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Abstract:

 The economic viability of on-road wireless charging of electric vehicles (EVs) strongly depends on the choice of the inductive power transfer (IPT) system configuration (static or dynamic charging), charging power level and the percentage of road coverage of dynamic charging. In this paper, a case study is carried out to determine the expected investment costs involved in installing the on-road charging infrastructure for an electric bus fleet. Firstly, a generic methodology is described to determine the driving range of any EV (including electric buses) with any gross mass and frontal area. A dynamic power consumption model is developed for the EV, taking into account the rolling friction, acceleration, deceleration, aerodynamic drag, regenerative braking and Li-ion battery behavior. Based on the simulation results, the linear dependence of the battery state of charge (SoC) on the distance traveled is proven. Further, the impact of different IPT system parameters on driving range is incorporated. Economic implications of a combination of different IPT system parameters are explored for achieving the required driving range of 400 km, and the cost optimized solution is presented for the case study of an electric bus fleet. It is shown that the choice of charging power level and road coverage are interrelated in the economic context. The economic viability of reducing the capacity of the on-board battery as a trade-off between higher transport efficiency and larger on-road charging infrastructure is presented. Finally, important considerations, like the number of average running buses, scheduled stoppage time and on-board battery size, that make on-road charging an attractive option are explored. The cost break-up of various system components of the on-road charging scheme is estimated, and the final project cost and parameters are summarized. The specific cost of the wireless on-road charging system is found to be more expensive than the conventional trolley system at this point in time. With decreasing battery costs and a higher number of running buses, a more economically-viable system can be realized.
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1. Introduction


Transition from over-utilized fossil fuels to cleaner, environment-friendly and more efficient electrical energy has propelled the proliferation of electric vehicles (EVs) in the market. Plug-in vehicles that use electric motors as prime movers have seen rapid mass production since 2011 [1,2]. The implications of the evolution and integration of electric vehicular technology and its associated charging aspects with smart grids and distribution networks has garnered growing interest [3].



Bulk energy consumers, like the transportation sector, if electrified, can yield a more sustainable planet. The direct effect of such an effort in the form of a reduction in the emission of greenhouse gases and a reduction of the dependence on fossil fuels is motivated in [4], in which a battery swappable smart electric bus system is described that is currently in pilot operation. The performance study of electric buses in terms of actual measurements of range and energy consumption for some test city driving cycles is presented in [5]. A comparative economic analysis of different charging solutions for the range extension of systems, such as a trolley system, battery swapping and hybrid vehicles, is presented in [6,7].



Because of volume and especially the weight considerations, the amount of battery capacity used in a vehicle, such as a public transport bus, is limited, and consequently, the autonomous driving range of the bus is also limited. On some bus lines with limited driving distance per day, specific buses may have adequate range. However, more often, some sort of recharging of the batteries is necessary during the day. For medium and heavy use, recharging at a bus stop or at the turning point of the line (so-called opportunistic charging) may help enough to enable day-long operation.



For energy-intensive bus lines, like bus rapid transit with relatively high speed and high passenger occupancy, there is simply too little time available for getting the required energy into the bus with stationary solutions. In such scenarios, dynamic charging or battery swapping mechanisms need to be employed. Presently, several solutions are available to circumvent this problem.



	
Trolley systems [6,7]: efficient energy transfer from overhead wires and a small, if any, energy buffer are needed. However, significant infrastructural costs are involved; mechanical contacts make the system inflexible and cause wear and tear, as well as cluttering of the landscape.



	
Battery swapping [4,6]: the on-board battery is replaced at regular intervals at battery charging stations. The infrastructural costs and required battery capacity are high. While the transport efficiency is more due to a small on-board battery, the increase in required driving range leads to the increase in the number of battery swapping operations.



	
Hybrid vehicles [6]: a combination of two or more energy sources are used. The design is complicated, and the vehicle cost is high. Transport efficiency decreases with the increase in on-board energy buffer weight.






An inductive power transfer (IPT) system for on-road EV charging is an upcoming option for driving range extension [8,9]. Wireless on-road charging systems for EVs can address several disadvantages associated with plugged-in vehicles related to safety, aesthetics and operational versatility in harsh weather conditions. Companies, like Bombardier Primove, Conductix Wamfler and Qualcomm Halo, are involved in pilot projects looking into the implementation of this technology. For example, Primove has successfully developed an electric route served by 12 m and 18 m e-buses with opportunity charging in Braunschweig, Germany [10]. During market research, the authors requested information on economic aspects from such companies. However, only ballpark figures were offered that were insufficient to carry out an independent viability study. Hence, the need was felt to develop a generalized economic viability study based on the technical knowledge [11,12].



