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Abstract: As an attractive alternative to the traditional plug-in charged electric vehicles (EVs),
wireless-charged EVs have recently been in the spotlight. Opportunistically charged utilizing the
wireless-charging infrastructure installed under the road at bus stops, an electric bus can have a smaller
and lighter battery pack. In this paper, an improved opportunistic wireless-charging system (OWCS)
for electric bus is introduced, which includes the opportunistic stationary wireless-charging system
(OSWCS) and opportunistic hybrid wireless-charging system (OHWCS) consisting of stationary
wireless-charging and dynamic wireless-charging. A general battery reduction model is established
for the opportunistic wireless-charged electric bus (OWCEB). Two different battery-reduction models
are built separately for OWCEB on account of the characteristics of OSWCS and OHWCS. Additionally,
the cost saving models including the production cost saving, the operation cost saving and total cost
saving are established. Then, the mathematical models are demonstrated with a numerical example
intuitively. Furthermore, we analyze several parameters that influence the effectiveness of battery
reduction due to the application of an opportunistic wireless-charging system on an electric bus.
Finally, some points worth discussing in this work are performed.

Keywords: opportunistic wireless-charging system; electric bus; battery reduction; cost saving;
parameter analysis

1. Introduction

With the growing severity of environmental problem and energy shortage, electric vehicles
(EVs) have been deemed as alternatives to the internal combustion engine vehicles [1–3]. However,
the short driving range, long recharging time and limited charging stations have become obstacles to
the rapid development of EVs. In order to achieve the same operating range as an internal combustion
engine vehicle, it is necessary for a pure EV to be equipped with a big and heavy battery. One of the
biggest challenges for the popularization of EVs is to make a breakthrough in the electricity storage
technology [1]. Lithium-ion batteries are considered as a better solution to possibly meet all conditions
for a pure EV due to their properties of high energy and power density [4–7]. However, the gravimetric
energy density of the commercialized lithium-ion battery pack is only 0.11–0.16 kWh/kg, which is
not quite satisfactory. Moreover, the cost of the lithium-ion battery pack is still quite high nowadays.
It is about 400$/kWh in 2018. The cost of a lithium-ion battery pack is about 25–30% of the cost of an
electric car [8]. For a pure electric bus, a larger and heavier battery is indispensable obviously, which is
bound to lead to higher costs. The lithium iron phosphate battery cost is 39% of the total cost of a pure
electric bus [9].

Fortunately, as a novel charging method, wireless power transfer (WPT) technology has been
applied on electric vehicles to make up for the inherent defects above of the battery-powered
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vehicles [10–13]. Additionally, avoiding the hazards of a tripping, arc or being electrocuted mentioned
in [14,15], wireless chargers are more convenient, dependable, and safer than traditional plug-in
chargers [16,17]. The WPT technology applied on EVs can be classified into stationary WPT and
dynamic WPT [18,19] according to different working modes. For the stationary WPT system,
the wireless-charging infrastructure can be deployed at the parking lots, garages or traffic signals
where EVs are in stationary modes and can be charged wirelessly. For the dynamic WPT system,
the power track is installed underneath the road surface where EVs can be charged in motion.

In particular, applying wireless charging technology on electric transit bus is easier to implement
because the buses usually run follow regular routes. The biggest obstacle to electric buses can be
overcome if WPT technology is applied.

On one hand, this allows smaller and lighter batteries to be used on electric buses due to the
frequent charging using the wireless-charging infrastructure embedded under road [20–23]. As a
result, not only the battery cost can be saved on significantly, but also the energy consumption rate
can be reduced to some extent which will lead to less operation cost. In [24], it was concluded that it
is possible to reduce the battery mass of the plug-in charged electric bus by two-thirds if stationary
wireless charging is used.

On the other hand, the driving range of an electric bus will be extended if WPT technology is
applied. According to a study by the Center for Energy, Transportation and the Environment at the
University of Tennessee at Chattanooga aimed at increasing the range of an electric bus, after it was
charged for one-minute’s duration at 60 kilowatts the electric bus can run one mile approximately.
As a result, the driving range of an electric bus can be increased from less than 50 miles on batteries
alone to more than 120 miles due to the application of WPT technology [25]. If more wireless-charging
infrastructure is deployed, the electric bus can travel farther theoretically.

A dynamic wireless-charging system, developed for the shuttle buses at the Korean Advanced
Institute of Science and Technology campus, has been operating since 2012 [26]. An optimal system
design of the online electric vehicle (OLEV) utilizing WPT technology is presented in order to balance
the battery capacity and the allocation of the power transmitters [27]. An economic analysis based
on OLEV is also presented using a mathematical optimization model [20,28]. The benefits of the
OLEV-based electric transit bus system are analyzed from the energy logistics perspective which is of
great significance to the commercialization and layout of the electric bus system using wireless-charging
technology [22]. Additionally, considering the city running cycle data and different charging power
levels, the potential battery reduction and driving range extension contributed by opportunistic
wireless charging were investigated in [29], which shows that the battery reduction from 6% to 85% or
the range extension between 7% and 600% are possible.

However, most research about the impact of wireless-charging technology on an electric bus are
conducted on a system level. The mathematical model of the battery mass/energy reduction and its
influence factors are out their scope.

In this paper, the improved opportunistic wireless-charging system (OWCS) for an electric
bus we introduce includes the opportunistic stationary wireless-charging system (OSWCS) and the
opportunistic hybrid wireless-charging system (OHWCS), consisting of stationary wireless charging
and dynamic wireless charging. Utilizing the OSWCS, the buses can be charged while loading and
unloading passengers at bus stops. Utilizing the OHWCS, the buses can be charged while not only
loading and unloading passengers, but also passing though the power tracks installed near bus stops.

We aim to answer the following research questions with the proposed OWCS for the electric bus.

1. How much battery energy capacity and mass of the electric bus can be reduced by using a
wireless-charging system, compared with a plug-in charging system?

2. How much cost can be saved due to the battery reduction?
3. What are the effects of the key parameters on the battery reduction of the opportunistic

wireless-charged electric bus?
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The rest of this paper is organized as following. The battery reduction models and cost saving
models of the electric bus due to the application of the opportunistic wireless-charging system are
presented in Section 2. A numerical example of the models built in Section 2 is studied in Section 3.
The parameters that influence the effectiveness of the battery reduction and cost saving are also
analyzed in Section 3. Then, some points worth discussing in this work are performed in Section 4.
The conclusion is summarized in Section 5.

