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Abstract

:

While the electrification of passenger vehicles is in full swing, for the decarbonization of heavy-duty trucks still various challenges exist. Especially the high energy consumption in combination with high daily driving ranges makes battery electric operation much more difficult than for passenger cars. Accordingly, a broad set of different drivetrains is discussed, inter alia hydrogen trucks, catenary hybrid trucks and synthetic fuels. One main advantage of the direct use of electricity in trucks is the high energy efficiency. Still, for heavy duty trucks different concepts for electrification do exist. Here, we compare battery electric trucks with a fast charging option, full electric catenary trucks and battery swap trucks. For a broad perspective, we use seven different comparative dimensions ranging from total cost of ownership to more qualitative but not less important aspects such as necessity of standardization, which would reduce manufacturer’s decision-making freedom. We base our comparison on findings from German pilot projects. While battery electric trucks or battery swap are advantageous since they can be operated in niche operations and thus allow a demand driven rollout of charging infrastructure, catenary infrastructure needs high investments upfront which entails financial risks, but allows for lowest cost if utilized to capacity.
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1. Introduction


This paper is based on and updates the publication of the same name presented at the 33rd Electric Vehicle Symposium (EVS33) [1]. Electric vehicles with electric energy from renewable sources are often discussed as an important instrument to reduce greenhouse gas emissions in the transport sector. However, most studies focus on passenger cars. Nevertheless, heavy road transport is responsible for about one third of CO2 emissions of all vehicles in Germany and it is expected to grow in emissions beyond the passenger car sector [2]. Therefore, electrification is also under discussion for heavy-duty vehicles.



1.1. Current Research Status


One research direction examines the technical feasibility to electrify heavy-duty vehicles, taking into account road freight data. Usually, the battery electric range is identified as a critical factor. Based on continuous road freight surveys, Reference [3] identifies 71% of Swiss road freight transport and 35% of Finnish road freight transport as electrifiable by battery electric trucks (BEV). To achieve this, charging power of up to 400 kW is assumed in the long term. The study states 300 km range as a minimum requirement. A full electric range of 300 km would already allow to electrify 30% of the German semitrailer truck fleet (according to Germany’s largest survey for heavy-duty vehicle traffic [4]) (Figure 1). Still, this would make a battery capacity of more than 300 kWh necessary which would weight more than 1.4 tons, even as late as in 2030 [5]. Research from Switzerland shows that battery swapping instead of fast charging can significantly increase fleet electrification, too [6]. The results with battery swap are quite similar to those with fast charging from [3]. A third option to electrify heavy-duty vehicles are overhead catenary trucks. These vehicles charge during travel via a pantograph on an overhead line. Reference [7] assume different rollout scenarios of overhead lines at German highways and calculate energy consumptions and battery sizes. The mentioned studies analyze technical aspects in great detail. However, electrification potential is determined at a high level, e.g., with country-wide fleet samples. Other aspects of feasibility, such as trip-specific requirements or in-depth cost analysis, are mostly excluded from consideration.



Another research direction therefore examines a possible market diffusion of alternative drivetrains for heavy-duty vehicles, taking techno-economic aspects into account. Reference [8] determines, inter alia, costs for battery electric trucks and overhead catenary trucks. Reference [9] operates with a German vehicle sample and determine the techno-economic potential for battery electric trucks and overhead catenary trucks for every driving profile until 2030. Based on this, effects on the energy system can be determined, as shown in [10,11]. Reference [12] used freight flows and vehicle costs to identify the most relevant routes for overhead catenary trucks in Germany. Reference [13] presented total cost of ownership calculations for battery electric trucks and battery swap trucks in China. They find battery electric trucks more cost competitive than battery swap trucks. An additional overview of peer-reviewed studies with regard to the market diffusion of alternative drivetrains for heavy-duty vehicles can be found in [14]. In this research direction, the consideration of costs allows for estimates regarding market success. Nevertheless, important aspects for the success of a technology remain disregarded. For example, the actual readiness of alternative vehicles is neglected. This can lead to market success falling short of expectations and models overstating the opportunities of a technology.