The contribution of this paper is the development of a generalized economic viability study of employing a wireless on-road charging system for driving range extension. It is essential to describe how such dynamic charging systems measure up in terms of economics to other available charging solutions. However, since this technology is still in its nascent stage, historical data pertaining to economic considerations of the system are scanty. A literature survey provides some ballpark figures, but these do not indicate the dependence on charging power level and road coverage. For example, the PATHteam [13] considers a baseline price assumption of 1.5 M€/km. The costs incurred for the on-line EV (OLEV) [14,15,16] for a 100 kW IPT system with four inverters/km and an I-type rail are estimated to be around 0.85 M$/km. Herein, the I-type rail refers to the structure of the magnetic core framework used in the rail at the primary side. A detailed analysis of the core structures used in the rails for shaping the magnetic fields is offered in [15]. In this, the cost estimate is given to be about 0.23 M$/km.



Economic viability, transport efficiency and initial infrastructural investment costs incurred are influenced by the charging power level of static and dynamic on-road charging, road coverage area and on-board battery capacity. This paper presents a detailed case-study on the economic considerations concerning the on-road wireless charging system for an articulated electric bus fleet in the province of North Holland. The theory is structured in a way that it can be adapted in a generalized economic viability study. In particular, the paper describes the choices designers must make in terms of static and dynamic charging power levels and the road coverage to develop the most economic on-road charging solution in order to achieve a given driving range and highlights the trends in incurred project cost by making specific choices. Further, the choice of on-board battery capacity based on the trade-off between savings due to efficient transport versus the extra incurred infrastructural costs for the IPT system is explored.



In Section 2, a generic methodology is developed to estimate the driving range extension due to different design parameters of the IPT system. A set of linear equations is defined that aids in analytically determining the battery state of charge (SoC) of an EV of any gross mass, frontal area, auxiliary power and for the charging power level and road coverage of a static and a dynamic IPT system. The defined equations can estimate the velocity-dependent energy consumption for EVs of any mass and frontal area irrespective of them being used in light, medium or heavy duty applications. Mass and area constants are determined to take into account the dependence of EV energy consumption on the velocity profile for several driving cycles. Further, the impact of battery weight on the SoC is incorporated in the equations.



Section 3 explores the economic aspects of a specific on-road charging system using the equations defined. Optimized design parameters with respect to [image: there is no content], [image: there is no content] and [image: there is no content] are presented for the case-study so as to minimize the cost incurred in installing the IPT system to achieve the required driving range. The theory developed in this document can be used for a generalized economic viability study of IPT systems for heavy duty EVs, such as e-buses. Underlying principles can also be adapted for other vehicle groups of varying mass and designs.



Section 4 looks into other factors, such as bus running schedule and on-board battery capacity, that may influence the lifetime cost incurred by the system. Particularly, the impact of increasing the possibility of opportunity charging during worst case scenario by increasing the scheduled stoppage time and the impact of reducing the battery weight as a trade-off between higher transport efficiency and higher infrastructural costs are explored.




2. Generic Methodology for Driving Range Estimation


In order to account for the energy inflow and outflow, it is essential to develop a model for the dynamic power consumption of the EV. This consumption pattern is dependent on the vehicle’s specifications and the velocity profile. The dynamic power consumption is simulated for a reference vehicle with parameters [17] listed in Table 1.


Table 1. Reference parameters for simulating the dynamical consumption model of the electric vehicle (EV).


	Parameter
	Value
	Unit





	Empty mass
	13,300
	kg



	Gross mass
	19,000
	kg



	Frontal area
	8.568
	m2



	Coefficient of drag (assumed)
	0.7
	-



	Coefficient of rolling resistance (assumed)
	0.01
	-



	Battery capacity
	600 (200 × 3)
	Ah



	Energy capacity
	324
	kWh



	Nominal voltage
	540
	V



	Battery type
	lithium ion
	-



	Initial state of charge (SoC) (assumed)
	95%
	-



	Allowed depth of discharge (assumed)
	80%
	-









Several standard driving cycles [18,19], like the standardised on-road test cycles (SORT 1, SORT 2 and SORT 3), the urban dynamometer driving schedule (UDDS), the Braunschweig cycle and the highway fuel economy driving schedule (HWFET), have been simulated to establish the methodology. The simulation results for the SORT 3 cycle are presented, and the “driving cycle constants” defined in the subsequent section are provided for all aforementioned driving cycles.





The physics of the vehicle power consumption [20] is governed by the following forces:

	
Aerodynamic drag ([image: there is no content]) is the load due to resistance offered by the air. ρ is the density of air in kg/m−3; [image: there is no content] is the coefficient of drag; vis the instantaneous velocity; and [image: there is no content] is the frontal area of the vehicle.



	
Rolling resistance ([image: there is no content]) is the frictional resistance offered by the road due to the motion of wheels. [image: there is no content] is the coefficient of rolling resistance; M is the mass of the vehicle; g is the acceleration due to gravity; and θ is the angle of inclination.



