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Preface 

This report has been developed to contribute to the discussion on future road 

freight transport and the role on non -conventional drivetrains. The primary 

objective of the report  is to assess zero emission drivetrain technologies for 

on-road heavy-duty freight vehicles. More specifically, their CO 2 reduction 

potential, the state of these technologies, their expected costs  in case of a 

technology shift , the role of policies to promote these technologies, and 

greenhouse reduction scenarios for the European Union have been studied.  

 

The authors would like to thank many industry experts  (Annex A) for sparing 

some of their time to give insights and share knowledge. The authors are 

grateful for the critical reviews of Elaine Olivares, Rachel Muncrief,  

John German, Ben Sharpe, and Nic Lutsey of the International Council for 

Clean Transportation. Furthermore, we would like to thank our colleagues at 

the Oeko-Institut e for their peer review of the draft report.  

 

The content of the report is the sole responsibility of the authors.  

  



4 July 2013 4.841.1 ð Zero emissions trucks  

  

  



5 July 2013 4.841.1 ð Zero emissions trucks  

  

Contents 

Summary 7 

1 Introduction  11 
1.1 Background 11 
1.2 Objectives 12 
1.3 Methodology 12 
1.4 Report structure  13 

2 State-of-the -art zero emission technologies  15 
2.1 Truck concepts and their application  15 
2.2 Focus on fuel cell and electric drivetrain  16 
2.3 Transition to zero tailpipe emission vehicles  16 
2.4 The view of truck manufacturers  17 
2.1 2012 International Motor Show 20 
2.2 Battery electric trucks  21 
2.3 Charging technologies/Energy infrastructure for electric trucks  32 
2.4 Fuel cell hydrogen trucks  49 
2.5 Energy infrastructure for hydrogen trucks  64 

3 Analysis of expected costs  69 
3.1 Vehicle production costs  69 
3.2 Fixed costs 78 
3.3 Running costs 81 
3.4 Infrastructure costs  87 
3.5 Total Costs of ownership 91 
3.6 Impact of fuel taxation on electricity and hydrogen  96 
3.7 Conclusion and discussion 97 

4 The role of policy instruments  101 
4.1 Research and development 102 
4.2 Infrastructure development  102 
4.3 Local policies 103 
4.4 National policies  104 
4.5 European policies 105 
4.6 Conclusion and discussion 109 

5 GHG Reduction scenario  111 
5.1 Methodology 111 
5.2 GHG reduction scenario 116 
5.3 Conclusion and discussion 122 

6 Conclusions and discussion  125 
6.1 Technology assessment 125 
6.2 Estimate of total ownership costs  128 
6.3 The role of policy instruments  129 
6.4 GHG scenarios 131 



6 July 2013 4.841.1 ð Zero emissions trucks  

  

Literature  133 

Annex A  List of consulted organisations  145 

Annex B OEM Questionnaire  147 

Annex C Specific H 2 storage data used  151 
 
 
  



7 July 2013 4.841.1 ð Zero emissions trucks  

  

Summary 

Heavy-duty vehicles: growing contributor to fuel use and emissions  
Road freight transport  is one of the fastest growing contributors to  total 

greenhouse gas (GHG) emissions of the European transport sector.  Significant 

emission reduction s in road freight transport are needed to meet  long-term 

climate goals  therefore . However, policies targeting fuel efficiency and GHG 

emissions for heavy-duty vehicles  are generally less developed than for 

passenger cars and vans. Studies looking at l ong-term , deep-carbon reduction  

scenarios for heavy-duty road transport often rely on significant amounts of 

biofuels to provide deep cuts to GHG emissions for this sector of vehicles . 

However, given the uncertainties about the sustainability  of biofuels and their 

impact on indirect land -use change, other low-carbon vehicle technologies will 

likely be needed for climate stabilization  scenarios. 

 

To explore the options for zero -emission road freight transport, the 

International Council on Clean Transportation (ICCT) commissioned CE Delft 

and DLR to carry out this study , which aims  to investigate the  potential of 

battery electric and fuel  cell heavy-duty vehicles. 

Electric and fuel cell heav y-duty vehicles are viable options  
Electric trucks are a promising alternative  to conventional , primarily diesel -

fuelled,  trucks in the coming decades. Electricity powered vehicles, even after 

battery charging -discharging and transmission losses, tend to be about twice as 

efficient as  conventional vehicles. The electricity can be provided by several 

electric charging methods , such as conductive  charging, inductive (i.e. 

wireless) charging, through battery swaps or via overhead catenary wires.  

Alternatively, the electricity for the vehicle can be generated on-board by a 

hydrogen fuel cell. All of these options are investigated for both short distance 

(i.e.  distribution trucks) and long distance applications . For both applications 

it is important that the consumed electricity is produced from renewable 

sources, to obtain near-zero emissions through the full energy pathway . 

 
For short distance transport, the battery electric technology is a feasible 

option , as distribution trucks  generally have lower  daily driving distance s, and 

recharging can occur at scheduled downtimes (e.g. overnight)  to avoid  

potential  vehicle operation  interrupt ions. Currently, around 1,000 battery 

electric distribution trucks are operated worldwide. Significant improvements 

are expected within  five year s, especially with respect to the costs and 

durability of battery technologies  that would  increase the potential of electric 

distribution trucks.  

 

For long haul applications , battery electric vehicles alone (i.e. without   

on-the-road charging technologies) are not a  viable mainstream option.  

Next generation batteries  with much higher energy densities,  like li thium -air 

batteries, are currently being investigated  but they are not commercial ly 

available, and several technical  bottlenecks need to be resolved. Due to the 

significant weight of the battery pack, battery electric drivetrains are less 

likely to be used for long haul applications , unless applied in combination with 

on-the-road charging technologies like inductive charging or overhead catenary 

wires. With catenary wires or dynamic induction , the require d-on-board 

battery  capacity  can be reduced dramatically , which could enable electric 

drivetrains for long haul trucks . Both overhead catenary wires and dynamic 

inductive charging have been successfully tested in small-scale demonstration 

projects .  
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However, massive investments would be needed to electrify strategic  parts of 

the road network  to significantly displace conventional diesel fuel demand . 

Battery swapping is not expected to be a viable solution in long haul 

applications, as the driving range is too limited, which would require more 

stops than is the case for conventional vehicles.  

 

Fuel cell  trucks are a viable option  in the longer term , particularly  for l ong 

haul applications , because of the superior driving range compared to battery 

electric drivetrains . Fuel cell drivetrains avoid combustion, thermal, and 

friction losses, and therefore are more efficient than diesel-driven 

powertrains . Fuel cell drivetrain s are generally less efficient than full  battery 

electric drivetrains , since hydrogen must be electrochemically transformed 

into electricity  before it powers the electric motor. The hydrogen production 

pathways have challenges in simultaneously moving toward lower cost and 

lower  carbon (i.e. more renewable) energy pathways. Furthermore, the 

durability  of the fuel cell system , and the volume and weight of the on-vehicle 

hydrogen storage system are critical issues  for fuel cell  trucks, as is the 

hydrogen fuel delivery infrastructure.  

Total ownership costs merge in coming decades 
Currently, t he total costs of ownership (TCO)  for zero  tailpipe emission 

vehicles are significantly higher than for conventional vehicles. However, for 

both short and long distance applications, t he cost differential is expected to  

diminish over the coming  decades, assuming increased production figures . 

Future costs of zero emission vehicles mainly depend on the costs of t he 

batteries and fuel cell systems.   

 

Figure 1 shows the TCO for distribution trucks with different vehicle 

configurations , including the upfront capital costs for technology and the 

vehicle energy costs (taking no other taxes than the currently applicable fuel 

taxes into account ).  Similarly, Figure 2 shows the vehicle -and-fuel costs for 

long haul vehicle applic ations. The findings indicate  that electric  and fuel cell 

vehicles may become nearly cost competitive with diesel between 2020 and 

2030, both in the distribution and in the long haul segment. The dark and light 

colors represent a low and high scenario due to uncertainty of future costs.  

 

Figure 1 Total vehicle technology and fuel operation  costs for distribution trucks  

 
Note:  On-vehicle and energy costs included.  Infrastructur e costs are not included . 
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Figure 2  Total vehicle technology and fuel operation costs for long haul  trucks  

 
Note:  On-vehicle and energy costs included.  Infrastructure costs are not included.  

 

 

The studyõs cost results indicate that if zero emission technologies are 

introduced on a large scale in the on -road freight transport sector  from 2020 

and beyond, t he total vehicle running  costs will  not significantly increase  

(i.e. increase by more than 10%). The approximate cost parity is primarily due 

to the fuel saving s of the more efficient advanced electric -drive technology 

offsetting the new incremental costs. Therefore the overall costs to shippers, 

and ultimate consumers of the freight goods, would be limited  in the long 

term . The potential economic benefits from n ew industry growth and 

technology innovation in these  battery and fuel cell areas were  not 

investigated in this assessment.  

Infrastructure  requires huge investments  
All alternative electric -drive vehicle technologies, for long haul applications  

especially, require major investments in energy infrastructure. A network of 

either catenary wires, hydrogen refueling stations , or in-road inductive 

charging would be required  along with the deploymen t of the vehicle 

technologies. Each of these infrastructure netwo rks would require  a huge 

investment . The European Commission recently published a proposal for a 

Directive to stimulate the development of  alternative fuel infrastructure .  

This can be seen as a first step to develop the required infrastructure  for these 

near-zero carbon emission electric -drive technologies .  