To overcome this limitation, Reference [15] introduced a six-part evaluation, taking technical, economic and environmental aspects into account. They use it to compare diesel trucks, LNG trucks, battery electric trucks, overhead catenary trucks and fuel cell electric trucks. In particular, technology readiness levels make it possible to compare the development status of different vehicle alternatives. However, the dimensions used are only partially suitable for a dedicated comparison of different electrical options.




1.2. Objective


This paper aims to give a comparative overview of pure electric truck alternatives in seven dimensions, to provide a broad basis for a decision-making process with regard to technical and economic aspects. To achieve this, we use the experience gained from two pilot projects. We focus on electric trucks above 12 t gross vehicle weight and take three different types of electric trucks for one specific scenario into account:




	(1)

	
Battery electric trucks with a fast charging option (BEV). All driving energy is stored in the battery that has to be recharged regularly.




	(2)

	
Overhead catenary electric trucks (CV). These trucks can be operated via a pantograph to obtain electricity from the overhead lines. If power supply exceeds driving power, the battery can be recharged during driving. For driving off the line, driving energy might stem from an additional internal combustion engine or a battery that allows for electric driving compared to the battery electric vehicle. Here, we only discuss a full electric CV without an internal combustion engine.




	(3)

	
Electric trucks with a changeable battery (BSV). Operation is similar to battery electric truck. Instead of recharging, the empty battery in the truck is swapped for a fully charged one. Charging these batteries can thus happen slower during times where no battery swap is demanded.









As shown in the literature, mainly technical and economic aspects are of special interest. We compare the aforementioned electric truck drivetrains with regard to the following seven dimensions:




	(1)

	
Technical readiness of the vehicle,




	(2)

	
necessity of vehicle standardization,




	(3)

	
possibility to be operated in niches,




	(4)

	
technical readiness of infrastructure,




	(5)

	
long-term infrastructure cost (per km),




	(6)

	
operational flexibility and




	(7)

	
total cost of ownership (TCO), including both vehicle and charging infrastructure cost.









Our work differs from the existing literature in three aspects. First, we compare all three known options to directly electrify heavy-duty vehicles. Previous work usually compares a maximum of two options. Second, we consider one specific realistic but challenging transportation task to identify weaknesses of the different technologies. In particular, we consider necessary parking periods as trip-specific requirement. This is not possible in studies based on daily mileage. Third, our multidimensional approach allows us to identify barriers that are not detected by a purely economic or technical perspective.



This paper is structured as follows. In Section 2.1, we present three pilot projects that complement our analysis, as well as the derived vehicle usage scenario. Afterwards, in Section 2.2, we describe the methodology and provide in-depth information on the chosen evaluation dimensions. Section 2.3 contains the most important input data. In Section 3, we present our results. Finally, in Section 4, we discuss our findings.





2. Materials and Methods


2.1. Pilot Projects and Setting


Since only prototypes of electric long-haul trucks exist, we base our analysis on pilot projects and literature, which represent the best available data basis for our analysis as described in the following section. Two pilot projects are of particular importance in this context:




	(1)

	
eWayBW: The pilot project consists of 18 km public road (one direction) with 4 km overhead catenary infrastructure in the federal state of Baden-Württemberg in south-west Germany [16]. In the first stage, CVs with an additional diesel engine will be tested. Later, CVs with a battery system as hybrid component will be deployed. Additionally, pure BEVs serve as a reference. The project is one of several national and international catenary projects that are in exchange with each other.




	(2)

	
RouteCharge: The pilot project consists of driving on 250 km public road (one direction) from Berlin in the northeast of Germany to Peine in western Germany, following the Autobahn A2 [17]. The test track is equipped with three battery swap stations (start, middle and end). A battery swap vehicle (BSV) will travel circular traffic on this route.