	
Inertial load ([image: there is no content]) is the change in the stored energy of the vehicle due to dynamic motion (acceleration/braking). It is important to consider here that some energy is recoverable through the regenerative braking.



	
Gravitational load ([image: there is no content]) is due to the movement of the vehicle on an inclined road.








A dynamic power consumption model is developed based on the vehicle dynamics described by the above-mentioned equations depending on the power loss due to rolling resistance, power demand during acceleration, power lost during deceleration after, including regenerative braking, and power lost due to aerodynamic drag. The model involves the following assumptions:

	
The overall average efficiency of the motor-drive system is assumed to be 80%. A corrective factor corresponding to the ratio of assumed average efficiency to actual average efficiency can be multiplied with the mass and area constant derived in the subsequent section to improve the accuracy of the model.



	
Sixty percent of energy is recovered during regenerative braking.



	
The angle of inclination of the road is zero.



	
The auxiliary power Paux will include heating, ventilation and air conditioning (HVAC), lighting, auxiliary services of vehicle, opening and closing of doors, route display screens, power steering and brakes. In the simulations to derive Km and Ka, 0 kW is considered in order to eliminate the dependence of SoC on Paux.



	
Actual measurements were taken for the 12 m bus with a 324 kWh battery for SORT 1, 2 and 3 cycles. The specific consumption was measured to be 1.2 kWh/km for SORT 3 as compared to 1.3 kWh/km obtained from the simulation of our dynamic power consumption model under similar conditions. This increased the confidence on relying on the developed model for the economic viability study.








2.1. State of Charge Estimation of the Battery-Alone System


The impact of vehicle specifications, environmental factors and velocity profile on the SoC of the EV battery is simulated for a battery-alone system. Three Li-ion batteries are used in parallel (generic model available in matrix laboratory (MATLAB) software platform) with a nominal voltage of 540 V, a rated capacity of 200 Ah each and an initial SoC of 95%. Charge and discharge current flowing through this battery system are computed from the dynamic power flows and the nominal voltage of the system. The distance of 40 km is simulated to prove a linear dependence by regression analysis. A complete discharge of the battery up to the allowed depth of discharge (DoD) is not simulated for the regression analysis, implying that the dependence of internal battery resistance on the SoC is neglected in the derived constants of this section.



2.1.1. Mass Constant ([image: there is no content]) of the Driving Cycle


Figure 1 shows the plots for SoC versus distance for different gross masses with the frontal area equal to zero and an ambient temperature of 20 ∘C for SORT 3 and the HWFET driving cycle. The auxiliary power demand of the EV is set to zero. The SoC, thus, in this case, depends only on the mass of the vehicle.


Figure 1. SoC versus distance for different gross masses of EV: (a) standardised on-road test cycle (SORT) 3 and (b) highway fuel economy driving schedule (HWFET).



[image: Energies 09 00076 g001 1024]








The linear regression yields a coefficient of determination [image: there is no content]. An [image: there is no content] value close to one indicates a linear dependence of battery SoC on the distance traveled by the EV.



Figure 2 shows the variation of the slope of the SoC vs. distance with respect to mass of the vehicle for the SORT 3 and HWFET driving cycles. Regression analysis yields [image: there is no content]>0.99, which indicates a linear dependence of final state of the charge of the battery on the vehicle mass. The slope, defined as the mass constant of the driving cycle [image: there is no content], is equal to 1.9464×10−7 for the SORT 3 driving cycle. In the case of the HWFET cycle, [image: there is no content] is equal to 1.3371×10−7.


Figure 2. Slope of SoC versus distance w.r.t the gross mass of the vehicle: (a) SORT 3; and (b) HWFET.



[image: Energies 09 00076 g002 1024]









2.1.2. Area Constant ([image: there is no content]) of the Driving Cycle


Figure 3 shows the plots for SoC versus distance for different frontal areas with the gross mass equal to zero and an ambient temperature of 20 ∘C for the SORT 3 driving cycle. The auxiliary power demand of the EV is set to zero. The SoC, thus, in this case, depends only on the frontal area of the vehicle.


Figure 3. SoC versus distance for different frontal areas of the vehicle: (a) SORT 3; and (b) HWFET.



[image: Energies 09 00076 g003 1024]






Figure 4 shows the variation of the slope of the SoC vs. distance with respect to the product of the frontal area and drag coefficient of the vehicle. The linear regression yields [image: there is no content]>0.99, which indicates a linear dependence of the final battery SoC on the frontal area of the vehicle. The slope, defined as the area constant of the driving cycle, [image: there is no content]=8.9739×10−5 for the SORT 3 driving cycle and 2.2176×10−4 for HWFET driving cycle.


Figure 4. SoC versus distance for different frontal areas of the vehicle: (a) SORT 3; and (b) HWFET.