Deep emission reductions possible  
This study investigates several scenarios for advanced technology deployment 

to reduce the carbon footprint of the EU freight sector. With only the 

improvement of the fuel efficiency of conventional trucks,  GHG emissions of 

truck transport in the EU will increase by 23%  until 2050 , due to increased 

transport volumes . In the scenario where  50% of the total EU ton kilometres  

are transported by alternative vehicles  (incl uding hybrid trucks  and limited 

electric and fuel cell vehicles ) by 2050, GHG emissions would decrease by 8% 

as compared to 2012. Increasing the share of alternative vehicles further, to 

90% of the total ton kilometres , can result in an emissions reduction  of 90% 

from EU heavy-duty vehicles , see Figure 3. These indicate  that the 

combination of zero emissions fuels and advanced technology vehicles 

definitely has the pote ntial to drastically decarbonise the freight transport 

sector.  
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Figure 3  Well-to -Wheel CO2 eq. scenario development  

 
 

Policy instruments  are key to further expansion  
It is not yet possible to  say which of the electric -drive battery, charging, and 

fuel cell technologies have the highest likelihood  for  large-scale fleet 

deployment . Therefore, in the coming years, broad policy support is needed to 

encourage the adoption of  various technology options. Examples of policy 

measures include vehicle or infrastructure  subsidies and tax incentives for 

pilot  project s to encourage early adopters. All government levels  - EU, 

national , and local - can play a significant role at this stage. A broader,  

longer-term  policy package would require a shift  from a stimulating character 

to a more regulatory character  to transform heavy -duty vehicles and fuels to 

the ultra low carbon options presented in this report . The sustained long-term 

regulation of energy carriers ( e.g. through the EUõs Fuel Quality Directive and 

Renewable Energy Directive) and of  energy consumption by heavy-duty 

vehicles are needed to promote the deployment of these advanced 

technologies.  
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1 Introduction  

1.1  Background 

The European Union (EU) has set an ambitious target for reducing its 

greenhouse gas (GHG) emissions and aims for an 80% reduction in 2050 

compared to 1990 levels. The reduction target for the transport sector is 60% 

over the same period, as mentioned in the Transport White Paper  (EC, 2011a). 

Within the transport sector, road freight transport is one of the fastest 

growing modes of transport and has an increasing share in the total  

GHG emissions of transport. Over the last decade, road freight transport 

emissions grew by around 25% in EU 27 (EEA, 2011), without significant 

changes to vehicle fuel consumption . 

 

Available projections show at least a doubling of freight transport activity 

between 1990 and 2050 (Rijkee and Van Essen, 2010). This implies that truck 

emissions will need to decre ase drastically in order for the EU to reach the 

goals set in the Transport White Paper.  

 

The improvement of truck energy efficiency, through the development and the 

uptake of new engines and cleaner fuels is stated as a key goal in the EU White 

Paper. In addition, the phase -out of urban distribution trucks with internal 

combustion engines is another goal that has been set for the road transport 

industry.  

 

The interest in reducing GHG emissions of the road freight sector has increased 

over the last years. Various technical and non-technical options exist for 

reducing the GHG emissions of road freight transport, such as improving the 

efficiency of freight logistics or fuel consumption performance of vehicles.  

To achieve early benefits, current EC policy ini tiatives  to reduce the fuel 

consumption of heavy-duty vehicles  concentrate on the short term and 

therefore focus mainly on incremental developments. However, this is not 

likely to result in the emission reduction of road freight transport  that is 

required to reach the goals set by the EC for the long term . Furthermore, 

given the uncertainties and difficulties with biofuels ( IFPRI, 2011; PBL, 2012), 

it is highly uncertain if the sole use of conventional engines can result in  

large-scale GHG reductions from on-road freight transport over the coming 

decades.  

 

However, t here may be potential for zero emission vehicles that could result 

in the large -scale GHG reductions that are needed. Therefore, the  ICCT 

requested CE Delft and DLR to investigate the current s tate of zero emission 

commercial vehicles and the technological improvements that will be required 

in order for zero emission vehicles to achieve widespread penetration in the 

on-road freight sector. In addition, the report examines the effects of 

decarbonizing the energy carriers (i.e. electricity and hydrogen).  
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1.2  Objectives  

The goal of this scoping study is to investigate long -term options for zero 

tailpipe emissions technologies in the on -road transport sector. Currently, zero 

emission vehicles primarily operate within cities (e.g. distribution trucks and 

city buses), since, at present, these vehicles are typically range -limited as 

compared to their conventional counterparts, and refuelling infrastructure for 

electricity and hydrogen is nascent. However, t his study also focuses on long 

haul trucks, since decarbonisation of this segment of commercial vehicles is 

vital to reducing overall GHG emissions from freight transport, as evidenced in 

Figure 4. 

 

Figure 4 GHG emissions by HDV-segment in the EU 27 

 
Source: AEA, 2011. 

 

 

This study describes the potential and challenges of hydrogen and electricity 

as energy carriers for goods distribution and heavy -duty transport.  

Which energy carrier, or mix of energy carriers, will be adopted depends  on a 

wide variety of factors, including the efficiency of the fuel chains, the 

potential of different vehicle concepts and drivetrains,  and the potential to 

store renewable energy obtained from sun and wind. The results from this 

study can be used to aid GHG reduction planning and regulatory development 

efforts as well as to contribute to the discourse on the developmen t of future 

energy systems. 

1.3  Methodology  

Different sources have been used to investigate the potential of different zero 

emission vehicles. The most important  sources for this study used throughout 

the report  are a combination of extensive literature review  and expert 

consultation . Expert responses have been anonymously processed in this 

report, as preferred by the interviewees. A list of consulted organisations can 

be found in Annex A. 
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1.4  Report structure  

Chapter 2 includes a broad survey on the state -of-the-art  and future potent ial 

of zero-emission technologies. Chapter 3 discusses the current and expected 

costs in future decades. In Chapter 4, an overview of the required  policy 

instruments to bring alternative vehicles to the market  is given.  

Chapter 5 provides an overview of alternative drivetrain market uptake and 

mileage share based GHG reduction scenarios. Finally, chapter 6 summarises 

the main conclusions of this r eport .  
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2 State-of-the-art zero emission 
technologies 

This section provides an overview of the  alternative drivetrain  technologies 

that may become viable options to power heavy -duty vehicles in the 2020 -2050 

timeframe. With a literature review, a number of technologies have been 

selected for in -depth research. This chapter provides an overview of the se 

candidates that ma y be able to  compete with the Internal Combustion Engine 

(ICE) in the coming decades.  

 

In order to be  attractive for transport companies,  technologies should meet a 

list of performance criteria. The following performance criteria are used to 

evaluate the t echnologies in this study:  

- usability  (e.g. recharge time) ; 

- durability ;  

- range (partially dependent on the weight  and volume of the battery 

technology);  

- weight and volume  of technology components ; 

- total costs of ownership; 

- reliability .  

 

To the extent possible with available data from the industry and scientific 

literature, all of these factors are considered. However, it is noted that as 

there are not sufficient real -world data to accurately quantify the projected 

reliability of the advanced technologi es well into the future, this aspect is not 

described in detail in this report.  

2.1  Truck concepts and their application  

For the purpose of this report, two main types of trucks  have been 

investigated  ð a distribution and a long haul truck  ð as the typical usage profile  

of a truck results in different requirements for the potential zero -emission 

technologies. Table 1 shows the key characteristics of  the two types of trucks 

that have been investigated . 

 

Table 1 Definition of distribution and long haul truck  

 Distribution truck  Long haul truck  

Gross vehicle weight ( GVW) 7.5-16 tonne 30-40 tonne 

Daily range 150-400 km  800-1,500 km 

Typical operation  Regional (Inter) national  

Fuel consumption 18 l/100 km  35 l/100 km  

Source: TREMOVE; MAN, 2012; ACEA, 2010. 
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2.2  Focus on fuel cell  and electric  drivetrain  

Several options exist for the decarbonisation of the transport sector. First and 

foremost , optimisation of the logistical chains can help reduce the GHG 

intensity of the transport sector. Secondly, technical measures to achieve the 

GHG reduction goals identified in the Transport White Paper  (EC, 2011a). 

 

For the longer term, advanced biofuels and alternative drivetra ins, such as 

fuel cell electric and fully electric drivelines , will be the main options to drive 

deeper GHG emission reduction s from trucks.  

 

Although biofuels have the potential to reduce GHG emissions , indirect land 

use change (ILUC) can result in additional  GHG emissions, closing the gap 

between the emissions from biofuels and fossil fuels. This has been shown by a 

broad range of recent scientific reports . Various studies have concluded that 

this effect is so large tha t the current biofuels policies in the EU will only lead 

to very limited GHG emission reduction in 2020 (IFPRI, 2011; EC, 2010).  

 

The period after 2020 has not been studied in much detail, but there are no 

clear signs that the GHG reduction potential from  biofuels will improve 

significantly, as the ILUC problem will remain  in most cases. The amount of 

sustainable biofuels available is highly uncertain; s everal studies have tried to 

estimate the potentially available amount of biomass in Europe and worldwid e 

for 2020, 2030 and beyond. Each of these studies has shown significant  

uncertainties  (PBL, 2012). 

 

The difficulty of application of other fuels beside liquid fuels in maritime and 

air transport also play a role, since conventional  and biofuels can be stored 

with a  rather  high energy density,  in contrast to hydrogen and electricity .  

This implies that available future biofuels might rather be used in air and 

maritime transport rather than in road transport.  

 

For the reasons mentioned above this study  does not focus on fossil fuels,  

but  concentrate s on the application of fuel cell electric and full electric 

drivelines.  

2.3  Transition to zero  tailpipe  emission vehicles  

The general development strategy for zero emission vehicles starts with 

conventional vehicle s that are currently on the road, as is depicted in Figure 5. 

 

Figure 5 Development strategy for zero tailpipe emission vehicles  
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With the introduction of hybrid vehicles, a battery is introduced in the  

vehicles. Hereafter, increased  battery  sizes allow for plug -in charging.  

Hybrid drivetrains offer the potential to store energy from braking and have  

an improved drivetrain efficien cy, resulting in lower emissions.  

 

If  batteries are increasingly used, technology improvement and reduced costs  

from economies of scale will pave the road for battery electric vehicles.  

Fuel cell electric vehicles are seen as the next step  by many expert s, as 

battery electric vehicles and fuel cell electric vehicle s show many similarities 

with regards to the  technologies used. Both concepts use an electric motor to 

drive the wheels and require a n energy storage system, although its size may 

differ. However, the c oncepts differ in the use of energy carrier ; while battery 

electric vehicles store electricity  in a battery, fuel cell electric vehicles  carry 

hydrogen onboard that is converted into electricity by using  a fuel cell , 

combined with a small battery . Both energy carriers need to be produced, 

however, from primary energy sources.  

 

In the next sections, the results of the  assessment of the zero emission 

technologies for truck applications  are described.  

2.4  The view of truck manufacturers  

A questionnaire (see Annex B) was distributed among the main  EU-market 

truck manufacturers in order to obtain their view on the expected 

developments, their activities,  potential  bottlenecks, and the weight criteria 

for the application of zero emission vehicles. Five out of the six major truck 

manufacturers filled out the questionnaire.  

 

In addition to the technologies described below, vehicle manufacture rs also 

mentioned the next generation liquid biofuels, (bio)gas , and significant 

efficiency improvements of conventional trucks  as important future issues . 

Truck manufacturers have developed various  market uptake  scenarios.  