Another planned pilot project called “HoLa” aims to build fast charging infrastructure for BEV along the German Autobahn A2. The planned infrastructure for the first step until 2023 is quite similar to the assumptions presented in this paper [18]. This project is coordinated by the German Association of the Automotive Industry (VDA). It is supported by all major truck manufacturers in Europe as a prototype pilot project for the electrification of long-haul freight transport. However, since the project has not yet started, it cannot be directly integrated into this comparison.



Following the dimensioning of the pilot projects, our analysis focuses on a trip with a total length of 500 km. As the outward and return routes are identical, the distance to be electrified is 250 km. Considering regular breaks and loading operations in circular traffic, 500 km is a good approximation for daily mileage of a vehicle (Figure 1). For BEV, we assume two charging stations, one at the beginning and one at the end of the track. Since a battery swap is still faster, we assume three swap stations. The additional station is positioned after 125 km. In accordance with [9,19], we assume a CV infrastructure of 100 km (40% of the total track), starting at one end point. Reference [9] contains a geographically referenced countrywide diffusion for infrastructure. Here, we assume a countrywide installation of 2000 km overhead lines, which seems realistic until 2030. We consider the sections on the Autobahn A2 that are relevant for the RouteCharge project. Please note, that our results are highly influenced by the infrastructure design inspired by the pilot projects. The feasibility of a widespread diffusion has to be evaluated. However, this is beyond the scope of the current study and left for future research.



We assume seven vehicles travelling along the route. This is based on the experience from the pilot projects, especially the expert opinion of the involved transport company. It seems to be a valid utilization in an early market diffusion when taking one transport company and one route into account [17]. Since currently the main target of alternative trucks is CO2 reduction, we presume a pure electric drive for all drivetrains. Therefore, the CVs are equipped with batteries too and do not have a diesel engine. The chosen battery range ensures the operation of the vehicle on the given track and considers battery aging.



Figure 2 outlines the assumed infrastructure layout. The overhead catenary system is regularly fed by substations (one station every three kilometers), while the fast charging infrastructure and the battery swap infrastructure are connected to one single grid connection per station. The infrastructure is designed in a way that seven vehicles can be served in 12-min intervals and with a maximum idling time of 60 min at the end points of the route. As public infrastructure, the overhead line has to be designed for a higher number of vehicles, according to [9]. Table 1 summarizes the resulting requirements.




2.2. Methods


Using the seven dimensions from Section 1, we compare the given alternatives for electrification. First we evaluate the current vehicle development from a technical perspective in two dimensions. Second, techno-economic infrastructure aspects are shown. Finally, the combination of both is evaluated in two dimensions. The methodology of each of these dimensions is explained in more detail below.



2.2.1. Technical Readiness of the Vehicle


The technical readiness of the vehicle is important for a potential near-term introduction of electric trucks. In accordance with [15], we focus on technology readiness levels (TRL) as first indicator. There are nine TRL, from basic principles to operational environment. Table 2 sums up their definition according to [20]. We apply the descriptions to the vehicles used in the presented pilot projects. They represent the current state of development for the respective technology. In addition, we consider vehicles currently available on the market as a reference.




2.2.2. Necessity of Vehicle Standardization


In order to ensure interoperability between different manufacturers, standardization of interfaces between the vehicle and its charging environment is necessary. The need for complex interfaces increase the necessity of standardization and thus hamper the market diffusion of the technology in an early stage [21]. It is well known from the passenger car sector that the charging interface in particular is highly relevant in this context [21]. Based on the vehicle design, we evaluate the necessity of standardization to ensure interoperability between different vehicle manufacturers. We identify technical components that have to be harmonized in order to ensure interoperability of the charging system.