[image: Energies 09 00076 g004 1024]







2.1.3. Equation for State of Charge Estimation of the Battery-Only System


Hence, from the above theory, the expression for SoC of the on-board battery as a linear function of distance traveled can be derived. The SoC for the battery-alone EV system for any distance traveled can be estimated using Equation (1):


[image: there is no content]=−[image: there is no content][image: there is no content]M+[image: there is no content][image: there is no content]AfCd+[image: there is no content][image: there is no content]ηdis[image: there is no content]S+SoC(0)



(1)







A similar procedure was followed for different driving cycles to determine the velocity profile-dependent mass and area coefficients. Table 2 presents the mass and area constants of different driving cycles.


Table 2. Driving cycle constants. UDDS, Urban Dynamometer Driving Schedule.


	Driving cycle
	[image: there is no content] ([image: there is no content])
	[image: there is no content] ([image: there is no content])
	[image: there is no content] (km/h)





	SORT 1
	2.09234 ×10 −7
	2.4684 × 10−5
	12.1



	SORT 2
	1.9604 ×10−7
	4.9201 × 10−5
	18



	Braunschweig
	2.1225 ×10−7
	4.992 × 10−5
	22.9



	SORT 3
	1.9464 ×10−7
	8.9739 × 10−5
	25.3



	UDDS
	1.89 ×10−7
	9.3371 × 10−5
	31.53



	HWFET
	1.3371 ×10−7
	2.2176 × 10−4
	77.73









A clear increasing trend in area constant [image: there is no content] with the average velocity of the driving cycle is observed, which is expected due to the increase in aerodynamic drag. On the other hand, the mass constant decreases despite increasing average velocity. This is because, while the mass-dependent vehicle power consumption is directly proportional to the instantaneous velocity, instantaneous power demand for acceleration is by far the dominant factor. Velocity profiles of driving cycles with a lower average velocity typically have higher acceleration and deceleration durations, resulting in a higher power consumption. Thus, [image: there is no content] decreases with the increase in average velocity.











2.2. Driving Range Extension with the Static Inductive Power Transfer System


Static IPT charging is employed at scheduled stoppages of the driving cycle. For the same energy transfer per vehicle, the infrastructure cost involved in the static is less than the dynamic IPT system. The system is simulated with different static IPT charging power levels at scheduled stoppages of the SORT 3 driving cycle. Figure 5 shows the plots for the final battery SoC versus the power level for different scenarios for traveled distances of 40 km and 20 km.


Figure 5. SoC of the battery for different charging powers of the static inductive power transfer (IPT) system.



[image: Energies 09 00076 g005 1024]








The final SoC of the battery linearly varies with the charging power level. The regression analysis yields an R-squared value of one. The generic equation for estimating the SoC of the battery for different static charging power levels is described by Equation (2):


SoCstatic=[image: there is no content]*ηc[image: there is no content][image: there is no content]+[image: there is no content](stot)



(2)







The initial point [image: there is no content]) is the SoC of the battery-alone system that can be estimated using Equation (1).




2.3. Driving Range Extension with the Dynamic Inductive Power Transfer System


Figure 6 shows the simulation plots for the final battery SoC versus the percentage of the road coverage area for different power levels of dynamic IPT charging for a traveled distance of 40 km with the SORT 3 driving cycle at an ambient temperature of −15 ∘C and 100% occupancy level. A static IPT system of 60 kW is considered to be installed in all cases.


Figure 6. Final SoC versus road coverage area for different power levels of the dynamic IPT system.



[image: Energies 09 00076 g006 1024]








The following observations can be made:

	
The final SoC linearly increases with road coverage area despite the randomness in the velocity profile. This is because the IPT system is also randomly distributed on the road track. Regression analysis yields [image: there is no content]>0.99, which indicates a strong correlation.



	
The slope is directly proportional to the charging power level of the IPT system.



	
SoC at the zero coverage area can be computed using Equation (1) and Equation (2) corresponding to the “static-only” charging system.








The battery SoC of the EV with dynamic on-road charging can be estimated using Equation (3):


[image: there is no content]=SoCstatic+([image: there is no content]−[image: there is no content])ηc[image: there is no content][image: there is no content]︸Slope(Croad(%))100



(3)







The driving range of the vehicle can be calculated from the SoC of the battery using Equation (4):


[image: there is no content]



(4)








2.4. Impact of Battery Weight


In the previous section, the impact of IPT systems on the driving range of the EV was studied. In order to achieve the same driving range with the battery-alone system, a greater energy capacity is needed and, hence, a greater battery weight and volume, which has implications on not only the transport efficiency [22], but also on the feasibility of installing such a system. This section describes the method to estimate the required energy capacity of the battery in order to achieve the desired driving range and the subsequent impact of increased weight on specific consumption of the electric bus.