Local preferences may create a diversity of energy carrier s they argue.  

Expected role of zero emission technologies  in the 2030 -2050 
timeframe  
Figure 6 provides an overview of manufacture rsõ point of view on the potential 

role of zero emissions technologies in road freight transport from 2030-2050.  
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Figure 6 Manufacture rsõ view on the role of zero emissions technologies in the 2030-2050 timeframe  

 
Note:  R represents Regional and L represents Long haul. Five manufacturers have answered the 

question. 

 

 

In addition, Figure 7 provides an overview of the activities that are currently 

undertaken by the truck man ufacturers and the phases of development.  

 

Figure 7 Manufacture rsõ current activities regarding zero emissions vehicles  

 
Note:  R represents Regional and L represents Long haul. Following  refers to actively following 

the developments. Four manufacturers have answered the question.  
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Several conclusions can be drawn from these figures:  

- In general, truck manufacturers believe that a larger number of zero 

emissions technologies will play a role in distribution transport rathe r than 

in long haul transport. For inductive charging and hydrogen, manufacturers 

tend to believe that zero emission technologies will be applied in 

distribution vehicles rather than in long haul vehicles.  

- Truck manufacturers differ in their view of the fu ture prospects for 

electric drivetrains. There is uncertainty about which technologies will 

become reality, especially with regard to technologies that have only 

received limited testing.  

- Battery plug -in vehicles are projected to play a role in goods distr ibution in 

the 2030-2050 timeframe, but will probably play a smaller role in long haul 

transport.  

- Most truck manufacturers do not see a role for battery swapping or are 

unsure about the potential application of this technology. If applicable, 

battery -swapping technology would be better suited in distribution 

transport than in long haul transport.  None of the interviewed 

manufacturers are employing any activities with regards to battery 

swapping. 

- The technologies that are further away from market applic ation receive 

limited attention at the moment. Apart from hybridization and battery 

plug-in trucks for distribution purposes, manufacture rs are not engineering 

any other technologies yet.  

- Currently, the technologies that require another type of infrastruct ure do 

not receive much attention.  

Main bottlenecks  
The respondents were also asked for the main bottlenecks that apply to the 

different zero emissions technologies. Especially for the technologies that 

have a larger distance to the market and have not been applied yet, 

respondents indicated that test fields are needed to gain experience with the 

technologies. Table 2 provides an overview of the bottlenecks  that were most 

frequently mentioned by the manufacturers.  

 

Table 2 Overview of technological and economic bottlenecks as observed by truck manufacturers  

  Main bottleneck  Steps needed to overcome  

Hybrid TCO (battery) Lower priced batteries, high 

volumes in passenger market  

Battery plug -in TCO (battery) Lower priced batteries, high 

volumes in passenger market  

Battery swapping Business model complexity, 

handling 

  

Overhead catenary wire  Infrastructure, lack of 

standardization, visual 

pollution  

Complete infrastructure network 

needs to be in operation  

Stationary Inductive 

charging 

Infrastructure, technology 

maturity, efficiency  

  

Dynamic Inductive 

charging 

Infrastructure, technology 

maturity, efficiency  

 

Hydrogen Technology maturity, costs, 

none fossil H2, cost of tanks, 

distribution network   

Distribution network, technology 

must be proven in less complex 

applications.  

Passenger car application 
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A specific concern of alternative drivetrains that was  frequently mentioned is 

an increase in vehicle  weight . Many of the technologies  lead to  additional 

weight , at the expense of  vehicle payload. The majority of the respondents 

(60%) indicated  that 400 kg is the maximum additional  drivetrain -caused 

allowable weight for a distrib ution truck. For long haul transport, 400 kg is 

being seen as a maximum by 60% of the respondents, while  20% perceive that 

600 kg is acceptable.   

 

The next sections provide information on the activities of some of the 

manufacturers  that are publicly availa ble. 

2.1  2012 International Motor Show  

The September 2012 International Motor Show (IAA) in Hannover, showed a 

state-of-the-art overview of near market technologies in truck transport. 

Based on the exhibition and expert interviews, an overview of the present 

technologies is described below. 

Distribution  trucks/buses  
For small trucks, innovative technologies are being developed mainly for niche 

applications. The following technologies were presented at IAA: 

- hybrid city buses/electric city buses ; 

- electric trucks  (light com mercial and medium duty trucks);  

- hybrid delivery and garbage trucks . 

 

The difficulty with electric trucks is the ir  short range,  which is currently  

150-400 km, depending on the mass of  the battery . Furthermore, electric 

trucks are significantly more exp ensive that conventional trucks; these 

vehicles cost about three  times more than conventional ones , mainly due to 

the high battery costs , experts indicate.  

Long haul  trucks  
For large trucks, no  alternative powertrains  other than the conventional diesel 

engine were presented at IAA. Discussions with truck manufacturers show that 

they are not engineering any (near) z ero-emissions technologies at the 

moment, but are starting to think about hybridiz ing heavier trucks. Truck 

manufacturers are involved in  some research projects  though. For example 

Volvo, Mercedes, and Scania are involved with overhead catenary wire 

research projects .  

 

Another option is inductive charging  of all -electric vehicles . Bombardier is 

developing and marketing this technology for regional flee ts like trams, buses 

and taxis, and more recently, an inductive charging pilot has started for trucks 

as well.  

 

The fuel cell  technology is another option to replace the internal combustio n 

engine. Although not exhibited at IAA, hydrogen trucks have been presented at 

motor shows before, and several pro totype vehicles have been built  that are in 

operation  although mainly in a research and development context .  

Near-commercial applications  
Commercial applications are limited to urban delivery trucks and buses  at the 

moment. Most larger bus manufacturers offer a hybrid version of a city bus or 

are in an advanced stage of testing. The same is true for delivery trucks. 
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Heavy hybrid vehicles that are  used in a dynamic way can reduce  

CO2 emissions by about 15-25% (TIAX, 2011a), depending on the application . 

 

To reduce fuel consumption more significantly, the next steps include 

electrification and the use of fuel cell vehicles. The status of the t echnologies 

needed for electrification or the use of fuel cells are included in the  following  

sections, including the expected developments.  

2.2  Battery electric trucks  

2.2.1  Technology assessment  

Even more than for passenger cars, the short driving range  of battery electric  

vehicles is problematic for trucks , since trucks have higher energy 

consumption and therefore need a larger battery pack . This is especially the 

case for larger long haul trucks due to the high per -kilometre energy 

consumption of heavy vehicles and their high daily operating range . 

 

In an all -electric vehicle, t he battery pack is the main electric component  and 

makes up a large share of the total driveline cost, and  as such, significantl y 

influences the vehicleõs sale price. Other major  components are more proven 

technologies, like  the motor, inverter, and the controller. Their impact on 

vehicle performance, and the overall vehicle  costs, are not as significant   

(ICF, 2011). The remainder of this section concentrates on  the battery 

technology and its evolution over time.  A battery includes  electrochemical 

cells,  the steel battery case  and other components  like heating/cooling 

devices. This report focuses on the overall battery system performance.  

 

There are five parameters that have been used to assess the appropriateness 

of batteries for vehicle application:  

1. Energy/weight ratio.  

2. Energy/volume ratio.  

3. Power to weight ratio.  

4. Battery lifetime . 

5. Charging time . 

 

Worldwide,  approximately 10 battery manufacturers are producing traction 

batteries for the automotive  market .1 Batteries for passenger vehicle s and 

truck application s are the same. However, the amount of cells  in the battery  is 

larger in the case of trucks.  The preferred solution is Lithium Ion (Li-Ion) 

currently , but th is encompasses a number of different chemistries. The anode 

generally features graphite, but different chemistries are under development 

and commercially app lied (ICF, 2011). Individual m anufacturers claim that 

thei r chemistry is the best combination of properties for automotive use 

(durability, energy density, safety under abuse and overcharge situation).  

A basic overview of a Li-Ion battery is shown in  Figure 8. The basic operation 

occurs in discharge by ionized lithium flowing from the anode (positive 

terminal made from lithium embedded in carbon -based materials, usually 

graphite) to the electrolyt e (composed of lithium salts in organic solvents) 

through a plastic separator (a micro porous membrane) and then to the 

cathode (negative terminal made of lithium metal oxide or phosphate).  

                                                 

1
  Some of the manufacturers are: A123 systems, Johnson controls, Hitachi, LG Chem, GS Yuasa, 

SB Limotive, AESC, Panasonic, Sanyo and Primearth EV Energy Co. 



22 July 2013 4.841.1 ð Zero emissions trucks  

  

Figure 8 Basic overview of Li -ion battery  

 
Source: ICF, 2011. 

 

 

At present, t he average energy density of EV batteries is around 100 Wh/kg  on 

a battery level .  However, significant developments are expected in the next 

decades. Energy density improvements of a factor 3 -10 are cited in various 

lit erature sources (ICF, 2011; Horne, 2011), as evidenced in Figure 9. The 

factor 3-10 that has been cited in literature  is currently in a research phase. 

The most promising battery chemistries appear to involve silicon, sulphur and 

air (oxygen). ICF (2011) estimates that in 2030, the energy density may 

increase to 300 Wh/kg.  Several consulted experts are less optimistic about the 

potential to significantly improve the energy density.  These experts know the 

figures mentioned in scientific literature, but cannot confirm that these 

figures are realistic.  

 

The power density is between 500 and 1 ,000 W/kg on a battery level , 

depending on the battery chemistry that is chosen. This is within the 

requirements of automotive application, including trucks.  

 

Figure 9 Expected battery developments  (energy density on y -axis) 

 
Source: ICF, 2011. 

 

 

As can be seen in Figure 9, Li -S and Li-air batteries are under development  and 

are being seen by some as the ultimate battery chemistry solution.  

Most scientist s agree that several bottlenecks need to be resolved bef ore Li-air 

and Li-s batteries  or other new battery concepts  can be brought to the 

market.  
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It is not sure if the factor 10 potential in energy density can be fully realised. 

However, scientific literature also states  that  òl ithium battery technology 

evolves at a pace so rapid that evaluation of its progress may easily become 

obsoleteó (Scrosati and Garche, 2010).  

 

In the following  textbox es, the two  most important battery chemistries  

currently being investigated  are described in more detail .  

 

 

Li-air batteries  

Li-air batteries use oxygen as a catalytic air cathode to oxidise a metal anode such as lithium. 

Theoretically, with oxygen as essentially unlimited cathode reactant source, the capacity of 

the battery is limited only by the lithium anode. Estima tes of energy density vary from equal 

to ten  times the energy capacity of current lithium -ion batteries.  