2. The Battery-Reduction Models and Cost-Saving Models of the Improved Opportunistic
Wireless-Charged Electric Bus

2.1. System Architecture

The typical operating environment of a conventional plug-in charged electric bus is given as
following. The bus carries passengers from one stop to the next, circulating Nc cycles on a fixed circle
route. The number of stops of the round trip is Ns, including starting station and terminal station.
The total length of the circular route is L (km). Some other parameters of the plug-in charged electric
bus are defined as following. MBus (kg) is the mass of the plug-in charged electric bus. M (kg) and
E (kWh) are the mass and energy capacity of the battery, respectively. b (kWh/km) is the energy
consumption rate of the electric bus.

Additionally, EH (kWh) and EL (kWh), as shown in Equation (1), are the high and low limits
of the battery level, respectively. Usually given by the battery provider, the upper and lower limit
coefficients, i.e., λH and λL are set to maximize the battery life.{

EH = λHE
EL = λLE

(1)

EE (kWh) is defined as the effective battery energy capacity and expressed as Equation (2).

EE = λE (2)

where,
λ = λH − λL

Furthermore, it is assumed that the battery is always charged to EH overnight, and consumed
to EL at the end of daily duty. Therefore, the effective battery energy capacity (EE) is also the energy
which the electric bus consumed in daily duty, as shown in Equation (3).

EE = NcLb (3)

when it comes to the opportunistic wireless-charged electric bus, the following assumptions should
be satisfied:

1. The operating environment of the wireless-charged electric bus is same as that of the conventional
plug-in charged electric bus mentioned above.

2. The bus is also same as the conventional plug-in charged electric bus, except the battery and
pickup device.

3. Each station is equipped with wireless-charging infrastructure.

As shown in Figure 1, the diagram illustrates a typical wireless-charging system for electric bus.
It mainly consists of: (1) the power converters; (2) the compensation networks; (3) the transmitting
coil/track and receiving device and (4) the controllers.
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Figure 1. Configuration of the basic structure of wireless-charging system for electric bus. 
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2.2. Battery-Reduction Models of the Improved Opportunistic Wireless-Charged Electric Bus (OWCEB)

As can be seen from the above, the opportunistic wireless-charged electric bus can receive
“opportunistic charges” frequently from the wireless-charging infrastructures installed at/near the
stops, where the bus stops to load/unload passengers. Em,n (kWh) is defined as the amount of energy
supplied by the nth stop of the mth cycle. So, after Nc cycles, the total amount of energy supplied by
wireless-charging systems (∆EWPT, kWh) can be expressed as Equation (4):

∆EWPT =

Nc∑
m=1

Ns∑
n=1

Em,n (4)

Intuitively, the battery energy of an OWCEB is ∆EWPT less than that of a plug-in charged electric
bus. However, the less battery energy the OWCEB needs, the less mass the battery possesses. As a
consequence, travelling the same distance, the bus will consume less energy. Therefore, the energy
of the battery can be further reduced due to the mass reduction. The less energy consumed, the less
battery mass required, and the less battery mass required, the less energy consumed. This forms an
infinite iteration [24]. The mathematical model is established as following.

For the ith iteration (i = 1, 2, 3, . . . ), ∆Ei (kWh) battery energy reduction will lead to ∆Mi (kg)
battery mass reduction, which can be expressed as Equation (5):

∆Mi = f1(∆Ei) (5)

Then, the apparent energy consumption rate bi of the ith iteration can be described as a function
of the mass of the bus, as expressed in Equation (6).

bi = f2(MBusi) = f2

MBus −

j=i∑
j=1

∆M j

 (6)

Therefore, it is reasonable to derive the relationship between the apparent energy consumption
rate variation (∆bi, kWh/km) and the battery pack mass reduction of the ith iteration as Equation (7):

∆bi = f3(∆Mi) (7)

If the length of one drive cycle is L (km), then the following Equation (8) can be obtained.

∆Ei+1 = NcL f3( f1(∆Ei)) (8)
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So, the battery reduction, which refers to the energy capacity and mass reductions, due to the
application of the wireless-charging system on an electric bus, ∆EΣ (kWh) and ∆MΣ (kg), can be
derived as Equation (9).

∆E∑ =
∞∑

i=1
∆Ei = ∆E1 +

∞∑
i=1

NcL f3( f1(∆Ei))

∆M∑ =
∞∑

i=1
∆Mi =

∞∑
i=1

f1(∆Ei)
(∆E1 = ∆EWPT) (9)

In this work, the gravimetric energy density of the battery pack (α, kWh/kg), which represents the
ability to store energy per unit mass, is assumed to be constant for a specific type of battery. Then,
the relationship between the reduced battery energy and the reduced battery mass could be obtained
by Equation (10).

∆Mi =
∆Ei
α

(10)

In order to identify the relationship between the energy consumption rate variation and
the bus mass reduction, which is equal to the battery mass reduction, a simulation is presented.
In simulation, the influences of different bus mass on the energy consumption rate are shown in
Figure 2, which illustrates that the energy consumption rate is approximately linearly proportional to
the bus mass. Moreover, if the bus mass reduces per 1000 kg, the corresponding energy consumption
rate reduces 0.032–0.036 kWh/km. In other words, a 10% reduction in bus mass leads to a 4.2–4.8%
reduction in energy consumption rate. Therefore, it is reasonable, which is also agreed in [24], to assume
that energy consumption rate decreases by 4.5% if the mass is reduced by 10% for a pure electric bus.
Based on this assumption, Equation (7) can be rewritten as Equation (11).

∆bi = 0.45 · b ·
∆Mi
MBus

(11)

For simplification, a proportion coefficient β (kWh/kg/km), called specific energy reduction per
kilometer, is defined and expressed as Equation (12):

β =
0.45b
MBus

(12)
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According to Equations (4)–(12), the battery reduction model of the OWCEB can be obtained as
Equation (13), whose proof procedure could be found in Appendix A. ∆E∑ = α∆EWPT

α−βNcL

∆M∑ = ∆EWPT
α−βNcL

(13)

Deducting ∆EΣ from E and ∆MΣ from M, the energy and the mass of the redesigned battery of
the OWCEB can be quantified.

Although complying with the classification of the wireless-charging system basically,
the classification of opportunistic wireless electric bus charging system is different due to the distinctive
operation scenario of the public transit bus. In this work, it has two types: one is the opportunistic
stationary wireless electric bus charging system which receives energy when the electric bus stops at bus
stops; the other is the opportunistic hybrid wireless electric bus charging system which receives energy
both during the time when the electric bus stops at bus stops and when it is moving. Their battery
reduction models are established as follows separately.

2.2.1. The Battery-Reduction Model of the Opportunistic Stationary Wireless-Charged Electric Bus
(OSWCEB)

In the opportunistic stationary wireless electric bus charging scenario, a primary coil is installed
at the stopping zone, where the bus makes a complete stop to load/unload passengers and is charged
wirelessly, as shown in Figure 3.
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electric bus.