Rearranging Equation (4), the final SoC of the battery ([image: there is no content]) for the required driving range at the end of travel distance is described by Equation (5):


[image: there is no content]=SoC(0)−DoDmax*SDR



(5)







Here, DR is the required driving range in km. Now, Equation (1) can be modified to compute the battery weight-dependent SoC at end of the total traveled distance, as shown in Equation (6):


[image: there is no content]=−[image: there is no content][image: there is no content]([image: there is no content]−[image: there is no content](1−kb))+[image: there is no content][image: there is no content]AfCd+[image: there is no content][image: there is no content]ηdiskbEbat,refS+SoC(0)



(6)




where [image: there is no content] is the gross mass of the reference vehicle and [image: there is no content] is the weight of the reference vehicle battery in kg. The weight of the required battery is [image: there is no content][image: there is no content]. Rearranging Equation (6), it is possible to estimate the required battery capacity factor [image: there is no content] as per Equation (7), such that the [image: there is no content] corresponding to the required driving range is equal to [image: there is no content] for a battery-alone system.


[image: there is no content]=[image: there is no content]([image: there is no content]−[image: there is no content])+[image: there is no content]AfCd+[image: there is no content][image: there is no content]ηdisEbat,refSoC(0)−SoCrefS−[image: there is no content][image: there is no content]



(7)







From the Ragone plot, the specific energy of a high-power Li-ion battery used in the reference e-bus is about 100 Wh/kg [23]. Hence, the weight of the reference vehicle ([image: there is no content]) is [image: there is no content] kg. Figure 7 shows the increase in the capacity factor and the specific consumption of the electric bus with the required driving range for different loading scenarios for the SORT 3 driving cycle for the battery-alone system with no on-road charging in place. The simulated specific consumption of the reference electric bus used in this section is also marked.


Figure 7. Impact of driving range of the vehicle for the SORT 3 driving cycle without any on-road charging on the (a) capacity factor [image: there is no content] (b) specific consumption.



[image: Energies 09 00076 g007 1024]








Finally, the impact of the increase in the battery weight on the specific consumption of the vehicle ([image: there is no content] in kWh/km) can be estimated from Equation (8):


[image: there is no content]=[image: there is no content]*[image: there is no content]([image: there is no content]−[image: there is no content](1−[image: there is no content]))+[image: there is no content]AfCd+[image: there is no content][image: there is no content]ηdisEbat,ref



(8)








2.5. Estimation Error


In Figure 8, the percentage of absolute error between the estimated value obtained from the derived equations and the simulated value of the battery SoC of the reference vehicle obtained from the dynamic power consumption model of the vehicle developed on MATLAB for a 40 km traveled distance with 60 kW static + 60 kW dynamic on-road charging is presented for different driving cycles.


Figure 8. Percentage of the absolute error in SoC estimation for different driving cycles.



[image: Energies 09 00076 g008 1024]








For a 30% road coverage with 60 kW charging power level of both the static and dynamic IPT system, the error in estimated SoC is 2% with the corresponding error in estimated driving range being 6.69%. Hence, the driving range of any EV in different scenarios can be estimated using simple linear equations with known parameters and vehicle specifications with reasonable accuracy.





3. Economic Analysis for the On-Road Inductive Power Transfer Charging System: Case Study


3.1. System Description


The economic aspects of on-road charging solution for a two-lane, 40 km-long bus line of Zuidtangent in the province of North Holland is explored. It should be noted that in this section, a larger articulated electric bus will be used for analysis with an empty weight of 20,000 kg and a 500 kWh on-board Li-ion battery pack with an additional weight of 5000 kg. The gross weight of the vehicle with 100% occupancy level is thus about 35,000 kg. The frontal area is 8.568 m2; the coefficient of drag is taken as 0.7; and the rolling resistance is taken as 0.01. Twenty five articulated buses run per day on average. Each bus is expected to drive 400 km per day. Five buses are kept as spare. The design of the IPT system involves the following considerations:

	
The battery is charged to its full capacity during night hours when the bus is stationary.



	
There are 24 scheduled stoppages of 20 s each and a 6 min stoppage at the start of each run.



	
The UDDS [19] is used to emulate the velocity profile of the e-bus.

	-

	
The average velocity of the UDDS driving cycle is 31.53 km/h.




	-

	
From Table 2, the mass constant is 1.89 × 10 −7, and the area constant is 9.337 × 10 −5.









	
The required driving range is 400 km (10 trips of 40 km each) in the worst case scenario of −15 ∘C, 100% occupancy.



	
The climate model in [21] predicts that a normal bus would consume 167 kWh for HVAC in winter days for −7 ∘C in Netherlands for a 20 h operation. An articulated bus of almost double the length would consume double this (334 kWh). Correspondingly, 433 kWh will be consumed if the ambient temperature is −15 ∘C.