 

Also, the introduction of Li -air batteries  could greatly reduce costs as lithium batteries 

currently use a cathode , which is the most expensive component of lithium batteries. Lithium -

air has a theoretical specific energy of 13,000 Wh/kg. Li -air batteries gain weight as they 

discharge. This is because oxygen from the air combines with Li to form Lithium  peroxide. The 

power density of Li -air batteries is  potentially high, and in practise , is still very low at the 

moment due to battery chemistry problems.  

 

There are many challenges that need to be overcome in order to increase power output and 

life of the battery:  

- Oxygen diffuses at a very low rate in the porous air cathode. Therefore, there may be a 

need to pump oxygen into the battery system , which implies that  an air compressor and 

blower need to be built into the vehicle. This may cause additional weight  though. 

- The reaction creates a solid ,  which accumulates on the cathode and hinders contact 

between electrolyte and air, reducing the rate capability (power) density.  

- A stable electrolyte, effective membrane or air clean -up must be found since even the 

slightest amount of water contact with th e metal anode would create hydrogen gas and 

create a fire hazard . 

 

At the moment, scientists reported positive laboratory experiments. However, the current 

performance of such batteries is limited to a few charge ðdischarge cycles (10-50) with low rate 

capability, since the battery chemistry is not yet fully reversible. A prototype Li -air battery 

has been promised by IBM in 2013. Commercialization of the battery is expected around 2030, 

but given the large uncertainties with this technology this time frame i s hard to predict 

correctly . 

 

Sources: ICF, 2011; Christensen et al. , 2012; Greszler, 2012.  
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Li-S batteries  

Lithiumðsulfur batteries may succeed lithium -ion cells  because of their higher energy density  

(300-350 Wh/kg) and the low cost of sulfur.  The volumetric energy density is close to that of  

advanced Li-ion.   

 

Unlike conventional insertion cathode materials, sulfur undergoes a series of compositional 

and structural changes during cycling, which involve soluble polysulfides and insoluble sulfid es. 

As a result, researchers have struggled with the maintenance of a stable electrode structure, 

full utilization of the active material, and sufficient cycle life with good system efficiency. 

Although researchers have made significant progress on rechargeable Li-S batteries in the last 

decade, these cycle life and efficiency problems prevent their use in commercial cells.  

 

Obstacles remain to commercializing  (2020-2030) the technology, including the need to 

improve the number of times the batteries can be  recharged and the speed with which they 

can be charged. 

 

Source: Scrosati and Garche, 2010. 

 

 

In terms of stored energy per unit  of mass, a battery scores much lower than  

conventional  fuels, such as gasoline or diesel. Even the Li-S and Li-O2 batteries  

that are  currently  being investigated , will not reach the energy density 

equivalent to that of conventional fuels . However, since electric vehicles are 

more energy efficient than conventional vehicles , energy density may not be 

as significant . Figure 10 illustrates the energy density of  current  battery 

systems, battery systems under development , and gasoline. 

 

Figure 10 Energy density of different battery systems versus  gasoline 

 
Note:  The difference between theoretical and practical energy density relates to the weight of 

the steel battery case, other inactive components  (heating/cooling devices)  and 

inefficiencies .  

Source:  Thackeray, 2012. 

 

 

The figure illustrates  the enormous challenge of increasing the pr actical 

energy density of todayõs batteries toward the energy stored and delivered by 

gasoline.  
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The energy density of diesel is around 40 times hig her than that of batteries, 

when taki ng the projected  battery improvement of factor 3 in the next  

15-20 years into account. With a factor of 10, improvement  in energy density, 

batteries would still perform at  a factor 12 lower in terms of energy density. 

However, energy density is not the only parameter to look at, since electric 

drivelines are more fuel -efficient than conventional drivelines. Therefore, 

batteries would not need the same energy density as diesel, but can be around 

a factor 3 lower for achieving the  same range as diesel powered vehicles. 

 

In Table 3, the driving range of a conventional distribution truck  and a battery 

electric  distribution  truck  are depicted, based on vehicles that are currently 

commercially available on the market.  A problem related to energy density 

and driving range is battery w eight  and volume, mainly caused by t he large 

amount of metals used to produce a battery . Most of the weight of the vehicle  

comes from the battery.  Table 3 shows battery/fuel weight  and volume and 

driving range for both a conventional and battery electric truck.  Twenty 

percent  of the battery capacity is generally left unused, due to cycle life . This 

implies that part of the battery weight is not useful.  

 

Table 3 Driving  range of electric and conventional vehicles with current  battery technology  

 Battery e lectric truck  

(10 tonne GVW)
2
 

Conventional distribution truck 

(10 tonne GVW)  

Energy consumption 

(kWh/ 100 km) 

100 Electricity  180 Diesel 

Useful energy storage 

capacity 

120 kWh 200 l (~2,000 kWh) 

Energy carrier  weight  1,500 kg 160 kg 

Energy carrier  volume 850 l 190 l 

Range 120 km 1,100 km 

Note:  The battery pack weight is based on the typical value of 100 Wh/kg and 140 Wh/l  

(ICF, 2011; Thackeray, 2012). Calculation of battery mass has been based upon 80% 

depth of discharge ( DOD). This implies that only 80% of the battery capacity can be used 

for driving.   

Source:  Man, 2012; expert interviews; own analysis . 

 

 

The data show that  massive battery packs are needed to ensure an acceptable 

driving range,  which lowers  the payload of an electric truck. However, the 

absence of the gearbox and lower weight of the engine  partially compensates 

for this and results in a net additional weight of around 600 kg , experts 

indicate . In case of volume transport, this may not be a problem. 

Furthermore , limited  range is only a problem if a vehicle does not return to a 

central depot  to charge overnight .  

 

Although less critical than the weight  (some volume may be available under 

the chassis), the volume of a battery may  also be a barrier. The additional 

volume required to store a battery is relatively  lower than the required 

additional mass for Li -ion batteries. The current specific energy density  of  

Li-ion batteries  as compared to the required volume is 40% higher than the 

energy density per unit of mas s (100 Wh/kg of battery corresponds to 140 Wh/l 

on a battery level ).  

                                                 

2
  The values in this table are typical values for the currently available Smith Newton 

distribution truck.  
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The energy density of advanced Li-Ion batteries may be at a level of  220 

Wh/kg and 300 Wh/l  (Greszler, 2012). In Figure 11, the expected develop ment 

of battery energy density according to Howell (2012) i s shown. 

 

Figure 11 Expected volume and mass energy density development  

 
Source: Howell, 2012. 

 

 

Due to the need for a flowfield volume in the porous cathode, the Li -air 

battery requires a relatively large volume for the cathode compared to its 

advanced Li-ion counterpart. Additionally , i f Li-air based cells will have a need 

for a compressor and air clean -up equipment, the  battery volume may equal or 

be larger than that of advanced Li-ion cells. Thus the expected volumetric 

energy density after 2025 is unsure (Howell, 2012; Greszler, 2012). 

 

Using the fuel  consumption figures from Table 1, the impact of improved 

battery energy density on the driving range  can be illustrated . Figure 12 shows 

the driving range of current and future battery technologies, including the 

compromise of the increase of the vehicle energy carrier on board.  

 

Figure 12 Driving range of delivery vehicles at different battery energy densities  

 
Note:  The scale on the x-axis is logarithmic.  The driving range has been based on 80% DOD. 

Source:  MAN, 2012; expert interviews; own analysis . 
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The figure shows that with  energy density improvement s to the potential  

future  value of 1,000 Wh/kg , battery electric trucks may provide a wider  

driving range compared to conventional trucks.  

 

In the figure below, the battery weight and the driving range are plotted for 

different energy densities. The figure shows that even when taking a factor of 

10 for  energy density improvement into account, the driving range can only be 

comparable when adding significant energy carrier  weight.   

 

Figure 13 Driving range as  function of battery weight for 100, 250 and 1,000 Wh/kg for delivery vehicle  

 

Note:  The corresponding energy carrier volume (in litres) is 50 -70% of the energy carrier mass 

for (advanced)  li -ion batteries . While the energy density in terms of mass is estimated to 

be significantly higher for Li -air, the batte ry volume is not estimated to reduce in  

comparison with Li -ion batteries. Additional weight due to battery charging is not 

included in this figure, but is approximately 125 kg (500 kg battery) ,  375 (1,500 kg 

battery) ( Greszler, 2012).  The driving range is based on 80% DOD. 

Source:  MAN, 2012; expert interviews; own analysis . 

 

 

With respect to  long haul trucks,  taking a driving range of 800 km into 

account, the application of  electric drivelines  is not possible at the moment , 

because the battery weight would be too high; currently this is approximately  

50% of the gross vehicle weight and the largest part of the 27 tonne payload 

capacity of such a truck.  Table 4 shows the impacts of a  reduction in battery 

weight over time . The battery  weight of 2,000 kg shown in the third column 

will not become reality in the next decade, but possibly after 2030  (ICF, 2011).  

While mass is most critical in the short term, volume is most critical for Li -air 

batteries. A 40 tonne truck with an 800 km range would require 6. 5 m3 of li -air 

batteries, which would weigh approximately  2 tonnes. In addition, the battery 

gains weight during battery charging, since oxy gen is chemically bound to one 

of the electrodes.  
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Table 4 Long haul vehicle battery weight as function of energy density  

 Long haul truck (40 tonne GVW)  

 Current Li -ion Advanced Li -ion Li-air  

Energy consumption (kWh/ 100km)  200 200 200 

Battery energy density (kWh/kg)   0.1 0.25 1 

Battery energy density (kWh/l)   0.14 0.3 0.3 

Battery capacity kwh 2,500 2,500 2,500 

Driving range km 1,000 1,000 1,000 

Battery weight  kg 25,000 5,000 2,500 

Battery volume  l 18,000 8,333 8,333 

Note:  The Li-air battery weight reflects the discharged condition. Charging will increase the 

weight of the battery due to chemical reaction of Li with oxygen. The weight increase 

due to charging is approximately 500 kg. Energy consumption is related to t he battery 

weight to some extent. This has not been taken into account.  Driving range is based on 

80% DOD. 

Source:  MAN, 2012; Greszler, 2012; Howell, 2012; expert interviews; own analysis . 