2.2.3. Possibility to Be Operated in Niches


Niche applications tend to be a source of knowledge and experience. As long as niche applications do not result in local lock-ins due to different standards, there is a need for local niche projects to enable market diffusion [21]. The possibility of the trucks to be operated in niches might be interpreted as “soft factor” for the technology to be developed and tested independent from market constraints, e.g., since not being dependent on a nationwide built-up of charging infrastructure. While some infrastructure alternatives can be built by individual operators, e.g., logistics companies, others require large infrastructure providers, e.g., governmental agencies. As discussed in [9], the infrastructure investment is a critical aspect in an early market diffusion. To appraise the niche operation possibility, we compare the total investments of the different infrastructures for the given scenario and calculate the number of vehicles that are necessary to bring charging infrastructure cost down to less than 0.2 EUR/km driven at or with the infrastructure.




2.2.4. Technical Readiness of Infrastructure


We compare the technical readiness of fast charging stations (FCS), overhead catenary infrastructure (OC) and battery swap stations (BSS). We gather size, building year and the degree of completion for different pilot projects in Germany and worldwide to determine the technical readiness. Therefore, we use the TRL, as described in Table 2.




2.2.5. Long-Term Infrastructure Cost


Long-term infrastructure cost are decisive for the widespread diffusion and success of the technology [9]. We calculate long-term per-kilometer cost for users for every infrastructure according to Equation (1) and compare the results. Since the operation of a catenary infrastructure in a niche operation of seven vehicles is economically not feasible, we presume a nationwide catenary infrastructure to be in place. For Germany, a network of 2000 km represents a potential early stage infrastructure setup, as described in [9]. We assume the installation of overhead catenaries on the considered highway being part of German-wide 2000 km infrastructure diffusion, since the operation of one OC-highway for seven vehicles can’t be economically feasible. Therefore, the long-term per-kilometer cost for CV are costs per kilometer actually driven under an OC. The cost for the usage of FCS and BSS are calculated per kilometer driven by a vehicle served from the infrastructure:


   c  i , s   =      I  i , s   ×    (  1 + i  )     T i    × i      (  1 + i  )   T  − 1   +  c  o p e x , i , s     V K  T  i , s   × v e  h  i , s ,      



(1)




where    I  i , s     is investment for infrastructure i and drivetrain s [EUR],  i  is interest rate,    T i    is investment horizon [a],    c  o p e x , i , s     is operative expenditures for infrastructure i for vehicles of drivetrain s [EUR/a],   V K  T  i , s     is annual vehicle kilometers travelled by one vehicle of drivetrain s on infrastructure i [km], and   v e  h s    is number of vehicles of drivetrain s driving on infrastructure i [#].




2.2.6. Operational Flexibility


Especially when using one vehicle on different routes operational flexibility is of special interest. We distinguish two types of operational flexibility. On the one hand, we use the autonomous range of the vehicles, e.g., the battery range on a single charge, as an indicator for operational flexibility [15]. As stated in [22], insufficient range causes users to reject the vehicles. On the other hand, there are conflicting priorities between high operational flexibility and load flexibility in the electricity grid. Therefore, we evaluate the different drivetrains in terms of their system-related charging flexibility. Additional batteries, which are needed e.g., for the smooth operation of the battery swap system, can buffer peak loads and promote network integration.




2.2.7. Total Cost of Ownership


The total cost of ownership are the major criteria to decide for or against a vehicle in transport business [9,22]. They determine the economic efficiency of the vehicle concept. We use Equations (2) and (3) to calculate TCO for the three selected drivetrains (BEV, CV and BSV) in the mid-term perspective (2030). The total cost of ownership (TCO) contains cost for the capital expenditure and cost for the operating expenditure. Both are calculated as kilometer-specific cost. In a battery swap station, more than one battery per vehicle is required to ensure the supply with fully charged batteries. Since the batteries in a BSV are interchangeable, the usage time of the battery in battery swap vehicles is independent from vehicle lifetime and thus different from the other vehicles with permanently installed batteries. We assume a longer usage for batteries of BSV than for BEV and CV:


   a  c a p e x  s  =  (     I s  ×    (  1 + i  )   T  × i      (  1 + i  )   T  − 1   +    I  s , B   × b a t ×    (  1 + i  )     T B    × i      (  1 + i  )     T B    − 1    )  ×  1  V K  T s     