The total energy consumption of the auxiliary system, including HVAC, lighting, auxiliary services of the vehicle, opening and closing of doors, route display screens, power steering and brakes, during the worst winter condition is assumed to be 500 kWh for a 20 h operation. Therefore, the average [image: there is no content] is assumed to be 25 kW.








The SoC for the battery-alone system can be estimated from Equation (1). With an initial SoC of 95% at the start of the day by considering overnight charging of the on-board battery of the electric bus, the SoC at the end of a 40 km travel distance without any on-road charging is 68.66%. At the end of the traveled distance (S = 40 km), the final SoC of the battery corresponding to the desired driving range (DR = 400 km) is given by Equation (5) to be 87%. The deficit, ΔSoC = 18.34%, is removed using a combination of static and dynamic on-road charging.



[image: there is no content], [image: there is no content] and [image: there is no content] are varied, such that [image: there is no content] at the end of traveled distance of 40 km is 87%. Several combinations can be used to achieve the required driving range, and the optimum values are chosen based on the minimum investment costs involved.




3.2. ΔSoC Deficit Removal with the Static Inductive Power Transfer Charging System


Static charging pads are installed at the scheduled stoppages. The charging time with each pad is 20 s. For a similar amount of charging time on a single dynamic IPT segment of 1.05 m, the e-bus must have a velocity of 0.19 kmph. Hence, for better infrastructural usage and lower investment costs, it is desirable that the static charging power be as high as possible.



The slope of Equation (2) corresponding to the stop time in the winter worst case scenario is 0.000453. Figure 9 shows the variation in final battery SoC and driving range achieved for different on-road static charging power levels for different starting and halt times. Note that with increasing halt time, the total daily operating time of the bus increases, thereby marginally increasing the energy consumption of the auxiliary bus system. This is reflected in decreasing SoC of Equation (1) due to decreasing average velocity ([image: there is no content]).


Figure 9. (a) On-board battery SoC (b) driving range versus static charging power level for different starting and halt times.



[image: Energies 09 00076 g009 1024]








With a 200 kW static charging power level, the driving range achieved is 185 km, and the battery SoC is 77.7%. The deficit has to be cleared by installing dynamic charging infrastructure.




3.3. ΔSoC Deficit Removal with the Dynamic Inductive Power Transfer Charging System


With increasing power level, the percentage of road coverage to achieve the required driving range of 400 km decreases; however, the investment costs per km of installed on-road charging infrastructure increases, as shown in Figure 10.


Figure 10. Percentage of road coverage for different dynamic charging power levels.



[image: Energies 09 00076 g010 1024]








As shall be shown in the subsequent section, the investment costs incurred due to increasing the charging power level are outmatched by the decrease in infrastructural costs due to reducing road coverage. Hence, it is preferred to increase the charging power level from the economic point of view.




3.4. Cost of System Components


In this section, the investment costs incurred for different system components have been estimated. Since the technology is still in its nascent stage, market data are not available. Hence, the costs have been calculated from the design point of view. The following considerations have been observed to make the estimate:

	
The total copper mass (in kg) in the air cored primary winding [24] based on the charging power level along with Litz wire cost [25] of 35 €/kg are used to estimate the cost of a single IPT charging pad. An additional design cost of 50% is assumed.



	
The cost of the power electronics [26] involved in the IPT supply system is considered to be 50 €/kW. Additional maintenance charges of 10% have been included.



	
Corresponding to the operating frequency of 100 kHz, a minimum of 4 inverters per km are installed [27].



	
The road construction (digging, labor, installation of IPT system) costs of 0.1 M€/km for IPT road coverage are assumed.



	
Discrete charging pads of 1.05 m [24] in length each have been considered for dynamic on-road charging. The total number of dynamic charging pads have been estimated for total road coverage, and the corresponding cost of air cored primary winding is calculated. An illustration of the on-road dynamic charging system with discrete pads [28] is shown in Figure 11.


Figure 11. Illustration of the discrete IPT charging pads for on-road dynamic charging.
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Figure 12 shows the total cost of different IPT system components for achieving a driving range of 400 km with a 200 kW static IPT charging at scheduled stoppages and different dynamic charging power levels. The overall cost incurred decreases with increasing dynamic charging power level, because of the decrease in the percentage of road coverage. With a 200 kW dynamic charging, the total road coverage required is 21%, while the IPT system cost is 10.1 million Euros per lane of the Zuidtangent line. The specific cost is 1.2 M€/km/lane.


Figure 12. Cost estimation of the IPT charging system components (a) power electronics (b) road contruction; (c) primary IPT coils; and (d) total system.
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4. Second Order Economic Considerations


Several secondary factors influence the choice of system configuration. These include the following.