 

High charge/discharge rates  
Scientists reported approaches that  could yield in a dramatic cut in charge 

time s by increasing the surface area of the anode  or cathode (Mukherjee, 

2012; Sanghan, 2012). The approaches in realizing high -rate capability have 

included incorporation of nanostructured anodes  and cathodes that provide a 

large specific surface area  and shorter Li+ diffusion  distances. The volumetric  

energy density of the electrode will , however,  be reduced due to its expanded 

structure . This is a negative development for  automotive applications.  

 

The technology provides the opportunity to achieve charge rates of above 10C3 

(Mukherjee, 2012). Instead of 1-2 km per minute, s cientist s believe that there 

is a reasonable goal of obtaining a driving range between 15 and 75 km of per 

minute of charging  for passenger cars. At that pace, even a large battery with 

a 450 km range could fully charge in less than 10 minutes (ibid. ).  

Battery life  
The battery performance can substantially degrade  over time , which may 

reduce peak power capability, energy density , and safety.  

There are four key measures of battery durability, which are  (ICF, 2011):  

- calendar life , which is a measure of degradation with time;  

- deep cycle life , which is the number of cycles of charging and discharging 

to l ow state -of-charge (SOC) levels; 

- shallow cycle life , which measures the number of cycles of small SOC 

variation of a few percent  that a battery can withstand ; 

- survival temperature range , which is the range of temperature that a 

battery can be subjected to when not in operation.  

 

Li-ion battery manufacturers have set goals or targets for all of these 

measures, but it is not clear if current batteries can meet them. For calendar 

life, the goals are typically  set at fifteen years at a temperature of 35°C . 

Lifetimes degrade in case of hotter temperature s. For deep cycle life, where 

the charge cycles vary from 90% to 10% of SOC, the goal is typically 5,000 

cycles, while the shallow cycle life expectation is 200,000 to 300,000 cycles. 

                                                 

3
  1C refers to a charging time of one hour.  
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The goal for the temperature range is -40°C to +66°C, but this has not been 

addressed by battery manufacturers  yet .  

 

It is difficult to conclude whether  current batteries  already meet or exceed 

specific targets in any area because of the highly interactive effects of these 

variables. Currently, s everal battery manufacturers  have met the 5,000 cycle 

deep discharge goals and the 200,000 cycle shallow discharge goals (ICF 2011). 

Electric truck manufacturers interviewed in the context of this report refer to 

1,000-2,000 deep cycles at the moment, with an expected cycle life up to 

4,000-5,000 deep cycles within five  years.  

 

According to ICF (2011), it appears that current battery life should exceed 

seven years and may be around ten years. However, there is still much 

uncertainty regarding battery calendar life at more severe ambien t 

temperatures such as those encountered in North Africa, South Spain or 

Arizona. ICF (2011) anticipates continued improvement to 2020 by which time, 

expectations are that average life may be in the thirteen to fifteen year 

range. 

 

As indicated before, the  durability of more advance d battery concepts like  

Li-air has not been proven, since the battery is still under development in 

laboratories.  

2.2.2  Current Vehicles  

Smith Vehicles is the largest electric truck m anufacturer in the world, with 

around 1,000 trucks on the road worldwide. Most of the se vehicles operate in 

the United States. Smith offers three basic types of its Newton trucks, ranging 

from 7,5 tonnes to 12 tonnes GVW. Operating on urban delivery routes , a 

single overnight charge provides sufficient range (approximately 65-190 

kilometre s). Smith can deliver different configurations, with differe nt payloads 

and battery capacities . 

 

Figure 14 Smith Newton truck  
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Renault is the first OEM to develop a full electric vehicle. The  Midlum concept 

truck, which is used in trials with Carrefour in France, carries two tonnes of 

batt eries, has a 5.5 tonne payload and a range of 135 km. A second identical 

vehicle will be joining the Nestlé Switzerland fleet . The vehicle was developed 

in conjunction with its technical partner PVI.  

 

 

Technical characteristics of the All -electric Renault 

Midlum 16 t:  

- Operating range: 100 km 

- Recharging time: standard 8 hours 

- Electric motor power: 103 kW  

- Total  battery  capacity  of 150 kWh 

- Payload: 5.5 tonnes 

- GVW: 16,000 tonnes 

- Bodywork: refrigerating unit  

 

 

 

In addition to the Midlum, a dozen of Renault Maxity (GVW up to 4.5 tonnes) 

electric trucks operate in Europe. The se vehicles are used for in-town 

deliveries , urban cleaning, and refuse collection services. 

 

In the US, battery electric trucks for niche applications are under 

development. The Balqon Corp. produced a full electric heavy -duty short -haul 

truck for drayage operations at the Port of Los Angeles  in 2007. This 

demonstration project resulted  in an order of 25 heavy -duty, battery electric 

trucks in 2009 (Port of Los Angeles, 2012). The Nautilus XE20 (Figure 15), has a 

140 kWh Lithium Ion battery pack whic h supports a 150 kW electric motor. A 

four -speed fully automatic transmission is installed  to provide the required 

torque . This configuration provides a range of 150 km (unloaded) to  80 km 

(loaded) for a maximum gross combination weight rating of 40 tons  and a 

maximum speed of 40 km/h  (Nautilus XE20, 2012). 

 

Figure 15 Balqonõs Nautilus XE20 

 
Source: Port of Los Angeles, 2012. 

 

 

The larger XE 30 has a 250 kWh battery pack, a top speed of 72 km/h , and a 

GVW rating of 55 tons. 
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2.2.3  Conclusion and d iscussion  

Currently, e lectric trucks are mainly seen as an alternative for conventional 

vehicles city  goods distribution, since vehicles can be charged overnight.  

When taking the potential battery energy density  of advanced Li-ion batteries  

into account, the technological bottlenecks for this application are  limited, 

with a round 1,000 vehicles currently operated  around the world . With a 

reduction of battery costs due to increased production, battery electric 

distribution veh icles may become more attractive for this niche application.  

 

The battery energy density (Wh/kg) is , and will remain,  a bottleneck  for long 

haul application s since significant weight  and volume increases are 

unacceptable. If the projected factor of 5-10 in energy density improvement is 

realised, the weight increase of a 40 tonne GVW truck would be around 2,000-

4,000 kg. Industry representative s argue that this increase in weight is far too 

much. Electric drivetrains will not be used before 2030 to drive lon g haul 

trucks and most likely  will be of  limited use in the following decades , due to 

unacceptable weight increases . Industry experts confirm this view.  However, 

electric long haul trucks may still be an option when combined with an 

innovative charging inf rastructure, such as with overhead catenary wires or 

dynamic inductive charging (see Section 2.3). In this case, battery 

development will determine whether such an infrastructure is necessary for 

the main roads/corridors only, or an even wider coverage will be  required.  

 

Further expansion of the use of electric distribution trucks depends on t wo 

factors: further development of the battery technology and costs, and the 

development  of the energy infrastructure for vehicle charging , especially a 

fast charging network, as is shown in  Figure 16. The figure illustrates the steps 

needed.  

Figure 16 Battery technology and infrastructure roadmap  to 2050 
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The role of battery electric vehicles may become larger with the introduction 

of next generation batteries that  have a higher energy density and allow for 

fast charging. At the moment, the development of Li -S and Li-air as well as 

fast charging is the subject of scientific academic research  and prototypes 

have not been applied in vehicles yet. Several challenges need to be 

overcome. Li-air batteries require improvements in durability, in the  volume 

of the cathode and in the power densit y for example . Issues like these are 

related to the specific  battery technology and should be resolved by 

developers of that particular technology .  

 

When the advanced batteries  would be ready for the market and series 

application s would take place  as a result, cannot be foreseen at the moment ,  

but is expected a fter  the year 2030.  

 

Infrastructure availability has to be realized step by step , as shown in  

Figure 16. This starts with the  development from currently available individual 

overnight charging stations  to public stations and  corridors that  can result in a 

nationwide interconnection.  

2.3  Charging t echnologies/Energy infrastructure for electric trucks  

2.3.1  Plug-in charging  

The easiest concept for charging is plug -in electric charging. A slow charge 

system is enough to regenerate a battery over night (typically 8 hours), which 

is typically sufficient for u rban applications. For example, a 120 kWh battery 

can be regenerated in about 8 hours by using a charging unit of 15 kW.   The 

cost of a power station is relatively low  in comparison to the cost of batteries . 

The cost per plug-in point is estimated at 5,000 euros, but the exact figure 

depends on a number of factors like the availability of power sources and size  

of the vehicle . Additional costs may result from retrofitting existing, or 

building new structures, to accommodate charging stati ons. 

Fast battery charging  
The charging time is an important criterion  for the uptake of electric vehicle s, 

especially for longer distance applications. ôFast chargingõ can potentially 

reduce the time needed for charging. However, there are some d ifficulti es 

with fast charging  at the moment, mainly related to the  internal resistance of 

a battery to ion flow . These issues can result  in heat gain, efficiency losses , 

and a phenomenon known as ôplatingõ,  which can drastically shorten a 

batteryõs lifespan. 

 

Currently , fast charging stations typically have a power of 50 kW, which 

charges a passenger vehicle within 30 minutes. Experts indicate that in the 

next years, charging stations will be scaled up to power ranges of 200 kW. In 

the next decades, the power  that is used may increase even further .  

 

If th ese numbers are translated into a 200-500 kWh battery for distribution 

trucks that is charged in 15 -30 minutes, it would require 400-2,000 kW of 

power. The way of charging such a battery is basically not very different f rom 

charging a passenger vehicle battery. However, the power needed for charging 

is much higher, t ypically a 10 kV connection. If this infrastructure is not 

available, significant investment may be needed depending on how many 

transformation sta tions/connections need to be upgraded and a connection to 

the 10 kV network may be necessary. The cost of such a cable is approximately 

108,000 euro per km (CE Delft, 2010).  
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Discussion 
Overnight plug-in charging can be easily applied to urban distribution . For the 

large-scale application of electric distribution trucks, a fast charging network 

may be necessary. This requires both batteries that allow for high power 

charging and a network of charging stations.  The first requires significant 

improvement s of the current batteries,  and the latter may require a  

significant investment.  

2.3.2  Inductive charging  

The concept  
In contrast to plug -in charging systems, inductive charging moves power 

between two or more systems without the use of a wire (i.e. it is a form of 

wireless charging) (Chawla and Tosunoglu, 2012). With an inductive power 

charging system, a changing electromagnetic field is created between two 

power systems (the sending and the receiving system) and power is transferred 

from one system to the other.  The sender - or primary coil - is connected to 

the power grid and therefore is constantly powered in order  to send power to 

the receiver - or secondary coil - when needed (ibid.). The energy that is 

picked up by the receiving coil is then c onverted to cha rge the battery (in the 

case of stationary charging ) or to dir ectly drive the electric motor (in the case 

of dynamic charging).  