In this work, we assume that the input power of the opportunistic stationary wireless-charging
system is the same for each stop and the operating conditions of the bus is the same for each cycle. Then,
the battery reduction model of the opportunistic stationary wireless-charged electric bus (OSWCEB)
can be written as Equation (14): 

∆E∑ =
ηsαP

Nc∑
m=1

Ns∑
n=1

tm,n

3600(α−βNcL)

∆M∑ =
ηsP

Nc∑
m=1

Ns∑
n=1

tm,n

3600(α−βNcL)

(14)

where P (kWh) is the charging power, referring to input power of the wireless charger in this paper;
tm,n (s) is the charging time of the nth stop of the mth cycle; ηs (%) is the efficiency of the stationary
wireless-charging system.
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In order to simplify calculating, t (s) is defined as the average stop time at each stop so that
Equation (14) can be further expressed as Equation (15). ∆E∑ =

ηsαNsNcPt
3600(α−βNcL)

∆M∑ =
ηsαNsNcPt

3600(α−βNcL)

(15)

2.2.2. The Battery-Reduction Model of the Opportunistic Hybrid Wireless-Charged Electric Bus
(OHWCEB)

In the hybrid wireless electric bus charging scenario, a lumped track is installed at the bus stop,
as shown in Figure 4. If the lumped track for dynamic wireless charging system is deployed adjoining
the stationary wireless-charging pad, the power converters and controller can be shared. Besides,
the speed of the bus is low when it is approaching to or departing from the stop. Therefore, more energy
can be transferred wirelessly compared to that if the bus operated at a high speed through a track of
the same length. By applying the opportunistic hybrid wireless-charging system, the battery of electric
bus can be charged wirelessly during the time not only when the bus stops to load/unload passengers,
but also when it is moving over the power track. Obviously, traveling the same distance and with the
same average speed, the OHWCEB could receive more energy than the OSWCEB. Therefore, the battery
of OHWCEB could be smaller than that of OSWCEB.
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In addition to the assumption in the stationary wireless electric bus charging scenario, we defined
ln (m) as the length of the power track installed near the nth stop and vm,n (km/h) as the average speed
of OHWCEB passing through the nth power track in the mth cycle. Therefore the battery-reduction
model of the OHWCEB can be written as Equation (16):

∆E∑ =
αP

(
ηs

Nc∑
m=1

Ns∑
n=1

tm,n+ηd
Nc∑

m=1

Ns∑
n=1

3.6ln
vm,n

)
3600(α−βNcL)

∆M∑ =
P
(
ηs

Nc∑
m=1

Ns∑
n=1

tm,n+ηd
Nc∑

m=1

Ns∑
n=1

3.6ln
vm,n

)
3600(α−βNcL)

(16)

where ηd (%) is the efficiency of the dynamic wireless-charging system.
Similarly, in order to simplify calculating, we make a simple but reasonable assumption that l

(m) and v (km/h) are the length of the power track installed near each stop and the average speed
of OHWCEB passing through each power track in each cycle, respectively. So, Equation (17) can be
further expressed as follows. 

∆E∑ =
αNsNcP(ηst+ηd

3.6l
v )

3600(α−βNcL)

∆M∑ =
NsNcP(ηst+ηd

3.6l
v )

3600(α−βNcL)

(17)

Figure 5 illustrates the energy dynamics of plug-in charged electric bus, OSWCEB and OHWCEB
during a day. Although the battery energy variation is not absolutely proportional to the time, a linear
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approximation can be utilized to approximate their relationship in this model. The patterns filled with
squares, triangles and circles represent plug-in charged electric bus discharging, OSWCEB discharging
and OHWCEB discharging, respectively. The downward diagonal, upward diagonal and diamond
filling patterns stand for the stationary wireless charging, dynamic wireless charging and plug-in
charging, respectively.
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Figure 5. Battery energy variations of plug-in charged electric bus (PCEB), opportunistic stationary
wireless-charged electric bus (OSWCEB) and opportunistic hybrid wireless-charged electric bus
(OHWCEB) during one full discharging-charging cycle. (EH_P, EH_S and EH_H are the high battery
levels of PCEB, OSWCEB and OSWCEB respectively; EL_P, EL_S and EL_H are the low battery levels of
PCEB, OSWCEB and OSWCEB respectively.).

If all types of electric buses are operated following the same travelling pattern, it can be found
that the battery energy capacity of the wireless-charged electric bus is smaller than that of the plug-in
charged electric bus. Moreover, utilizing the hybrid wireless-charging system has the greatest effect on
the battery reduction of the electric bus.

2.3. Cost-Saving Models

In this section, the cost saving due to the battery reduction, which is caused by the application
of wireless-charging technology on electric bus, is studied. This specific cost saving consists of
production cost saving and operation cost saving. Additionally, considering the infrastructure cost,
a general total cost saving model is established so as to analyze the economy of the opportunistic
wireless-charging system.
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2.3.1. Production Cost Saving

The battery pack installed on the bus is composed of multiple battery cells. The energy of the
battery pack is normally quantified by the cell energy capacity and the number of cells in it. Therefore,
the battery pack with more energy needs more battery cells, which results in higher battery costs.
Although, the cost of the battery pack is different from that of the battery cell, it is reasonable to assume
that the battery cost is linearly proportional to the energy of the battery. This type of cost saving is the
result of the reduction in battery size, which happens during the manufacturing.

Therefore, we call it the production cost saving, denoted as PCS ($). It is the cost saving due to the
battery energy capacity reduction (∆EΣ) of the OWCEB and can be expressed as Equation (18).

PCS = pb∆EΣ (18)

where pb ($/kWh) is the battery cost per unit of energy capacity.

2.3.2. Operation Cost Saving

According to above analysis, it is known that the total battery energy capacity reduction (∆EΣ) of
mainly includes two parts. One is contributed by the wireless-charging infrastructure installed at/near
bus stops and the other is contributed by the reduction of energy consumption rate, which is denoted
as ∆EECR (kWh), can be calculated by Equation (19):

∆EECR = ∆E∑ − ∆EWPT (19)

The reduction of energy consumption rate, which means less energy consumption during the
whole operating life of the electric bus, leads to a considerable cost saving. We call it the operation cost
saving. The operation cost saving or the cost saving due to the reduction of energy consumption rate
during the lifetime of the battery, which is denoted as OCS ($), can be obtained as Equation (20) if an
OWCEB runs Nd days per year and the life of its battery is Ny.

OCS = NdNype∆EECR (20)

where, pe ($/kWh) is the price of electricity per kilowatt-hour.