4.1. Running Schedule


In the beginning of each 40 km run, there is a six min scheduled stop that provides an opportunity for static charging. During the worst loading scenario, which occurs only for a few predictable days of a year, increasing this stoppage time can lead to significant infrastructural cost reduction for meeting the driving range. Extra buses may be employed to run in these conditions for meeting the time deficit. Note that with increasing halt time, the total daily operating time of the bus increases, thereby marginally increasing the energy consumption of the auxiliary bus system. This is reflected in the decreasing SoC of Equation (1) due to decreasing average velocity ([image: there is no content]).



Figure 13 shows the influence of scheduled stoppage time at the start of the 40 km run on the incurred investment cost of installing the IPT system for different battery capacities.


Figure 13. Incurred IPT infrastructure cost with changing halt time at the start of the 40 km run.
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As observed, the incurred investment costs of installing on-road charging infrastructure significantly decreases by increasing the halt time. Hence, by choosing a halt time of 12 min during the worst loading scenario, the IPT system cost decreases from 10.1 M€/lane to 6.45 M€/lane, because the required road coverage of dynamic on-road charging decreases from 21% to 13%.




4.2. On-Board Battery Capacity


	
The transport efficiency increases with decreasing battery capacity corresponding to the weight reduction. The energy savings becomes significant with a high lifetime travel distance and the number of running buses.



	
IPT charging infrastructure cost increases with decreasing battery capacity due to the additional road coverage requirement of the dynamic IPT system. This is shown in Figure 13.



	
The price of the installed on-board battery decreases with decreasing capacity. This can be a significant investment factor with increasing the number of e-buses.






Figure 14 shows the IPT charging infrastructure cost, on-board battery cost and the total project cost for a 25 average running +5 spare all-electric bus system with decreasing battery size. Recall here that the charging power delivered to the on-board battery by the IPT system is 200 kW. Both static charging at scheduled stoppages, as well as dynamic charging with 13% road coverage are employed to obtain a driving range of 400 km.


Figure 14. Battery size dependency of the incurred infrastructural costs.
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The Li-ion battery price is considered to be 700 €/kWh and can last for about 12 years before needing replacement [6]. This relatively high price level is caused by high quality requirements and limited market size for buses so far. In five to 10 years, the cost is predicted to drop to approximately 250 €/kWh [29].



The total incurred project investment cost slightly increases with decreasing battery size as a net effect of the increase in IPT infrastructure cost balanced by the decrease in total battery cost. For attaining higher transport efficiency, it is desirable that the on-board battery capacity is lower. Hence there is a trade-off in selecting the on-board battery capacity, which is now explored.





The OLEV team looks into the trade-off between battery capacity, transport efficiency and charging infrastructural costs by defining the optimization problem [30] using particle swarm optimization based on the system dynamics. The solution involves allocating power transmitters to determine battery size by minimizing the vehicle power consumption while constrained by the battery energy level to be maintained.



In this paper, the derived linear equations reduce the optimization problem to a solution of two linear equations with known constants without dynamic terms, as shown in Figure 15, as against optimization techniques used in prior literature [31]. The optimum solution can be reached quickly by solving for the savings based on the specific energy consumption using Equation (8) with the single variable “Kb” that describes the battery capacity against the incurred minimum infrastructural costs for the desired driving range for that Kb, as described in the above sections.


Figure 15. Savings and change in initial investment for different battery sizes with respect to a 500 kWh on-board battery system.
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From Equation (8), the specific consumption of the electric bus in the average loading scenario (25 kW of auxiliary power consumption and 100% occupancy level) is estimated to be 2.84 kWh/km with a 500 kWh on-board battery and 2.66 kWh/km with a 200 kWh on-board battery with a battery-specific weight of 10 kg/kWh.



Savings achieved in 12 years of operation due to efficient transport with varying kWh on-board batteries for different average numbers of running buses is shown in Figure 15. Ten percent additional losses corresponding to the IPT system transfer efficiency are assumed. Energy cost is considered to be 0.1 €/kWh, and each bus runs for an average of 400 km per day. The change in investment corresponding to the net effect of the increase in the IPT infrastructure cost and the decrease in the total on-board battery cost (“x” running buses) is also depicted.



Figure 15 shows that the reduction of the on-board battery size from 500 kWh to 200 kWh is only viable if an average of 30 buses are running daily. The point of intersection of the savings trend and the extra infrastructure trend (same colored lines) gives the average number of buses running per day above which a reduction in the on-board battery capacity becomes a viable option. In our system (25 buses running on average per day), the extra incurred costs cannot be recovered by efficient transport in a 12 year lifetime for even a 500 kWh to 400 kWh battery size reduction. Hence, we conclude that 500 kWh is cost-wise the most optimum choice.





5. Conclusions


Hence, the economic analysis of installing the IPT system to achieve a driving range of 400 km in the worst loading scenario on the Zuidtangent bus lanein the province of North Holland was carried out. Table 3 summarizes the IPT system parameters in terms of the charging power level (200 kW), road coverage percentage (13%), inverter rating (200 kW) and battery capacity (500 kWh) for the system described. The resulting specific cost is estimated to be 1.2 M€/km/lane for a lifetime of 12 years.