 

Inductive charging does have several useful applications to electric vehicle 

charging. As the sending device can be installed underground, the system can 

be installed beneath bus stops, garages or other parking lots (Delphi, 2012).  

More recently, the possibilities of placing electromagnetic strips in city roads 

or highways are being explored as well (i.e. road electrification) ( Chawla and 

Tosunoglu, 2012). While the former mentioned application can be considered 

stationary  inductive charging, the latter application has been called dynamic 

or in-road inductive charging.  

 

PRIMOVE is often mentioned as a leading developer of both stationary and 

dynamic inductive charging; their state -of-the-art system has been able to 

transfer 200 kW during e -bus pilot projects (both stationary and dynamic) in 

Augsburg and Mannheim, Germany, and 200 kW in a stationary and dynamic 

light rail project in Augsburg, Germany (PRIMOVE, 2012). These applications of 

inductive charging to electric vehicles are described in the next sub -sections. 

This is based on available literature on the one hand, and on the results from 

interviews on the other. Two intervie ws were held, one with a leading 

technical consulting company on inductive charging, and one with a  

well -known developer of both stationary and dynamic inductive charging 

systems and pilot projects for different vehicle types.  

Stationary inductive chargi ng 
 

The motivation  

As aforementioned, stationary inductive charging finds its application in 

charging vehicles while they are parked  or stopped. When inductive charging 

devices are embedded in garage floors, parking spots or bus stops, drivers can 

simply position their electric vehicles over these energy sources to charge 

them without any further actions required (Delphi, 2012), which significantly 

enhances convenience and safety (Kluth and Ziegner, 2012). Both interviewees 

on this topic argued that convenience and time savings is the main added 

value of inductive charging over plug -in systems, and is an important condition 
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for the wide -scale adoption of electric vehicles in consumer segments they 

believe.  

 

The concept  

There are two forms that can be used for stationary inductive charging 

applications : magnetic induction coupling and magnetic resonance coupling 

(see Figure 16) (Thrush, 2012). The former is comparable to the technology 

that has been used in electric toothbrushes. When applied to electric vehicles, 

it requires precise parking alignment in order to start the recharging. It has 

been proven to be efficient though and  is relatively inexpensive (ibid.). 

Magnetic resonance coupling is more state-of-the-art though, as it can move 

power over larger distances and it can adapt to natural misalignment (Delphi, 

2012), which further increases user convenience (Thrush, 2012). Ho wever, it is 

also more complex and expensive (ibid.).  

 

Figure 17 Examples of stationary inductive charging systems  

 
Stationary inductive charging system of Delphi (2012) with a charging plate above the ground.  

 

 
Stationary induc tive charging system with charging plate positioned underground (IAV, 2012).  

 

 

It is believed that stationary magnetic resonance coupling can obtain 

efficiency levels of over 90%, which is quite high, but slightly lower than 

induction coupling (close to a  100%) (Thrush, 2012). Both interviews confirmed 

that it is possible to obtain such efficiency levels.  
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Some researchers are sceptical  about the safety of the electromagnetic field 

radiation that results from the inductive charging system. Different 

inter national standards for such exposures have been developed, and is 

summarised in Table 5.  

Table 5 Examples of international standards for electro magnetic field radiation limits  

Threshold in milli Gauss (mG)  Country  

2,000 USA (IEEE) 

200 Europe (ICNIRP) 

62.5 S. Korea (KRISS) 

 

 

There have been a few successful tests and pilot projects, such as the OLEV 

system (Lee, 2012) and a test pro ject of Siemens and BMW (Kluth and Ziegner, 

2012), that have shown that it is possible for inductive charging  to stay belo w 

these thresholds. Also, Bombardierõs PRIMOVE system has been proven to be 

compliant with all applicable codes and standards for electromagnetic 

compatibility  (EMC) and electromagnetic field emission  (EMF). Their PRIMOVE 

200 e-bus system in Mannheim, Germany, has been homologated by TÜV SÜD 

for passenger operation on public roads in November 2012; confirming that it 

does not present any health or safety hazard to passengers, drivers, operating 

staff or pedestrians , and that it does not interfere with other  systems or 

electrical appliances like mobile phones or heart pacemakers. Both 

interviewees are confident that safety is less of an issue as long as the 

radiations are lower than the above -mentioned thresholds, which can be done 

in stationary situations.  

 

Future developments and pilot projects  

Both interviewees argued that stationary inductive charging will first be 

applied in public transport niche markets, such as the city bus and tram. 

Considering that these vehicles drive on fixed routes and make stops 

frequently, inductive charging systems could be installed on several stops 

during those routes  they argued. By strategically positioning the charging 

points, the adaptations needed to the infrastructure,  and hence the costs, are 

minimised. Thereby, one interviewee argued that it may be easier to get 

funding within the public transportation segment, as municipalities that aim to 

reduce the emissions of their city might be willing to invest in  the necessary 

infrastructure.  

 

Several pilot projects are in operation in the public transportation segment. 

Conductix-Wampfler has operated 30 electric busses in Genoa and Turin with 

its Inductive Power Transfer (IPT) technology, which has used the state -of-the-

art magnetic  resonance coupling for 10 years now (Wampfler, 2012). The 

batteries of the busses are fully charged at night, and then topped -off  when 

stopping at designated bus stops. According to the company, this results in a 

200 km driving range a day without the nec essity of making any additional 

stops for recharging (ibid.). In this project, 95% of the energy that is taken 

from the grid is actually stored in the batteries of the busses. Also, the buses 

have not experienced any problems with the safety and it has bee n confirmed 

by independent institutions that the magnetic fields stay below the 

recommended thresholds (ibid.). There are several similar pilot projects with 

inductively charged electric busses in operation or planned in Switzerland, 

Germany, Japan, New Zealand, the Netherlands (Utrecht) , and the USA.  
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Several other players are active in the bus industry . WAVE is developing 

Wireless Power Transfers (WPT) for the electric vehicle market and has several 

pilot projects for shuttle busses on the campuses of universities in the USA 

(WAVE, 2012). PRIMOVE stati c and dynamic charging systems has been tested 

in several pilot projects  with trams, e -buses, e-vans and e-cars in Europe 

(PRIMOVE, 2012).  In addition, the cities of Brunswick and Mannheim in 

Germany as well as Bruges in Belgium will introduce the wireless PRIMOVE 

charging system on selected inner-city bus lines as of 2013. Several 12 m and 

18 m electric buses from three different OEMs will then be operated in daily 

passenger service. 

 

There are also several companies that are active in developing technologies 

and pilot projects of magnetic resonance couplin g for passenger cars, such as 

the Delphi Wireless Charging System that is being developed by Delphi and 

WiTricity Corporation (Delphi, 2012), Plugless Power solutions, which is 

manufactured by Evatran (Plugless Power, 2012), and the Wireless Electric 

Vehicle Charging (WEVC) system of Qualcomm (2012) that is now being tested 

in the East of London, both for stationary and dynamic charging situa tions.  

 

Although stationary inductive charging will have several advantages over  

plug-in charging systems in terms of safety and user -friendliness, in particular 

when magnetic resonance coupling is used, it is unlikely to lead to the  

wide-scale implementation  of electric trucks. Stationary inductive charging 

does not solve the limited  driving range before the vehicle needs to be 

recharged. However, it seems likely that if combined with inroad inductive 

charging (explained below), stationary inductive charging could be applied , at 

the parking lots on company grounds for example, in orde r to fully recharge 

trucks that are temporarily stationed.  

Dynamic/in -road charging 
 

The concept  

As mentioned previously,  dynamic charging involves an electromagnetic field 

placed in city roads  and in highways (AEA, 2011). Dynamic charging allows the 

batte ry of the electric vehicle to be charged while driving over these 

electrified sections of the road (ibid.). This technology would eliminate the 

limitations to the driving range of electric vehicles mentioned earlier (Chawla 

and Tosunoglu, 2012), and may therefore be well suit ed for electric trucks as 

well. There are some additional bene fits of reduced battery weight - and 

hence reduced battery costs - and for aesthetics in contrast to battery 

development and overhead cate nary wires, respectively (Lee , 2012).  
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Figure 18 Example of dynamic/in -motion charging  

 
Dynamic charging technology (Thrush, 2012). 

 

 
Application of inductive charging for in -road dynamic charging (IAV, 2012). 

 

There are two main  hurdles that need to be overcome  for dynamic inductive 

charging to be widely adopted . First, the retrofit costs of the road 

infrastructure will be very high (Chawla and Tosunoglu, 2012; AEA, 2011), 

although it is argued by some that building charging stations in the larger cities 

will be  equally expensive when considering the high real estate prices  

(AEA, 2011). According to Lee (2012) only parts of the route need to be 

electrified in case of a commercial truck fleet driving on fixed or semi -fixed 

routes. A similar argument was made by o ne of the interviewees, who stated 

that only specific parts charging points would be needed, such as on uphill 

roads and on some parts of flat roads. This interviewee argued that the main 

cost driver is getting the energy along the road, as such an infrast ructure is 

not in place yet. The sending coils itself only need to be installed 25  cm under 

the surface , which ensures minimal interference. On the positive side, it is 

possible to simultaneously use this infrastructure for electric cars, busses, and 

truck s ð which is not the case for some other technologies, such as the 

overhead catenary wire. Consequently, the retrofit costs can be shared 

between different vehicle types. However, the investments that are needed to 

create the infrastructure for dynamic cha rging will be significant.  

 

Second, there are concerns over the energy losses that may occur when power 

is transferred within the electromagnetic field ( Thrush, 2012). According to 

Thrush (2012) it will be very difficult to achieve an efficiency of over 9 0%. 

Some of the interviewees confirm this.  Chawla and Tosunoglu (2012) argue 

that energy losses can be kept low if the electromagnetic field only transfers 
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power at the point at which the electric vehicle drives over it . According to 

one of the interviewee s, there is only a minor difference in efficiency between 

stationary and dynamic situations, and in both applications the possibility of  

obtain ing an efficiency of over 90% has been shown. Independent monitoring 

results is needed to confirm the statements made. 

 

Safety will be less of an issue with  dynamic inductive charging than with  

stationary charging the interviewees argued . With dynamic inductive charging, 

people within the vehicle are not exposed . People outside the vehicle would 

have to stand within a metre of the vehicle or so, which is unlikely to happen 

on highways.  