2.3.3. Total Cost Saving

Although the application of the opportunistic wireless-charging system brings production cost
saving and operation cost saving, infrastructure cost increases because wireless chargers are installed
at/near every bus stop. In this paper, the infrastructure cost of one bus route consists of the cost of power
tracks (or transmitting coils) and the cost of auxiliary equipment such as inverters, controllers, etc.

For the opportunistic stationary wireless electric bus charging system, the infrastructure cost
depends on how many bus stops are installed with wireless chargers. It can be expressed as
Equation (21):

Cinfra = Ns(pcoil + paux) (21)

where pcoil ($/each) and paux ($/each) are the price of per transmitting coil and per set of auxiliary
equipment, respectively.

For the opportunistic hybrid wireless electric bus charging system, the infrastructure cost also
depends on the length of power track. Then, the infrastructure cost can be obtained by Equation (22):

Cinfra =

Ns∑
n=1

(ptrackln + paux) (22)
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where ptrack ($/m) is the price of per unit length of power track. Note that the price of auxiliary
equipment of the opportunistic hybrid wireless electric bus charging system is same as that of the
opportunistic stationary wireless electric bus charging system. With the same assumption in the
above section that the length of every power track is identical and equal to l (m), Equation (22) can be
expressed as Equation (23):

Cinfra = Ns(ptrackl + paux) (23)

The production cost saving and operation cost saving in the above context refer to the production
cost saving and operation cost saving of one bus. So, in order to make the analysis objects consistent,
the total cost saving of one bus (TCS, $) is used to reflect the economy of one bus route. The infrastructure
cost of one bus route (Cinfra, $) should be apportioned equally among each bus. Therefore, the general
total cost saving of one bus on a bus route (TCS, $) can be expressed as Equation (24):

TCS = PCS + OCS−
Cinfra

NBus
(24)

where NBus is the number of electric buses operating on the route.

3. Numerical Example and Parameter Analysis

3.1. Numerical Example and Computational Results

As analyzed above, battery reduction and cost saving are two typical benefits brought by applying
wireless charging technology on an electric bus. In order to demonstrate this intuitively, a numerical
case is presented in this section using the actual data collected from a plug-in charged electric bus.
In this paper, the parameters of this numerical case are denoted as X0 where X is M, E, Nc, Ns, L and
so on.

An actual electric bus operating in Hefei, Anhui, China is used as the basis for the simulation.
According to List of New Energy Vehicle Models Exempted From Vehicle Purchase Tax (the 12th Batch,
China), the detailed parameters of the plug-in charged electric bus are shown in Table 1. Travelling
along a 35 km-long circular route, which is shown in Figure 6, the bus runs about six cycles every
day, i.e., L0 = 35 km and Nc0 = 6. Additionally, there are 12 electric buses operating on the route and
52 stops in one cycle including starting station and terminal station, i.e., NBus0 = 12 and Ns0 = 52.

In this numerical case study, every stop is assumed to be equipped with the same wireless-charging
infrastructure. As mentioned above, the stationary wireless charging happens when passengers get on
and off the bus at each stop. So, we recorded the duration of the passengers getting on and off the bus
at each stop in each cycle for a week. According to the recorded data, the average stop time at each stop
(t) is about 11 s, i.e., t0 = 11 s. While, for the dynamic wireless charging, in this simulation, the length
of the power track installed near each stop (l) and the average speed of the OHWCEB passing through
each power track in each cycle (v) are assumed to be 24 m and 20 km/h, respectively, i.e., l0 = 24 m and
v0 = 20 km/h.

Due to the limitation of the performance of the battery, the charging current should be within a
certain range. Currently, the charging C-rate of the original overnight charger of the basis electric bus
is about 0.5 C. In other words, the maximum output power of the charger (Pout, kW) should be about
166 kW. Actually, the charging C-rate of the quick charger for electric vehicles has been 2 C or even
higher. Therefore, considering the characteristics of the opportunistic wireless-charging system and
the effect of charging C-rate on the battery, we set the output power of the wireless charger as 200 kW
in this simulation.
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Table 1. The parameters of the plug-in charged electric bus.

Notation Value

Mass of the electric bus (kg): MBus0 13,900
ECR of the electric bus (kWh/km): b0 0.96

Battery energy capacity (kWh): E0 332
Mass of the battery pack (kg): M0 2768

Battery gravimetric energy density (kWh/kg): α0 0.12
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The relationship between the output power of the wireless charger (Pout) and the charging
power (P), namely the input power of the wireless charger, can be expressed as Equation (25):

Pout = ηP (25)

where η (%) is the efficiency of the wireless charger.
According to Equation (25), the charging power (P) is also influenced by the charging efficiency.

In the simulation, it is assumed that the efficiency of the stationary wireless-charging system (ηs) is 95%
and efficiency of the dynamic wireless-charging system (ηd) is 85% [13,30]. In the opportunistic hybrid
wireless-charging system, the input powers of the stationary wireless-charging system and dynamic
wireless-charging system are the same due to the assumption that they share the power converters
and controllers. So, in order to meet the requirements of the charging power of the battery during the
dynamic wireless charging, the charging power (P) should be calculated based on the system with
low efficiency.
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The parameters used in our numerical analysis are summarized in Table 2. The cost of power
track per unit meter and the cost of per set of auxiliary equipment in can be found in [27]. The cost of
per transmitting coil is approximately equal to that of power track per unit meter. It is assumed that
the bus runs 350 days per year and the battery life is 10 years [6,31].

Table 2. The input parameters for the numerical example.

Notation Value

Length of the circular route (km): L0 35
The number of cycles during a day: Nc0 6

The number of stop of the round trip: Ns0 52
The output power of the wireless charger (kW): Pout 200

Average stop time at each stop (s): t0 11
Length of the power track installed near each stop (m): l0 24

Average speed of the OHWCEB passing through power track in each cycle (km/h): v0 20
Efficiency of the stationary wireless-charging system (%): ηs0 95
Efficiency of the dynamic wireless-charging system (%): ηd0 85

Price of electricity per kilowatt-hour ($/kWh): pe0 0.1394
Battery cost per unit of energy capacity ($/kWh): pb0 400

Price of per transmitting coil: pcoil0 ($/each) 60
Price of per set of auxiliary equipment: paux0 ($/each) 5000

Price of power track per unit meter: ptrack0 ($/m) 60
The number of electric bus operating on the route: NBus0 12
The number of working days of the bus per year (d): Nd0 350

