

= ⌊
ln𝑅 (1 − 𝑤3)

𝑀 (ln (1 − 𝑤1) (1 + 𝑤2)) + ln (1 − 𝑤1) (1 − 𝑤3)
⌋ .

(11)

With the certain parameter 𝑅 being the SOH of the bat-
tery at the time replacement occurred, functions (6) and (7)
are the bivariate functions about𝑀 and𝑁. When𝑀 is fixed,
the bivariate functions turn into univariate functions, and the
management optimizing policy𝑁∗ is determined analytically
or numerically. However, if𝑀 is a variable to be determined,
the optimizing about 𝐶(𝑀

∗
, 𝑁
∗
) and 𝐴(𝑀

∗
, 𝑁
∗
) needs to

be set up based on the rationalized configuration of 𝑀∗and
𝑁
∗. Therefore, the objective function is to determine an

optimal management policy (𝑀
∗
, 𝑁
∗
) for minimizing the

long-run average cost per unit time 𝐶(𝑀,𝑁) and limiting
the availability 𝐴(𝑀,𝑁) in a certain range, which can be
expressed as

𝐶 (𝑀
∗
, 𝑁
∗
): min 𝐶 (𝑀,𝑁) = min(

𝐶Sum
𝑇

)

s.t. 𝐴 (𝑀
∗
, 𝑁
∗
) =

𝑇Operation

𝑇
≥ 𝐴0,

(12)

where 𝐴0 is the threshold of the availability that meets the
minimum demand of the E-bus.

4. Simulation Results

The computer simulation is adopted to verify the proposed
GP-based E-bus battery management optimizing policy.
Originally from the 220Ah Li-ion battery, the main parame-
ters of theGP [22] are listed in Table 1, and the key parameters
of the cost in the simulation are listed in Table 2.
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Table 1: Parameters setting of the GP.

Parameter 𝑎 𝑏 𝑐 𝜆 𝜇 𝜐 𝜏 𝑤1 𝑤2 𝑤3 𝑅0

Value 1.02 0.995 0.8 10 3.5 9 5 0.8% 0.7% 1.5% 1

Table 2: Parameters setting of the cost.

Parameter 𝑐
𝑏

𝑐
𝑚

𝑐
𝑓

𝑐
𝑟

𝑐
𝑐

𝑐
𝑁

Value 10 12 25 40 500 2000
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Figure 2: The amount of the failure repairment𝑁 with different𝑀
and 𝑅.

In order to discover the relationship between 𝑀 and 𝑁

with different SOH thresholds, 𝑅, which empirically ranges
from 0.2 to 0.6, and its corresponding simulation are firstly
carried out and the results are illustrated in Figure 2.

Considering the long-run average cost per unit time
𝐶(𝑀,𝑁) according to the battery management optimizing
policy (𝑀,𝑁), the amounts of premaintenance and failure
repairment as well as their correspondence relations are
gained from the above simulation. Assume the SOH replace-
ment threshold of the battery is 0.4; that is, 𝑅 = 0.4;
then the average costs per unit time corresponding to the
different amounts of premaintenance and failure repairment
are shown in Figure 3.

Due to the fact that the failure repairment cost is much
more than the cost of the premaintenance, the higher average
cost per unit time appears at the point of the lower value of
𝑀 but higher value of𝑁. And the lower average cost per unit
time appears mostly at the point of higher value of 𝑀 but
lower value of 𝑁. Meanwhile, for the decline of the battery’s
SOH is presented in the process of repeated charging and
discharging, the operating time of themodel is a deteriorating
systemwhile the premaintenance time and failure repairment
time are improving systems. The average cost per unit time
declines at first and then increases gradually. So the lowest
average cost per unit time exists and the lowest value is at the
point where (𝑀∗, 𝑁∗) = (14, 4), as is shown in Table 3.

The optimal value of the average cost per unit time is
further calculated as in Table 3. The following simulation is
to verify if the availability corresponding to the selected point
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Figure 3: The average costs per unit time corresponding to the
different𝑀 and𝑁 with 𝑅 = 0.4.
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(𝑀
∗
, 𝑁
∗
) = (14, 4) meets the proposed threshold 𝐴0, which

is set to be 0.5 according to the empirical statistics. Under the
same conditions of the previous simulations, the availabilities
in the different values of𝑀 and𝑁 are shown in Figure 4.

As is indicated in Figure 4, in the deteriorating system of
the operating time, the availability declines with the increas-
ing of the failure repairment times in a certain amount of
premaintenance, which fits the entire trend of the availability
and displays a strong consistency as is shown in Figure 4.The
exact values corresponding to Table 3 are shown in Table 4,
where the optimized value that meets the 0.5 availability
threshold is 𝐴(14, 4) = 0.567.

5. Conclusions

Oriented towards the batteries’ deteriorating characteristics
after times of repairment and the demand of the BSS
profit maximization while ensuring its battery availability,
this paper proposes a GP-based E-bus battery management
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Table 3: Average cost per unit time when 𝑅 = 0.4.