 

Irrespective of energy losses, the impact of a wide -scale application of 

dynamic charging on the (renewable) electricity system (e .g. on 

supply/demand imbalances) has yet to be determined as well.  

 

(Future) Developments and pilot projects  

There are a few pilot projects demonstrating  dynamic charging, mostly 

focussed on busses, as was the case for stationary inductive charging . The 

PRIMOVE bus was mentioned in the previous sub-section, and has tested  both 

stationary and dynamic charging in its pilot projects (PRIMOVE, 2012). This is 

similar  to Qualcomm (2012), although the pilot focusses on cars rather than on 

busses.  

 

The Korea Advanced Institute of Science and Technology (KAIST) is running a 

pilot project in an amusement park in Seoul. In this  project 400 metres of 

recharging strips have been embedded in the road . The Online Electric Vehicle 

(OLEV) drives on a fixed route in the pa rk while recharging as it drives over the 

recharging strips (The Independent, 2012). KAIST has obtained an energy 

efficiency of 80% with a one -centimetre gap between the magnetic strip and 

the vehicle receiver. In Berkel ey, California, the Defence Advanced  Research 

Projects Agency (DARPA) operates a pilot project called the PATH program, 

which moves busses over set routes using in-road charging (AEA, 2011). Finally, 

the Ingenieurgesellschaft Auto and Verkehr (IAV) is working on dynamic 

charging pilot projec ts on motorways and argues that an energy efficiency of 

over 90% can be obtained with dynamic charging, which results from the fact 

that the magnetic field is only activated when a sensor detects that the 

electric vehicle is driving over the induction fiel d (IAV, 2012).  

 

As mentioned before, electrified highways can tackle the main problem of the 

current limited driving range of electric vehicles. Therefore, it may well be a 

technology that can be applied to long haul trucks in the future. Scania, Volvo 

and Bombardier are involved in the first pilot for electric trucks (Scania, 

2012). In this pilot, two types of charging  ð conductive  overhead wires and 

inductive charging  ð  will be investigated on a road between Stockholm and 

Gothenburg in Sweden (Vattenfal l, 2011). One of the involved parties argued 

that this is the first step that is needed  - to show that dynamic inductive 

charging can work for electric trucks. The PRIMOVE bus project in Lommel 

mentioned earlier transferred 40 -80 kW (PRIMOVE, 2012). For th is project, 

larger amounts will be needed; for a flat road 140  kW is required (Vattenfall, 

2011). The PRIMOVE e-bus and tram projects mentioned earlier have shown 

that the system can handle 200 kW (PRIMOVE, 2012), which approaches the 

ranges that are required for electric trucks. This project will show whether 

such amounts are also workable for road ve hicles, and further research is 

needed to see whether there are ways to reduce this amount. If this pilot is 

proven successful, the development of a standard will become relevant and a 

cost optimum needs to be found.  
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Figure 19  Hybrid truck with electric drivetrain of Scania that is used in the inductive charging 

demonstration project  

 
 

 

Discussion 

Several pilot projects are available that show that at least some applications 

of stationary and dynamic  inductive charging  can work. Stationary inductive 

charging will be especially useful in public transportation, as these modes 

make frequent stops on fixed routes. In the passenger car segment it may 

provide a valuable alternative to plug -in systems through enhancing 

convenience and safety. However, f or trucks, stationary inductive charging 

will not be enough to lead to a breakthrough of electric trucks , as it does not 

enable the driving range that is needed for long haul trucks. Rather, it may 

find its application on parking lots on co mpany grounds, to fully recharge 

trucks that are temporarily stationed.  

 

Dynamic charging does have the potential to provide enough driving range for 

electric long haul trucks. However, the application of this technology to heavy 

vehicles needs to be firs t proven in pilot projects. Hereafter, a standard needs 

to be developed in order to create an  in-road charging infrastructure  that can 

be used by all vehicles and is consistent within different countries.  These 

infrastructure costs will be very high though , which complicates dynamic 

inductive charging. However, dynamic inductive charging has the potential to 

lead to zero emission trucks, assuming that there will be enough renewable 

energy available.  

2.3.3  Battery switching  

The motivation  
In an earlier section it  was pointed out that the limited driving range combined 

with the time it takes to recharge an electric vehicle is a major limitation to 

the widespread adoption of electric vehicles (Mak et al., 2012). While this will 

also be a problem to passenger cars, i t is an even more significant barrier to 

the HDV segment, as distribution, and especially long haul trucks, have 

relatively long driving cycles. In addition, the costs of electric vehicles is also 

a barrier to their uptake; the battery costs are the most s ignificant influence 

on these relatively high upfront costs (AEA, 2009). The innovativ e concept of 

ôbattery swappingõ has the potential to tackle both these hurdles 

simultaneously and is further described in this section.  



40 July 2013 4.841.1 ð Zero emissions trucks  

  

The information in this section i s based on literature, as no interviewees could 

be arranged on this topic.  

The concept  
The concept of battery swapping is relatively simple; the electric vehicle can 

drive to a battery swapping station where its depleted battery is exchanged 

for a fully c harged one (Mak et al., 2012). The depleted batteries are 

recharged at the station and hereafter used for other electric vehicles with 

depleted batteries (ibid.). This concept is argued to reduce the time it takes 

to recharge an electric vehicle from a cou ple of hours to a few minutes (ibid.). 

An additional advantage of this concept is the fact that the electric vehicle 

owners will only own the vehicle, not the battery. Rather, the batteries are 

leased from the recharging service providers. In this concept,  users get access 

to the charging infrastructure network and are charged for the batteries in 

accordance with their usage (i.e. the miles that are driven). Basically this 

concept shows a lot of similarities with cell phone contracts, and has several 

advantages to the electric vehicle owners:  

- Battery swapping significantly reduces the charging time and therefore 

extends the driving cycle (Mak et al., 2012).  

- From the userõs position, it will reduce the upfront capital costs of electric 

vehicles significantly,  as the costs of purchasing the battery (around 

$ 10.000) are eliminated (ibid.)  Meanwhile, the battery swapping stations 

would need enough stock of batteries to ensure that batteries are always 

available when a user drives to the swapping station to repla ce its 

batteries. The net costs will be higher therefore, as more batteries would 

need to be manufactured than would otherwise be the case.  

- It will be easier to take advantage of technical improvements in the 

battery by regular swaps in contrast to when th e batteries are owned over 

their whole lifetime (Mak et al., 2012).  

 

Figure 20  Example of a battery swapping station  from Better Place  

 
Source: Better Place, 2012. 
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There are several obstacles that need to be overcome for battery swapping to 

enable the widespread uptake of electric vehicles in general, such as:  

- In addition  to charging spots at homes and offices, an infrastructure of 

swapping stations needs to be developed in a cost -effective way (Mak et 

al., 2012). The scal e of the investment that is required will be very high; 

approximately 3 million dollar per station (NY Times, 2011). Thereby, 

companies may be reluctant to make such large investments up to the 

point at which there is a significant demand for electric vehi cles. Potential 

buyers of the electric vehicles on the other hand, may be reluctant to do 

so until the charging infrastructure is sufficient (Mak et al., 2012). In 

addition, the costs of ensuring a stock of batteries that is sufficient to 

cover demand and to ensure that fully charged batteries are always 

available, will be very high.  

- Batteries need to be standardised across manufacturers and swapping 

stations (AEA, 2009). Additionally, the vehicle and station design s should 

be standardised to make sure tha t each vehicle can make use of each 

station. This seems a very difficult point to realise as it implies that the 

battery needs to be placed in the same way (at the same location in the 

vehicle for instance) by all manufacturers and for all types of HDVs. I t may 

be very difficult to accomplish this for both a small urban delivery truck 

and for a large truck -trailer combination for example. Furthermore, the 

battery has to be complementary with the computer and software of the 

vehicle. This implies that with a dvancing technology, the number of 

batteries to be stored at swapping stations will be even higher.  

- Swapping stations would need enough stock of charged batteries to 

facilitate fast service (AEA, 2009). If a large stock of depleted batteries is 

recharged at the same time, this may put a heavy load on the electricity 

grid (Mak et al., 2012).   

 

If the battery swap concept would be applied to electric trucks, it would make 

the recharging time competitive with the time it takes to refuel a conventional 

diesel vehicle, eliminating an important barrier to the uptake of electric 

trucks. However, with the existing battery technology it would still require 

relatively more stops than would be the case for a truck with an internal 

combustion engine. Future improvements  in the battery technology can 

increase this range though (Nu, 2012). Either way, it seems reasonable that 

especially for trucks that are used in urban distribution  with low daily driving 

cycles, battery swapping could be well applied  (from a user perspect ive). On 

the one hand, this would improve the business case of electric distribution 

trucks by reducing the upfront capital costs, while these trucks would only 

need one or two stops a day at a swapping station to create a sufficient driving 

cycle. However, the investments in swapping stations and battery stocks would 

be very high. Thereby it will be difficult to standardise the battery and vehicle 

design for different types of vehicles and different manufacturers.  

 

For long haul trucks the situation is even more complex, as these vehicles have 

a longer daily driving range  that this would require a lot of stops during the 

day with the current battery technologies, which transport companies do not 

find acceptable. Also, it would be more difficult to create a sufficient 

infrastructure of battery swapping stations over the who le route.  
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Developments and pilot projects  
The main player developing this concept of battery swapping was Better Place, 

headquartered in California.  The company went bankrupt early in 20134.  The 

companyõs aim was to build a charging network of both chargi ng spots at 

homes, offices and malls and of strategically located battery swapping statio ns 

(AEA, 2009). Better place had partnerships with several governments to 

accomplish this goal; in Israel, Denmark and the Netherlands (Schiphol), the 

first fully auto mated swapping stations were buil t . It cost between 225 euro 

and 330 euro a month to lease the batteries and gain access to the swap 

stations and charge spots (Better Place, 2012).  An article in the NY Times 

(2011) has quoted costs of 2.3 million e uro per station.  Better Place focussed 

on the lighter weight ve hicles, such as passenger cars and taxis.  

 

Not all manufacturers of electric cars were compatible with the infrastructure 

of Better Place though. Better Place  only had a partnership with Renault; they  

have designed their electric vehicles in such a way to facilitate a rap id battery  

swap at Better Place sõ stations (AEA, 2009).  

 
There have not been any pilot projects with heavier electric vehicles, such as 
busses or trucks yet in Europe. In China (Qingdao), battery  swapping is, 
amongst others, applied for busses.  