(2)






   a  c a p e x  s  =  (     I s  ×    (  1 + i  )   T  × i      (  1 + i  )   T  − 1   +    I  s , B   × b a t ×    (  1 + i  )     T B    × i      (  1 + i  )     T B    − 1    )  ×  1  V K  T s     



(3)




where    I s    is investment for vehicles of drivetrain s without battery [EUR],  i  is interest rate,  T  is investment horizon [a],   V K  T s    is annual vehicle kilometers travelled by vehicle of drivetrain s [km],    I  s , B     is investment per battery for vehicles of drivetrain s [EUR],     b a t   is number of batteries per vehicle [#],    T B    is investment horizon for battery [a],    c  e , s     is cost for electric energy for vehicle of drivetrain s [EUR/kWh],    e s    is energy demand for vehicle of drivetrain s [kWh/km],    c  i , s     is infrastructure usage cost for vehicle of drivetrain s [EUR/km],   s h a r  e  i , s     is share driven on infrastructure (1 for BEV and BSV, 0.4 for CV), and    c  O M , s     is operations and maintenance for vehicle of drivetrain s [EUR/km].





2.3. Techno-Economic Assumptions


In general, our assumptions are based on the experience of the pilot projects and additional literature review. Table 3 sums up the estimated vehicle parameters. Assumed infrastructure parameters can be found in Table 4, general parameters in Table 5.



We assume that the considered technologies are commercially available, no prototype prices have to be paid. The data depict a price structure as it can be achieved until 2030.





3. Results


3.1. Results within the Defined Dimensions


3.1.1. Technical Readiness of the Vehicle


Within the framework of the pilot projects presented, no battery electric vehicles could be identified that meet the defined requirements. Today, heavy-duty battery electric trucks are tested under real-world conditions, mainly for inner-city logistics with ranges of 200 km (e.g., Daimler eActros [24]). Vehicles with a range of 250 km and recharging times smaller than one hour are not commercially available today. This implies that prototypes with lower performance requirements are demonstrated in the operational environment (TRL 7). In the planned “HoLa” pilot project [18], vehicles that meet the requirements set out here will be used as prototypes. However, these are currently still under development. Hence, we assume TRL 5 for BEV in the specific use case.



For CV, there are several demonstration projects in Germany and worldwide (cf. Table 6). Within the presented eWayBW project, prototype vehicles are available for testing. Battery capacity is currently still below the requirements of the scenario presented here, but will be expanded with each new generation of vehicles. Therefore, the vehicle technology is demonstrated in the relevant environment (TRL 6).



For BSV, RouteCharge is the only project known to the authors. The vehicle used in the project meets the requirements defined in the setting. In particular, the battery can be changed within the specified time. Currently, a forklift performs the battery change, the process is not yet automated. From a vehicle perspective, the project demonstrated all requirements in the relevant environment (TRL 6).



Please note, that this description is rather indicative.




3.1.2. Necessity of Vehicle Standardization


While all three technologies need standardization of plugs and voltage level, BSV need additional standardization with respect to the swap system. Agreements between manufacturers would be necessary. Hence, the necessity of standardization is more complex for BSV.




3.1.3. Possibility to Be Operated in Niches and Long-Term Infrastructure Cost


The following results refer to the systems described in Figure 2. We assess the niche operation possibility by the number of vehicles that are necessary to bring charging infrastructure cost down to less than 0.2 EUR/km for the given scenario. That corresponds to the infrastructure cost for seven battery swap vehicles. The first three rows of Table 7 sum up the results for an infrastructure as it is described in Table 1. While battery swap stations and fast charging infrastructure might be interesting with a vehicle fleet of seven vehicles, overhead catenary infrastructure cannot be operated within a niche, as indicated by the high number of vehicles that are necessary for low infrastructure cost. Therefore, we assume a German-wide infrastructure diffusion for CV in the long term. The long-term infrastructure cost in Table 7 are calculated with the data from Table 4. If a German-wide CV infrastructure is highly used, it can be clearly cheaper in terms of per kilometer cost than a BEV or a BSV infrastructure. The CV infrastructure has to be prepared for higher usage due to the construction from the very beginning. Therefore, a higher usage will spread almost the same costs over more vehicles.