Battery life (y): Ny0 10
Limit parameter of the battery level: λ0 0.6

Based on the analysis above, the results of this numerical example are summarized in Table 3,
which shows the battery energy capacity reductions, mass reductions and cost savings, if the stationary
and hybrid wireless-charging systems are applied on the electric bus, respectively. The results
illustrate that the battery energy capacity and battery mass can be reduced by 201.63 kWh and
1680.28 kg, respectively, if the plug-in charged electric bus is modified into an opportunistic stationary
wireless-charged electric bus. This leads to a production cost saving of about 80,653.28 dollars.
Additionally, the energy consumption of the OSWCEB reduces about 10.97 kWh per day, which results
in an operation cost saving of 1.53 dollars per day or 5352.26 dollars in the lifetime, due to the battery
lightweighting. Moreover, 304.16 kWh of battery energy capacity and 2534.67 kg of battery mass can
be reduced with the application of the opportunistic hybrid wireless-charging system instead of the
opportunistic stationary wireless-charging system. Also, 121,664.36 dollars can be saved from the
manufacturing of one electric bus. Correspondingly, about 2.31 dollars per day can be saved, which is
due to 16.54 kWh of energy consumption reduction for one-day operation. Therefore, 8071.28 dollars
can be saved in the lifetime of one OHWCEB. If the infrastructure cost is considered, the specific total
cost savings for the OSWCEB and OHWCEB will be $64,078.87 and $101,828.97, respectively.

Table 3. The results of the numerical example.

Notation Value 1 (OSWCEB) Value 2 (OHWCEB)

Battery energy capacity reduction (kWh): ∆EΣ 201.63 304.16

Battery mass reduction (kg): ∆MΣ 1680.28 2534.67

Battery energy capacity reduction contributed
by the reduction of ECR (kWh): ∆EECR

10.97 16.54

Production cost saving ($): PCS 80,653.28 121,664.36

Operation cost saving ($): OCS 5352.26 8071.28

Total cost saving ($): TCS 64,078.87 101,828.97
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3.2. Parameter Analysis

Wireless-charging technology will definitely bring merits to an electric bus system. As analyzed
above, the cost saving, which is brought about by the reduction of the battery, is the direct benefit.
According to Section 2, the battery energy capacity and mass reductions are affected by many parameters,
such as charging power (P), charging time (t), the gravimetric energy density of battery pack (α),
the number of cycles (Nc), the length of the power track (l), the average speed of the OHWCEB passing
through the power track (v), etc. which are listed in Table 2.

In this section, due to the unpredictable market prices of batteries and electricity, the direct
influence of parameters on the cost savings was not analyzed. But, cost-related energy reduction is
used to indirectly reflect the impact of parameters on the cost savings.

In our work, a simple but effective method, variable-controlling method, is used to analysis the
parameters that influence the battery reduction.

3.2.1. Parameter Analysis of the Opportunistic Stationary Wireless-Charging System (OSWCS)

A. Battery Gravimetric Energy Density (α) The battery gravimetric energy density, which is one of the

most important battery parameters, has significant impacts on both electric bus and the application of
the opportunistic wireless-charging system on an electric bus. The battery energy capacity and mass of
the plug-in charged electric bus will definitely be reduced if a battery system with higher gravimetric
energy density is applied. When we investigate the influence of the battery gravimetric energy density
on the application of OSWCS on electric bus, the battery reduction due to the application of OSWCS
should be differentiated from the battery reduction due to the higher battery gravimetric energy density
before the OSWCS is applied.

We use the values of the parameters defined in numerical example as the reference. This work
is equivalent to modify the plug-in charged electric bus mentioned in the numerical example into
another plug-in charged electric bus without changing other parameters except the parameters related
to the battery and the energy consumption rate. The equations in Section 2 still work and the following
Equation (26), similar to that of Section 2, can be obtained:

E = αM
EE = Nc0L0b
∆b0
b0

= 0.45 ∆M0
MBus0

(26)

where ∆b0 (kWh/km) and ∆M0 (kg), expressed as Equation (27), are the variations of energy consumption
rate and battery mass due to the change of the gravimetric energy density, respectively.{

∆b0 = b0 − b
∆M0 = M0 −M

(27)

Considering the analysis in Section 2 and Equations (2), (26) and (27), the battery mass (M) and
energy capacity (E) and the battery energy capacity reduction contributed by the change of the battery
gravimetric energy density (∆Eα, kWh) can be obtained as Equation (28):

M =
Nc0L0(b0−β0M0)
λ0α−β0Nc0L0

E =
αNc0L0(b0−β0M0)
λ0α−β0Nc0L0

∆Eα = E0 − E

(28)
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Then, this new plug-in charged electric bus is modified into an OSWCEB. The battery energy
capacity reduction contributed by the application of the OSWCS on the electric bus (∆EΣ) can be
obtained as Equation (29), which also reflects the change of production cost saving in numbers.

∆E∑ =
αηs0Ns0Nc0P0t0

3600(α− β0Nc0L0)
(29)

According to Equations (28) and (29), both of the energy capacity of the battery (E) and the energy
capacity reduction (∆EΣ) vary with the battery gravimetric energy density of α. So, in this work,
we use the ratio of them (∆EΣ/E), expressed in Equation (30), to reflect the ability of wireless-charging
technology to reduce the battery energy capacity when the gravimetric energy density of the battery
is α.

∆E∑
E

=
ηs0P0t0Ns0(λ0α− β0Nc0L0)

3600L0(α− β0Nc0L0)(b0 − β0M0)
(30)

Additionally, the operation cost saving can be reflected by the energy reduction contributed
by the reduction of energy consumption rate during the lifetime of the battery (∆EECR_lifetime, kWh),
which can be expressed by Equation (31):

∆EECR_lifetime = Nd0Ny0
(
∆E∑ −Ns0Nc0P0t0/3600

)
(31)

Figure 7 shows the gravimetric energy density ranges of different types of battery packs used in
electric vehicles. Currently, NI-MH battery has gradually been eliminated, due to lower energy density
and other drawbacks and the wide use of the lithium battery. The gravimetric energy density of the
lithium battery pack is about 0.1–0.18 kWh/kg.
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As shown in Figure 7, it is not difficult to find that the higher battery gravimetric energy density,
the smaller the battery energy capacity. The reasons are as follows. It is assumed that the effective
battery energy is equal to the energy which the electric bus consumed in daily duty. If the battery
gravimetric energy density increases, the battery mass with the same energy will decrease which
leads to a small energy consumption rate. As a result, the energy the electric bus consumed in daily
duty will decrease, which results in a small battery energy capacity. Additionally, the variation of
the energy consumption rate will be smaller and smaller with the increase of the battery gravimetric
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energy density, which leads to the descending rate of the change in battery capacity. Illustrated by
the dark green vertical patterns in Figure 7, the battery energy capacity (E) before the use of OWCS
has changed by ∆Eα, compared with the battery reference parameter (E0). However, even though
the battery gravimetric energy density increases to 0.3 kWh/kg, the battery energy capacity reduction
contributed by the change of battery gravimetric energy density (∆Eα) is only about 4.4% (15 kWh).
The total battery energy capacity reduction contributed by the application of OWCS also decreases as
the battery gravimetric energy density increases, but the trend is not obvious. As shown in Figure 7,
the total varying trend of the ratio of ∆EΣ and E is gradually ascending. This indicates that the higher
the battery gravimetric energy density, the better the effectiveness of the application of OWCS, though
the variation of the ratio is very small (about 0.015). The ratio of ∆EΣ and E is about 0.607 when
the battery gravimetric energy density rises from 0.12 kWh/kg to 0.3 kWh/kg. This means that the
production cost of battery can be reduced by about 60.7% if the OSWCS is applied on an electric bus.