Table 3. IPT system specifications.


	Parameter
	Value
	Unit





	On-board battery capacity
	500
	kWh



	Driving range in worst loading scenario
	400
	km



	Driving range without on-road charging
	119
	km



	Scheduled stoppage at start of each run (worst case)
	12
	min



	Scheduled stoppage at start of each run (normal)
	6
	min



	Number of buses (average running + spare)
	25 + 5
	-



	Static charging power level
	200
	kW



	Dynamic charging power level
	200
	kW



	Dynamic IPT road coverage
	13%
	-



	Power rating of inverter
	200
	kW



	Total number of inverters
	22
	-



	Cost of primary winding
	5.67
	M€/lane



	Cost of inverters
	0.24
	M€/lane



	Total cost of IPT system
	6.45
	M€/lane



	Specific cost
	1.2
	M€/km/lane



	Battery cost for 30 buses
	10.5
	M€



	Total project cost (M€/2 lanes/30 buses)
	23.4
	-









In order to develop a generalized theory towards this study, an analytical methodology has been presented to estimate the extension in driving range of any EV with on-road contactless charging. The SoC of the battery is described as a linear function of the distance traveled and can be estimated for an EV of any gross mass and frontal area. The energy consumption dependent on the velocity profile is estimated by defining mass and area constants for several driving cycles. The increase in the SoC of the battery depending on different power levels and road coverage of the static and dynamic IPT system is described mathematically.



The presented theory describes how to minimize the infrastructural costs based on the IPT design parameters. The paper depicts how the infrastructural costs of dynamic wireless charging systems decrease with increasing power level due to the reduction in road coverage area and, hence, suggests to the designers to realize as high a charging power as possible. Further, the scheduled stoppage time is increased during the worst weather/load conditions to achieve a more economically-viable system. This solution brings down the cost from 10.1 M€/lane to 6.45 M€/lane due to a reduction in road coverage of dynamic charging from 21% to 13%.



Another major contribution of this publication is the optimization of on-board battery capacity as a trade-off between the savings achieved due to the increase in transport efficiency and the extra investment costs incurred due to the battery weight reduction. The derived linear equations in this paper reduce the optimization problem to a solution of two linear equations with known constants. It is also shown how a 500 kWh on-board battery capacity is chosen as the most optimized option. It is depicted how increasing the number of average running buses in the system can make the battery weight reduction a viable option.



The so-called lifetime impact (including fabrication, use and scrappage) of an EV in terms of CO2 emission is dependent on the source of electric energy. If the electricity used is purely from coal-fired power plants, there is only a limited reduction in overall CO2 emissions compared to a diesel-fueled vehicle of identical proportions. If more sustainable sources are added to the electricity generation mix (partly from renewables, partly natural gas, etc., as is often the case), there is a clear reduction in lifetime CO2 impact for the EV compared to the diesel-based vehicles [32].





While IPT on-road charging of electric buses might offer an advantage over hybrid or completely diesel-based vehicles in terms of CO2 emission reduction, another research objective was to utilize this cost analysis as a comparative tool to evaluate how IPT charging systems measure up to other solutions for extending the driving range of such electric buses in terms of economics [7]. At present, the specific cost of 1.2 M€/km/lane for this system is higher as compared to 0.75 M€/km/lane of a conventional trolley system. However, it must be noted that a conservative battery price of €700/km is taken, which is expected to decrease with the future evolution of market forces in favor of such technologies.
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Nomenclature
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	SoC of battery at the end of the traveled distance
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	Initial SoC of the battery



	S
	Total distance traveled by the vehicle in km
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	Mass constant of the driving cycle in [image: there is no content]



	M
	Gross mass of the vehicle in kg
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	Area constant of the driving cycle in [image: there is no content]
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	Frontal area of the vehicle in m2
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	Coefficient of drag
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	Power demand of the auxiliary system of the vehicle in kW
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	Average velocity in km/h
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	Discharge efficiency of the battery
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	Energy capacity of vehicle battery in kWh
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	Capacity factor defined as the ratio of the maximum energy that can be delivered by the EV battery to the maximum energy that can be delivered by the reference battery =ηdis[image: there is no content]ηdis,refEbat,ref



	SoCstatic
	SoC of battery at the end of traveled distance with a static charging system
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	Total scheduled stoppage time spent on the IPT charging system in hours
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	Charging efficiency of the battery
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	Static IPT charging power level in kW
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	SoC at the end of the total traveled distance without any on-road charging
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	State of the charge of the battery at the end of traveled distance



	[image: there is no content]
	Total travel time in hours
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	Dynamic charging power level in kW
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	% Road coverage of dynamic IPT



	DR
	Driving range in km
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	Maximum allowed depth of discharge, assumed to be 80%.
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