3.1.4. Technical Readiness of Infrastructure


Today, battery electric trucks are charged with the technology adapted from the passenger car sector with a maximum of 350 kW. Within the project HoLa, vehicle manufacturers plan to improve the charging power to serve use cases as the one given in the setting. In summary, the BEV infrastructure technology is validated in lab (TRL 4). Up to now, there are no industrial standards and no public demonstration projects.



As mentioned in Table 6, overhead catenary infrastructure is demonstrated in the relevant environment (TRL 6) during several demonstration projects.



RouteCharge validates BSV infrastructure in the relevant environment (TRL 5). Today the battery swap works manually. However, applications for port vehicles show that automation of battery swap is possible. Also for BSV infrastructure, fast charging needs to be improved if a larger number of vehicles shall be supplied. Additional batteries are an alternative option, which might be used in the meantime.




3.1.5. Operational Flexibility


The operational flexibility depends on the battery range of the electric truck as well as the idling time of the vehicle for charging. The higher the battery range, the lower the need for a dense charging infrastructure. While charging times must be considered in the operation of a BEV and a BSV truck, catenary trucks allow for charging along the overhead lines while driving. Accordingly, operational flexibility is higher. Since the battery range is higher too, CVs offer the highest flexibility, followed by BEVs and BSVs from a user perspective. From a grid perspective, BSV seems interesting, since the additional batteries in the stations could buffer load peaks. Further investigations within the RouteCharge project show, that grid services are financially interesting, as long as the infrastructure is not highly used.




3.1.6. Total Cost of Ownership


Finally, Figure 3 provides the TCO calculation for all three alternatives. In total, the CV is potentially 5% cheaper than BEV and BSV in the long term. In general, however, the cost differences are quite small.





3.2. Summary


Table 8 summarizes our findings. The main advantage of the electric truck (BEV) is the possibility of niche operation, while the needed high-power charging infrastructure is still to be developed and tested. In this context, the negative assessment of technical readiness of the vehicle is strongly correlated to the required recharging power in the described scenario. The advantages of the battery swap truck (BSV) are comparable, whereby the BSV benefits from lower required charging power. Manufacturers do not seem to be interested in this technology, due to the necessity for standardization of the battery swap system, which has large implications on vehicle design. Finally, the built-up of overhead lines for catenary trucks is challenging due to high investments and the need for heavy use to bring down per kilometer cost. Accordingly, niche operation is not possible. However, once high utilization is reached, this technology allows for lowest total cost.





4. Discussion


Our results represent a wide range of potential electrification options for heavy-duty vehicles. Compared to previous work on electric drivetrains for heavy-duty vehicles, we add the BSV as third alternative compared to pure battery vehicles with fast charging infrastructure (BEV) and CV.



To the best of the authors’ knowledge, this is the first study to compare these three options using information from actual implemented pilot projects. Previous studies were based on announcements by manufacturers (cf. [15]). Our results confirm the assessment of BEV and extend the consideration to include CV and BSV. Our setting is typical for a long-distance shuttle traffic and thus considers a relevant market. Since the technical readiness highly depends on the requirements future studies should consider further settings.



Compared to previous work, we identified standardization as another key aspect of market introduction. Our approach to identify additional components considers the problem on a high level and is characterized by experience from the pilot projects. Future studies could further analyze the vehicles at component level or evaluate beginning standardization processes.