Discussion 
Battery swapping can be considered a state -of-the-art technology with  the 

potential to significantly reduce charging times and the costs of electric 

vehicles. However, in order for battery swapping to become an important 

element of electric driving, standards would be needed both in terms of the 

design of the swapping stations and design of the electric vehicles so that all 

electric vehicles could make use of each swapping statio n. Creating an 

infrastructure of swapping stations would require significant investments, 

although this will also be the case for the other electric charging technolog ies 

described in this chapter.  

 

Whether it is feasible to apply the concept of battery s wapping to heavier 

vehicles is unclear, but seems likely. The concept of battery swapping could 

be useful for electric trucks in theory, especially in urban applications, as 

these vehicles would only need one or two stops a day. For long haul trucks, 

significant improvements in battery range would be needed first to reduce the 

number of stops on the route . An infrastructure with significant cov erage 

would be needed as well.  

2.3.4  Overhead catenary  

Motivation  
Zero tailpipe emission transport is possible with elec tric powertrains. Electric 

power trains can be realized using fuel cell heavy -duty vehicles (FCHDV) and 

battery electric heavy -duty vehicles (BEHDV). However, both have the 

disadvantage of limiting the payload as the energy needs to be stored onboard, 

with  batteries having a comparably low energy density (even lower than 

hydrogen) resulting in either a reduced range or a (unacceptable) payload 

reduction.  

 

                                                 

4
 www.treehugger.com/cars/better -place-files-bankruptcy.html  
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In contrast, trucks operating under an overhead catenary entail a couple of 

advantages compared to hydrogen and pure battery -electric trucks. These 

originate in the fact that the required traction energy is not stored on -board.  

 

First, overhead catenary technology frees up payload capacity (given that the 

pantograph equipment is less in weight in volume th an an alternative energy 

storage). Second, this implies that the need for on -board energy storage 

capacity is drastically reduced. Third, range is no  longer a limitation.  More 

advantages are later briefly discussed. First, the catenary concept itself is 

outlined. A catenary is an overhead electric wire that transports elect ric 

current to mobile loads (i. e. trains, trolley busses and trams). The energy is 

transmitted constantly to the vehicle via a roof -mounted pantograph.  

Concept 
The catenary operated HDV as it is tested today should allow the HDV to 

operate fully electric under a catenary at long -haul distances and when not 

under a catenary, operation fuelled by an internal combustion engine.  

Therefore, the concepts which are developed and tested today are  serial 

hybrid trucks.  Possible application fields could be highways and niche 

applications like highly frequented special freight corridors, especially in 

densely urbanized areas. 

Infrastructure equipment  
The wayside equipment is similar to that of direct  current operated bus  

trolley lines, which are in operation in many parts of the world for decades. 

The traction power supply is made up of the substations consisting of switching 

systems and a transformer that converts the alternate high voltage current of 

the grid to low dire ct current (typically 600 ð1,500 V) which flows into the 

catenary. Direct current is primarily  used instead of alternating current as the 

vehicle using DC will not need a heavy transformer on -board, which would 

reduce payload substantially.  

 

The catenary th at is connected to the substation provides the contact to the 

vehicleõs pantograph and assures the electricity to be transferred from the 

catenary to the vehicle. The catenary is composed of support masts, booms, 

isolators and two overhead wires (one for t he energy going to the vehicle and 

a return wire for the way back to the substation) that span over the lane. The 

return wire is necessary as the current cannot flow back to the substation via 

the lane for the vehicles are rubber -wheel-based and must therefore be guided 

through a wire.  Figure 21 shows a possible solution to a wayside infrastructure 

equipment. This is a testing track for catenary trucks in Germany opera ted by 

Siemens. 
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Figure 21  Catenary for hybrid -electric trucks  

 
Source: Gerstenberg, Lehmann et al., 2012.  

 

Vehicle equipment  
As only major highway sections are expected to be equipped with overhead 

wires, vehicles must be able to be fuelled by another fuel. Therefore, trucks 

will have some sort of hybrid power train.  

 

The Siemens truck of the eHighway research project has a serial hybrid 

powertrain, which means it has an internal combustion diesel engine (ICE) with 

300 kW connected to an electric motor. The electric motor has a power of  

200 kW. The truck can operate fully autonomous when powered by the ICE. 

Partial electric operation when not under the catenary is possible when the 

powertrain is also equipped with an energy stor age (the eHighway concept 

vehicle has electric double -layer capacitors to allow electric passing of 

another vehicle).  

 

By employing a battery with larger energy density, emission free operation to 

logistics hubs or inside cities that fall under tight emiss ion legislation would 

also be possible. 

 

The truck equipment of the Siemens truck is made up of (Gerstenberg, 

Lehmann et al., 2012):  

- diesel powerpack (300 kW); 

- permanent magnet synchronous generator and motor (200 kW);  

- power electronics;  

- active Pantograph,  that can be steered and lifted during driving;  

- electric double -layer capacitors for energy storage.  

 

Due to very high infrastructure costs, only one of several highway lanes in real 

world projects will be electrified. As a consequence, if a truck under a 

catenary is to pass another, the vehicle has to switch from electric to ICE 

mode, i.e., the pantograph is to be released and the truck runs on the diesel 

motor or the energy storage.  

 



45 July 2013 4.841.1 ð Zero emissions trucks  

  

Figure 22 shows a catenary operated truck as tested by Siemens in a pilot 

project to demonstrate technical feasibility.  

 

Figure 22  Hybrid Truck under a catenary  

 
Source: Siemens. 

 

 

As outlined above, the catenary operation offers a couple of advantages 

compared to other drive train concepts. First and foremost, it allows fully zero 

tailpipe emission operation when under a catenary. This is in particular 

relevant in regions where emis sion legislations are put in place. These 

legislations are expected to further increase in the EU in the up -coming years. 

In addition, the electric traction means locally emission -free operating, which 

is an asset for examples in municipalities with tight air quality and noise 

regulations. When energy is produced 100% based on renewables, driving 

results in  zero emissions on a well -to-wheel basis. The energy is supplied to 

the vehicle from an external source (overhead wire) and therefore does not 

need to be stored onboard, free ing up payload and transport capacity 

(volume).  

 

High power demands can be satisfied by the highly efficient electric 

drivetrain , which is especially useful in mining sites with steep slopes and 

heavy loads. In general, it is possible to utilize already existing in frastructure 

(as motorways), i. e. by equipping a highway lane with an overhead catenary 

and additional traction power supply installation instead of building entirely 

new infrastructure (for example a railroad line). An additi onal asset is that the 

infrastructure can also be shared with conventional trucks and cars, 

eliminating the  need for  a catenary dedicated lane. This also implies a possible 

piecemeal implementation process.  However, equipping a highway lane with 

electric p ower supply means high investment burdens, both in the wayside 

equipment and in the vehicle equipment (this is discussed in more detail 

below).  In addition, as was the case for a dynamic charging system, the impact 

of a wide -scale application of overhead c atenary wires on the (renewable) 

electricity system may be significant and should be further investigated.  
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Hybrid electric trucks with the electric equipment as pantograph, electric 

motors and inverters on -board will likely be significantly  more expensive than 

conventional diesel trucks. Therefore, transport companies will be hesitant to 

employ such trucks unless legislation forces them to do so or lower operating 

costs, i. e., reduced energy costs can compensate for the high er initial 

investment costs. Table 6 gives a comparison of energy consumption and costs. 

This is outlined in more detail in the cost chapter.  

 

Table 6  Efficien cy and energy consumption  

 Diesel Truck  Catenary Truck  

Drivetrain efficiency diesel  

Tank to wheel  

Pantograph to wheel  

 

Approx. 35% 

 

 

 

Approx. 66% 

Energy consumption per km 

In ICE mode 

Under catenary 

 

0.34 l/km  

 

 

2.21 kWh/km (estimate)  

Energy cost rate 1.19 û/litre 0.12 û/kWh (estimate)  

Energy costs per km 0.4 û/km 0.27 û/km 

Note:  The catenary operated truck in the calculation is assumed to run 100% electric for 

simplicity.  

 

Developments and pilot projects  
There are a couple of pilot projects under way worldwide . Siemens is testing 

an overhead-wire heavy-duty truck in a research project financed by the 

German federal ministry for the Environment. In collaboration with research 

bodies, Siemens developed and tested the feasibility of a serial -hybrid heavy-

duty truck, powered by electricity when under a catenary and on an 

integrated internal combustion engine when not under an electrified wire.  

 

The Ports of Los Angeles and Long Beach in the USA are planning to electrify 

the highway connecting both ports  and the hinterland highway with an 

overhead wire to transport shipped goods to logistic sites (GNA, 2012). This is 

driven by tightening emission legislations to meet air quality and emission 

limits in the Los Angeles area. This is especially relevant in t he emission-rich 

harbor environment and in view of anticipated increasing harbor related traffic 

that goes through densely populated areas. Plans to implement the Siemens 

eHighway system described above are concrete, which is why the highway 

electrificatio n in Los Angeles may be the first real -world  project becoming 

operational. The trucks are plann ing to have a serial hybrid drive train.  

 

In Sweden, OEMs Scania, Volvo and again Siemens are developing a serial 

hybrid truck for operations under  a catenary as well. Figure 23 shows the 

prototype of a Scania truck. Plans to equip major parts of the Swedish highway 

network are currently being discussed (Elektriska vägar, 2012).  
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Figure 23  Overhead catenary prototype truck by Scania and Siemens  

 
Source: Elektriska vägar, 2012.  

 

 

In addition, a study has demonstrated feasibility of electrifying roads in the 

north of Sweden to connect an iron ore mine (Trafikverket, 2012).  The 160 km 

route was investigated for trucks loading up to 90 tons. Concrete talks with 

industry and state stakeholders are under way to start building this route.  

 

In mining applications, serial -hybrid trucks have long been used where a very 

high traction power is required (in the range of 2,000 ð6,500 kW) due to high 

slopes and heavy loads (Figure 22). Electric drivetrains are advantageous to 

internal combustion engines in terms of maintenance effort and costs in this 

MW-power level. In addition, substantial potential energy cost savings have 

been reported. The trucks typically operate at 1,500 ð2,600 V DC. An example 

is Zambia, where mining truck manufacturer Hitachi is currently replacing 

older trolley mining  trucks with new ones (IM Mining, 2012).  Companies 

currently manufacturing trolley mining trucks include Hitachi, Liebherr and 

Siemens. 

 


















































































































































































