Additionally, as shown in Figure 7, although the energy reduction contributed by the reduction of
energy consumption rate during the lifetime of the battery goes down with the increase of the battery
gravimetric energy density, the operation cost saving still remains 40% and is substantial due to the
high ∆EECR_lifetime (about 15,000 kWh) when the battery gravimetric energy density is 0.3 kWh/kg.
Moreover, in the near future, the gravimetric energy density of a battery pack may be improved to about
0.2 kWh/kg [8]. So, the application of OSWCS on an electric bus can still have significant advantages.

B. The Number of Cycles

Similarly, we then investigate the number of cycles. This work is equivalent to modifying the
plug-in charged electric bus which can operate Nc0 cycles mentioned in the numerical example into
another plug-in charged electric bus with a battery system which can operate Nc cycles. Similar to
Equations (28)–(31), when the number of cycles is Nc, Equation (32) to can be obtained.

E =
Ncα0L0(b0−β0M0)
λ0α0−β0L0Nc

∆E∑ = Ncα0Ns0P0t0
3600(α0−β0L0Nc)

∆E∑
E =

Ns0P0t0(λ0α0−β0L0Nc)

3600L0(α0−β0L0Nc)(b0−β0M0)

∆EECR_lifetime = Nd0Ny0
(
∆E∑ −NcNs0P0t0/3600

) (32)

Additionally, the battery energy capacity of the OSWCEB (EOSWCEB, kWh) can be expressed as
Equation (33).

EOSWCEB = E− ∆E∑ (33)

As shown in Figure 8, the impacts of the number of cycles on OSWCEB are almost opposite to that
of the battery gravimetric energy density. Firstly, as the increase of the number of cycles (Nc), the battery
energy capacity (E) rises sharply, because the electric bus needs, beyond all doubt, a battery with larger
energy capacity. But at the same time, the total battery energy capacity reduction contributed by the
application of the opportunistic wireless-charging system also increases due to the increasing total time
when the electric bus loads/unloads passengers. The ratio of ∆EΣ and E decreases with the increase of
the number of cycles, which indicates that the higher the number of cycles, the worse the effectiveness
of the application of OWCS. But the variation of the ratio is also very small (less than 0.03 even if the
number of cycle increases to 12).
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Similarly, Figure 8 shows that the production cost saving of the battery increases in number. But
the proportion of the saved battery cost to the battery cost declines due to the descending ratio of
∆EΣ and E. The energy reduction contributed by the reduction of energy consumption rate during
the lifetime of the battery increases as the number of cycles increases, which results in the increasing
operation cost saving.

Furthermore, as shown in Figure 8, the number of cycles is more than 12 when the battery energy
capacity of the OSWCEB goes up to 332 kWh. This means the electric bus can at least run 12 cycles
due to the application of the OSWCS, twice as much as before, if the energy capacity of the battery is
not changed. Note that the number of the operation cycles of the plug-in charged electric bus should
meet the requirement of daily duty. Therefore, if the plug-in charged electric bus is converted into an
opportunistic wireless-charged electric bus, the number of the operation cycles during a day should be
constant, even though it can operate more cycles. But, the remaining battery energy can be used the
next day. In other words, applying the wireless-charging technology, the electric bus with the same
battery can at least run two working days. Additionally, for those electric buses which cannot run a
whole day due to the small battery energy capacity, the OWCS may allow them to operate all day and
even reduce the battery energy capacity at the same time.

As shown in the dark vertical pattern of Figure 8, when the number of cycles is between 6
and 12, EOSWCEB is less than 332 kWh. That is to say, we can choose to reduce the battery energy
capacity or increase the number of cycle (between 6 and 12) when we apply the opportunistic
wireless-charging technology.

C. Charging Time and Charging Power

As shown in Figure 9, it presents how the battery energy reduces with the increases of charging
power and the average charging time of each stop. Intuitively, the longer the battery is charged
wirelessly, the more electricity it will receive. So, to some extent, the required charging power
can be decreased by increasing the charging time. The longer the bus is charged at bus stops,
the more the battery capacity is reduced. Unfortunately, the charging time is limited due to the short
loading/unloading passenger time. It is known that the long waiting time will cause the passengers
unsatisfied. So, when loading/unloading passengers is completed, the extra waiting time is limited.
It is reasonable to assume that passengers may accept an extra stop time of 3–5 s per stop. Then,
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according to Figure 9, the charging power can be decreased to about 165 kW (reducing by about 21%) if
the extra waiting time is 3 s and about 145 kW (reducing by about 31%) if the extra waiting time is 5 s.
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Charging power is another decisive factor of the battery reduction of the opportunistic
wireless-charged electric bus. As shown in Figure 9, the battery energy reduction is linearly proportional
to the charging power if the OWCS works at constant power mode. The battery energy capacity can be
reduced by 3% with about an increase of 10 kW in charging power. As the battery capacity decreases,
the charging/discharging C-rate of the battery will increase. The charging/discharging C-rate, which is
equal to the charging/discharging current divided by the capacity of the battery, is one of the important
factors that influence the battery life. Its effects are mainly shown in the following three aspects: (1) the
effect on the degradation rate of the battery capacity; (2) the effect on the cycle performance of the
battery; and (3) the effect on voltage platform length of the battery [32]. Unfortunately, the increase of
the charging/discharging C-rate will cause larger capacity degradation and lower voltage platform of
the battery. Therefore, it is crucial to maintain an appropriate C-rate, which means that the charging
power should not be too high. However, the charging time at each stop, which is determined by the
time taken to load/unload passengers and the extra waiting time base on the passenger satisfaction,
is limited. A relatively high charging power is needed in order to receive a considerable energy from
the wireless-charging system. Of course, none of the charging power and charging time can increase
infinitely from the view of reality. Otherwise, the energy will be oversupplied.