Our analysis on niche applications and long-term infrastructure costs reveal a major conflict in the electrification of HDV. The overhead catenary system, as the most cost-effective solutions in the long-term comes with the highest ramp-up costs. The direct comparison shows that a combination of different electric drivetrains at different stages of market diffusion could be effective. For example, fast charging infrastructure for BEV could be designed as stationary overhead charging points. Then, the CV could charge locally at an early stage of market diffusion, reducing necessary overhead line construction. These considerations need to be evaluated in terms of their cost-effectiveness, but are highly relevant to the infrastructure and vehicle standardization currently under development.



Compared to previous studies, the CV has a large battery capacity. This results from the fact that the route in our setting is only partially equipped with overhead lines. At the same time, the CV gains operational flexibility compared to the alternatives without generating significantly higher overall costs. As shown in [19], further overhead catenary infrastructure could even increase the economic efficiency of CV.



The results show that in the long term all alternatives considered are competitive with each other from a cost perspective. Since energy prices and future battery development in particular are subject to uncertainty, sensitivities were calculated. Despite higher energy consumption of the CV, its slight advantage remains stable. Sensitivity analyses in which the electricity price was increased by 25% reduce its advantage over the alternatives by one percentage point. If the battery price increases by 25%, all alternatives reach cost parity.



All in all, our multidimensional assessment allows insights beyond the pure cost structure. The consideration of various pilot projects provides a practical perspective and can highlight issues that are not identified in techno-economic system studies. However, these advantages also lead to some limitations. Our research represents a momentary snapshot and is based on a predefined setting. This was identified as a typical use case in consultation with freight carriers. However, a significant change in the setting can lead to significant changes in the cost structure. Future studies should examine the applicability to other heavy-duty vehicle operations.



Based on our research, we recommend that decision-makers in politics and business combine the advantages of the alternatives presented here. As a first step, BEV and possibly BSV should be used to bring electric vehicles to market without a large-scale infrastructure. However, a gradual introduction of CV, which is more favorable at high penetration rates, should also be considered. This includes developing both systems interchangeably, for example by making the pantograph the standard technology for stationary charging.
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Figure 1. Daily vehicles kilometers travelled by heavy-duty vehicles (semitrailer trucks) in Germany. Data from [4]. 
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Figure 2. Structure for BEV, CV and BSV charging infrastructure. 
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Figure 3. TCO analysis for different drivetrains 2030. 
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Table 1. Comparison of the different technologies (assumptions).
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Attribute

	
Battery Electric Vehicle (BEV)

	
Catenary Vehicle (CV)

	
Battery Swap Vehicle (BSV)






	
Daily mileage

	
500 km (one direction: 250 km)




	
Infrastructure description

	
2 charging points at both end points of the route

	
One section of 100 km overhead lines starting at one end point

	
3 swapping stations along the route




	
Max. capacity of infrastructure

	
5 vehicles/h

	
180 vehicles/h

	
5 vehicles/h




	
Max. power

	
5 charging points with 450 kW per station

	
1 MW per km

	
2 charging point with 450 kW per station




	
Max. distance to travel without recharging

	
250 km

	
300 km

	
125 km




	
Battery capacity

	
525 kWh

	
650 kWh

	
275 kWh




	
Battery range

	
293 km

	
342 km

	
153 km
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Table 2. Technology readiness levels (TRL) [20].






Table 2. Technology readiness levels (TRL) [20].