𝑀
𝑁

36 23 19 16 12 9 6 5 4 3
2 24.806 22.592 20.357 17.928 14.061 11.418 10.098 10.323 11.243 14.532
6 24.697 21.454 18.379 15.241 10.572 7.403 5.155 4.767 4.709 6.250
10 24.490 20.560 17.420 14.430 10.075 6.961 4.374 3.734 3.303 4.253
14 24.079 19.474 16.556 13.976 10.230 7.335 4.561 3.744 3.058∗ 3.635
16 23.752 18.860 16.126 13.786 10.372 7.618 4.797 3.908 3.118 3.545
24 21.125 16.270 14.540 13.135 10.930 8.799 6.025 4.956 3.857 3.818
28 18.976 15.124 13.903 12.879 11.150 9.309 6.655 5.548 4.352 4.141
32 16.704 14.192 13.392 12.671 11.327 9.746 7.246 6.129 4.866 4.516
36 14.819 13.489 13.000 12.506 11.468 10.116 7.786 6.678 5.377 4.918
44 12.802 12.644 12.497 12.280 11.669 10.687 8.704 7.657 6.342 5.742
∗The lowest average cost per unit time.

Table 4: Battery availability when 𝑅 = 0.4.

𝑀
𝑁

36 23 19 16 12 9 6 5 4 3
2 0.005 0.067 0.131 0.205 0.330 0.432 0.529 0.559 0.588 0.518
6 0.005 0.074 0.148 0.229 0.361 0.463 0.558 0.587 0.616 0.544
10 0.005 0.067 0.132 0.202 0.322 0.424 0.528 0.563 0.597 0.531
14 0.004 0.058 0.109 0.167 0.271 0.370 0.485 0.525 0.567∗ 0.509
16 0.004 0.052 0.098 0.150 0.246 0.343 0.462 0.505 0.550 0.496
24 0.003 0.032 0.059 0.092 0.162 0.246 0.371 0.423 0.480 0.442
28 0.003 0.023 0.044 0.070 0.130 0.207 0.330 0.384 0.446 0.414
32 0.002 0.016 0.032 0.053 0.104 0.174 0.293 0.348 0.413 0.387
36 0.001 0.011 0.023 0.039 0.083 0.145 0.259 0.315 0.381 0.360
44 0.000 0.005 0.011 0.022 0.052 0.102 0.202 0.256 0.324 0.309
∗The availability corresponding to the lowest average cost per unit time.

optimizing policy on condition that the battery, after pre-
maintenance and failure repairment, cannot be as good as
new. In addition, a deteriorating system is modeled for
the operating time and an improving system is modeled
for the premaintenance time as well as failure repairment
time. The application of the GP to the battery management
optimization reveals a good consistency and well reflects the
operation demand of BSS.Moreover, the simulation is carried
out for the analysis of the relationship between the amounts
of premaintenance and failure repairment with different SOH
thresholds when replacing the battery.Then the optimization
of the long-run average cost is taken by importing those
values. Finally, the simulation with the required availability
threshold is carried out to verify its effectiveness. The results
denote that the proposedmanagement optimizing policy will
prolong the life-cycle of the batteries and reduce the long-run
average cost on the premise of the high availability, which is of
much applicability on the batteries’ optimizing management.
And the future work is to apply the proposed GP-based E-
bus batterymanagement optimizing policy to the BSS and the
microgrid to study the total cost aiming at the massive access
of the E-buses and the EVs.

Nomenclature

E-bus: Electric bus
GP-based: Geometric-process-based
SOC: State of charge
SOH: State of health
𝑐
𝑚
: Premaintenance cost rate

𝑐
𝑓
: Failure repairment cost rate

𝑐
𝑟
: Replacement cost rate

𝑐
𝑏
: Benefit rate

𝑐
𝑁
: New battery cost

𝑐
𝑐
: Depleted battery recycling benefit

𝑤1: Depreciation rate of the battery
after a single operation

𝑤2: Recovery rate after a single
premaintenance

𝑤3: Descent rate after the failure
repairment

𝐴(𝑀,𝑁): Battery availability
𝐴0: Threshold of the battery

availability
𝐶(𝑀,𝑁): Long-run average cost per unit

time
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𝐻: Replacement time
𝑀: Amount of the premain-

tenance before one failure
repairment

𝑁: Failure repairment amount
during the battery life-cycle

𝑅0: Initial value of SOH
𝑅: Threshold of SOH
𝑇: Life-cycle of the E-bus

battery
{𝑋
𝑖

𝑛
, 𝑛 = 1, 2, . . . , 𝑖 = 1, 2, . . .}: Battery operating time after

the 𝑖th premaintenance in
the 𝑛th period

{𝑌
𝑖

𝑛
, 𝑛 = 1, 2, . . . , 𝑖 = 1, 2, . . .}: The 𝑖th premaintenance

time in the 𝑛th period
{𝑍
𝑛
, 𝑛 = 1, 2, . . .}: Failure repairment time in

the 𝑛th period.
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