The above analysis is based on the assumption that the battery of the OWCEB is charged with
constant power. However, the lithium-ion battery is usually fully charged though a constant–current
charging stage and a constant-voltage charging stage. In the electric vehicle application, the lithium-ion
battery usually works at an ideal range of the state of charge (SOC) for the consideration of safe
operation and lifespan prolongation. A battery working within this ideal SOC window, constant-current
charging can be adopted. On the other hand, there may be more than 1 V variation of the open circuit
voltage, which has a non-linear relation to SOC, to fully charge or discharge a single-cell lithium-ion
battery (4.2 V/cell) [33]. Even for the lithium iron phosphate battery, which has a flat open circuit



Energies 2019, 12, 2866 18 of 24

voltage curve, the variation of the open circuit voltage can be about 0.5 V [34]. Therefore, there is
about 80–130 V variation for a high-voltage battery pack applied in electric bus (higher than 500 V).
This will lead to the OSWCEB receiving different amounts of energy at different bus stops of different
cycles. So, the amount of energy wirelessly received at a certain stop is determined by charging current,
charging time and the SOC of the battery.

3.2.2. Parameter Analysis of the Opportunistic Hybrid Wireless-Charging System (OHWCS)

As mentioned above, the stationary wireless-charging system has some drawbacks. For example,
the charging time will be very short if there are a few passengers getting on and off the bus. Worse still,
the battery cannot be recharged if the bus does not stop at a station where no passengers get on or off.
Fortunately, the dynamic wireless-charging system can make up for these defects in the stationary
wireless-charging system perfectly. Passing over the power track installed near bus station, the bus can
be charged without stopping. In this system, the length of power track plays an important role.

As shown in Figure 10, the battery capacity reduction is linearly proportional to the length of
power track. The amount of energy supplied near a stop is actually proportional to the amount of
time that a bus passes over the power track if the charging power is constant. Note that the maximum
length of power track is the total travel length (L). At this point, the buses will no longer need batteries
theoretically if the charging power is high enough. Moreover, if the length of power track is constant,
the battery energy capacity reduction increases with the decrease of the average speed of passing
through the power track. When the average speed is less than 20 km/h, the rate of increase rises sharply.
All in all, the lower the speed of the bus passing through the power track, the more significant the
impact of the length of the power track on the battery energy capacity reduction. But, the energy
cannot be oversupplied.
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Figure 10. The effects of the length of power track and average speed of the bus passing through the 
power track on the battery energy capacity reduction. 
Figure 10. The effects of the length of power track and average speed of the bus passing through the
power track on the battery energy capacity reduction.

4. Discussion

Although with the application of the wireless-charging system, not only can the electric bus
be charged conveniently, but also the production cost and operation cost can be reduced drastically,
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there are many constraints that limit battery capacity reduction. Firstly, as analyzed in Section 3,
short charging time and proper charging C-rate are the two main factors. Short charging time at each
bus stop means that the charging power should be high enough to get a substantial battery reduction.
However, if the charging power is too high, the charging C-rate will increase, as mentioned above,
which will seriously damage the battery life. So, high power density battery or battery-ultracapacitor
hybrid energy storage system is more suitable for OWCEB. Moreover, high charging power will also
put a great burden on the power grid. Secondly, the battery life is another limiting factor. In order
to travel the same journey as the original plug-in charged electric bus during a day, the number of
charging/discharging cycles increases as the battery capacity decreases. Although the total energy
required will also be reduced due to the decrease of energy consumption rate, it is smaller than the
reduction of the battery energy. For example, assuming a fully charged battery of a plug-in charged
electric bus is just enough to complete the work of a day. Then, the number of charging/discharging
cycles of the battery will be double during a day, if the battery capacity is reduced to half by applying
the opportunistic wireless charging technology. However, the number of charging/discharging cycles
of a battery is limited [35,36]. Thus, the service life of the downsized battery will end earlier than
that of the battery of a plug-in charged electric bus. But fortunately, just as the hybrid electric vehicle
does, setting the SOC of the battery to be 50% and swings from 40% to 60% to preserve the battery
life [37,38], an appropriate SOC range can be found for the opportunistic wireless-charged electric bus.
The battery life of the wireless-charged electric bus may be as long as that of hybrid electric vehicle
with a proper battery management strategy. This is worth studying further. Thirdly, the efficiency of
the wireless-charging system is an important factor. Presently, the efficiency of the wireless-charging
system is lower than that of the plug-in charging system. In addition to the structure of the system
itself, there are many other factors affecting the efficiency of the wireless-charging system, such as the
misalignment and the surrounding. For dynamic wireless-charging system, the speed passing through
power tracks is also an important factor affecting the efficiency. Therefore, improving the efficiency of
the OWCS is a research priority.

In the dynamic wireless-charging system, the assumption that the amount of energy supplied in
each stop is linearly proportional to the length of the power track installed at the stop if the speed
passing through power tracks is constant and results in an inaccurate model. For example, when a bus
is ready to pull into a bus stop where another bus has already stopped, it must travel slowly which
leads to more charging time. Conversely, if no buses stop at the stop, or even no passengers get on
and off the bus, it can pass through the power track quickly. This will result in less charging time.
Therefore, the battery reduction models need to be further optimized in future work.

Additionally, although some wireless-charged electric buses have come into use, they are still in
the very early stage of commercialization. Therefore, some uncertainties, such as the labor cost and
maintenance cost, are not included in the total cost-saving model due to lack of data on commercial
construction and maintenance. Beyond that, buses on multiple routes may stop at the same bus
stop. So, the wireless charger installed at/near one bus stop can be shared by the buses operating on
multiple routes. As a result, the infrastructure cost of one wireless charger should also be shared by
multiple routes, which leads to an increase of the total cost saving of one bus. On the other hand,
although the battery can be reduced significantly and the total cost saving is also very substantial,
applying the opportunistic wireless-charging system would lead to huge construction cost, or even
wasted resources if wireless charger is installed at each stop. Actually, a tradeoff between the allocation
of wireless-charging infrastructure, including the number of wireless-charging infrastructure and
the length of the power track, and the battery capacity should be investigated to minimize the total
investment cost. Therefore, the economic analysis and optimization of the opportunistic electric bus
wireless-charging system from a systematic perspective should be investigated in future work.

Moreover, in this paper, it is not considered that the power required by buses varies from moment
to moment with the change of the driving state, which may result in an inaccurate mathematical model.
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Many factors affect the amount of power a bus needs, such as speed, acceleration and the weight of the
bus. Therefore, in order to achieve precise and real-time power values, there is a lot work to do.