	TRL
	Description





	1
	Basic principles observed



	2
	Technology concept formulated



	3
	Experimental proof of concept



	4
	Technology validated in lab



	5
	Technology validated in relevant environment (industrially relevant environment in the case of key enabling technologies)



	6
	Technology demonstrated in relevant environment (industrially relevant environment in the case of key enabling technologies)



	7
	System prototype demonstration in operational environment



	8
	System complete and qualified



	9
	Actual system proven in operational environment (competitive manufacturing in the case of key enabling technologies; or in space)
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Table 3. Techno-economic vehicle parameters.
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	Attribute
	Abbreviation
	Unit
	BEV
	CV
	BSV
	Source





	Investment for vehicles of drivetrain s without battery
	    I s    
	EUR
	77,590
	87,590
	77,590
	[7,8,9]



	Investment horizon
	T
	a
	6
	6
	6
	[8,9]



	Investment per battery for vehicles of drivetrain s
	    I  s , B     
	EUR
	97,650
	120,900
	51,150
	[9]



	Investment horizon for battery
	    T B    
	a
	6
	6
	10
	[19]



	number of batteries per vehicle
	   b a t   
	#
	1
	1
	1.86
	[17]



	annual vehicle kilometers travelled by a vehicle of drivetrain s
	   V K  T s    
	km
	120,000
	120,000
	120,000
	[8]



	energy demand for a vehicle of drivetrain s
	    e s    
	kWh/km
	1.42
	1.51
	1.42
	[8]



	operations and maintenance for a vehicle of drivetrain s
	    c  O M , s     
	EUR/km
	0.0411
	0.0411
	0.0411
	[9]
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Table 4. Use case specific infrastructure parameters.
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	Attribute
	Abbreviation
	Unit
	BEV
	CV
	BSV
	Source





	Investment for infrastructure i, drivetrain s
	    I  i , s     
	kEUR
	1176
	3,421,000
	1849
	[9,17,19]



	Investment horizon
	    T i    
	a
	30
	30
	30
	[9]



	operative expenditures for infrastructure i, drivetrain s
	    c  o p e x , i , s     
	EUR/a
	24,000
	68,420,000
	37,000
	[9,17,19]



	Annual vehicle kilometers travelled by one vehicle of drivetrain s on infrastructure i
	   V K  T  i , s     
	km
	120,000
	61,900
	120,000
	[9]



	Number of vehicles of drivetrain s driving on infrastructure i
	   v e  h s    
	#
	7
	61,875
	7
	[9,17,19]
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Table 5. General parameters for calculation.
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	Attribute
	Abbreviation
	Unit
	BEV
	CV
	BSV
	Source





	Interest rate
	  i  
	%
	5
	5
	5
	[9]



	cost for electric energy for vehicle of drivetrain s
	    c  e , s     
	EUR/kWh
	0.16
	0.16
	0.16
	[23]
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Table 6. Catenary vehicle projects worldwide.
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	Project
	Region
	Period
	Electrified Section





	eHighway USA
	Los Angeles & Long Beach
	2017
	1.6 km



	eHighway Sweden
	Gävle–Sandviken
	2016–2018
	2 km



	eWayBW Germany
	Gernsbach–Kuppenheim
	2017–2023
	4 km



	ELISA Germany
	Frankfurt-Darmstadt
	2017–2022
	6 km



	FESH Germany
	Hamburg-Lübeck
	2017–2022
	6 km
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Table 7. Infrastructure cost.






Table 7. Infrastructure cost.





	Attribute
	Unit
	BEV
	CV
	BSV





	Total infrastructure cost for the given scenario
	kEUR
	1176
	171,050
	1849



	infrastructure per-km cost for seven vehicles
	EUR/km
	0.12
	17.32
	0.19



	Number of vehicles, if    c  i , s   × s h a r  e  i , s     <0.2 EUR/km
	#
	5
	607
	7



	long term infrastructure cost
	EUR/km
	0.12
	0.03
	0.19
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Table 8. Summary assessment in seven dimensions for long-haul trucks.
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	BEV
	CV
	BSV





	Technical readiness vehicle
	−/o
	o
	o



	Necessity of standardization
	o
	o
	−



	Possible niche operation
	+
	−
	+



	Technical readiness infrastructure
	−
	o
	−



	Long-term infrastructure cost per km
	o
	+
	o



	Operational flexibility
	o
	+
	o



	Total cost of ownership
	o
	+
	o







+ advantage, o neutral, − disadvantage.
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