5. Conclusions

In this paper, an opportunistic wireless-charging system for electric bus was introduced, including
the opportunistic stationary wireless-charging system and opportunistic hybrid wireless-charging
system. Battery reduction models were built to reflect the effects of the OSWCS and OHWCS on electric
buses. Additionally, in order to analyze the economy of an opportunistic wireless-charging system,
the cost saving due to the application of the OWCS on an electric bus was investigated in terms of
aspects of production cost, operation cost and total cost. The proposed models were demonstrated with
a numerical example. The simulation results show that: firstly, the battery energy capacity and mass
can be reduced by about 60% for the OSWCEB and 90% for the OHWCEB. Secondly, the cost savings
for the OSWCEB and OHWCEB due to the battery reduction reached about $86,000 and $130,000,
respectively; the specific total cost savings, considering the infrastructure cost, for the OSWCEB and
OHWCEB are about $64,078.87 and $101,828.97, respectively. Finally, the results of parameter analysis
show that (1) the battery can be reduced by about 60% regardless of the improvement of the battery
gravimetric energy density at a specific charging power; (2) the battery energy capacity can be reduced
or the number of cycles can be increased when the OWCS is applied; (3) it is crucial to set and balance
charging power and charging time on the basis of the battery performance and passenger satisfaction;
(4) the tradeoff between the length of power tracks and the average speed passing through the bus stop
is also of great significance to improve the effectiveness of the OHWCS.

Author Contributions: Conceptualization, S.W. and W.L.; methodology, S.W. and W.L.; validation, S.W., W.L. and
A.Y.; investigation, S.W. and J.H.; writing—original draft preparation, S.W. and W.L.; writing—review and editing,
W.L., A.Y. and J.H.; supervision, W.L. and A.Y.; project administration, W.L.; funding acquisition, W.L.

Funding: This research was funded by Natural Science Foundation of Anhui Province (grant number
1808085QE122) and the Fundamental Research Funds for the Central Universities (grant number JZ2017HGTA0174
and JZ2016HGBZ1020).

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Abbreviation
EV Electric vehicle
ECR Energy consumption rate
OLEV Online electric vehicle
OWCS Opportunistic wireless-charging system
OSWCS Opportunistic stationary wireless-charging system
OHWCS Opportunistic hybrid wireless-charging system
OWCEB Opportunistic wireless-charged electric bus
OSWCEB Opportunistic stationary wireless-charged electric bus
OHWCEB Opportunistic hybrid wireless-charged electric bus
PCEB Plug-in charged electric bus
WPT Wireless power transfer
Parameter
b Energy consumption rate of the electric bus (kWh/km)
Cinfra Infrastructure cost of one bus route ($)
E Battery energy capacity (kWh)
Ec The energy consumed at the energy consumption rate of b in Nc cycles (kWh)
EE Effective battery energy capacity (kWh)
EH High limit of the battery level (kWh)
EH_H High limit of the battery level of OHWCEB (kWh)
EH_P High limit of the battery level of PCEB (kWh)
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EH_S High limit of the battery level of OSWCEB (kWh)
EL Low limit of the battery level (kWh)
EL_H Low limit of the battery level of OHWCEB (kWh)
EL_P Low limit of the battery level of PCEB (kWh)
EL_S Low limit of the battery level of OSWCEB (kWh)
Em,n The amount of energy supplied by the nth stop of the mth cycle (kWh)
EOSWCEB Battery energy capacity of the OSWCEB (kWh)
l Length of the power track installed near each stop (m)
L Length of the circular route (km)
ln Length of the power track installed near the nth stop (m)
M Mass of the battery (kg)
MBus Mass of the plug-in charged electric bus (kg)
MBusi Mass of the plug-in charged electric bus of the ith iteration (kg)
Mc The battery mass corresponding to the battery energy of Ec (kg)
NBus The number of electric buses operating on the route
Nc The number of cycle during a day
Nd The number of working days of the bus per year (d)
Ns The number of stop of the round trip
Ny Battery life (y)
OCS Operation cost saving ($)
P Charging power referring to input power of the wireless charger (kW)
paux Price of per set of auxiliary equipment ($/each)
pb Battery cost per unit of energy capacity ($)
pcoil Price of per transmitting coil ($/each)
pe Price of electricity per kilowatt-hour ($)
Pout Output power of the wireless charger (kW)
ptrack Price of power track per unit meter ($/m)
PCS Production cost saving ($)
t Average stop time at each stop (s)
tm,n Charging time of the nth stop of the mth cycle (s)
TCS Total cost saving ($)
v Average speed of the OHWCEB passing through power track in each cycle (km/h)
vm,n Average speed of OHWCEB passing through the nth power track in the mth cycle (km/h)
α Battery gravimetric energy density (kWh/kg)
β Proportion coefficient between b and MBus
λ Limit parameter of the battery level equal to the difference between λH and λL
λH Upper limit coefficient set to maximize the battery life
λL Lower limit coefficients set to maximize the battery life
η Efficiency of the wireless charger (%)
ηd Efficiency of the dynamic wireless-charging system (%)
ηs Efficiency of the stationary wireless-charging system (%)
∆bi Variation of energy consumption rate of the ith iteration (kWh/km)
∆EECR Battery energy capacity reduction contributed by the reduction of ECR (kWh)
∆EECR_lifetime Energy reduction due to the reduction of ECR during the lifetime of the battery (kWh)
∆Ei Reduction of battery energy capacity of the ith iteration (kW)
∆EWPT Total amount of energy supplied by wireless-charging systems (kWh)

∆Eα
The battery energy capacity reduction contributed by the change of the battery gravimetric
energy density (kWh)

∆EΣ Total battery energy capacity reduction (kWh)
∆Mi Reduction of battery mass of the ith iteration (kg)
∆EΣ Total battery mass reduction (kg)
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Appendix A

Considering the Equations (4)–(12), Equation (9) can be simplified as Equation (A1):

∆E∑ =
∞∑

i=0

(
0.45bNcL
αMBus

)i

∆E1 (A1)

It is defined that,

q =
0.45bNcL
αMBus

(A2)

Next, we are to prove that q < 1.
If it is defined that Ec (kWh) is the energy consumed at the ECR of b in Nc cycles, then Ec can be expressed

as Equation (A3):
Ec = bNcL (A3)

The battery mass (Mc, kg) corresponding to Ec can be obtained from Equation (A4):

Mc =
Ec

α
(A4)

Considering Equations (A3) and (A4), Equation (A2) can be rewritten as Equation (A5):

q =
0.45Mc

MBus
(A5)

Obviously, Mc <MBus. So, q < 1.
Therefore, the infinite series of Equation (A1) is convergent, when i tends to infinity. Then, Equation (13) can

be easily obtained. EH_P, EH_S and EH_H are the high battery levels of PCEB, OSWCEB and OSWCEB respectively;
EL_P, EL_S and EL_H are the low battery levels of PCEB, OSWCEB and OSWCEB
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