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Research Needs:
In the United States, the transportation sector accounts for 71% of total petroleum consumption
and 27% of total greenhouse gas (GHG) emissions (USDOT, 2017). Due to increased travel
demands and limited improvements in fuel efficiency, petroleum consumption in the
transportation sector has increased by 27% since 1990 (USEIA, 2017). Within the transportation
sector, road freight transportation is by far the second largest consumer, as it accounts for about
20% of all transportation petroleum consumption. Furthermore, conventional freight trucks are
primarily powered by diesel, which is a primary source of particulate matter (PM) and nitrogen
oxides (NOx) emitted by motor vehicles. Plug-in hybrid electric truck (PHET) technology, which
has improved fuel economy and reduced emissions, offers a great alternative powertrain for
freight transportation.
Compared to conventional diesel trucks, the advantages of PHETs are twofold. First, the electric
energy in on-board battery packs can substitute for a significant portion of petroleum
consumption. Second, the combination of an internal combustion engine (ICE) and an electric
propulsion system can improve energy efficiency through optimization of the engine’s operation
and recovery of kinetic energy during braking. Furthermore, PHETs avoid the disadvantage of
limited driving range for battery electric vehicles (BEVs) and eliminate the “range anxiety” of
drivers. Due to the limitations of battery technology, long-distance road freight transportation
using only electric-powered mode is not currently cost-competitive, and hence not practical.
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Dynamic charging technology, also referred to as charging-while-driving (CWD), offers the
promise of further reducing diesel consumption of PHETs and promoting the electrification of
road freight transportation. Dynamic charging can convert road segments into charging lanes
through the installation of conductive or inductive charging facilities, thus providing PHET
drivers with the ability to charge PHETs while in motion. The technology can further reduce
petroleum consumption of PHETs by supplying additional electric energy en route. Conductive
charging based CWD has been used in electric trains and trams for more than a century. Siemens
adapted this technology for use in trucks and developed a so-called eHighway system that can
electrify road freight transportation (Grünjes and Birkner, 2012). Inductive charging applied to
electric vehicles has been proposed by the California Partners for Advanced Transit and
Highways (PATH) as early as the 1990s (PATH, 1996). Since then, numerous studies have been
undertaken to improve and verify the applicability of inductive charging based CWD (e.g., Covic
et al., 2000; Boys et al., 2002; Huang et al., 2009; Huh et al., 2011; Choi et al., 2013; Cirimele et
al., 2014; Chen et al., 2015; Fuller, 2016). The Korea Advanced Institute of Science and
Technology (KAIST) in South Korea has developed an online electric vehicle (OLEV) system
using dynamic wireless charging technology and has implemented it in the shuttle system of the
KAIST campus (Suh et al., 2011). Utah State University (USU) has constructed an electrified
test track and has demonstrated that in-motion electric vehicles can be effectively and safely
charged through dynamic wireless charging (Morris, 2015; Liu and Song, 2017). As argued in
Chen et al. (2017), commercial fleets, such as buses and trucks, are likely to be early adopters of
dynamic charging infrastructure due to higher benefits offered to these vehicles.
Commercialization of CWD technology for commercial vehicles is on the horizon. The OLEV
system has been applied in the trolley system of Seoul Grand Park and on a bus line in Gumi
City (Jang et al., 2015). Scania and Siemens have built a two-kilometer electric road on the E16
motorway in Sweden (Scania, 2016). Siemens has signed a contract with the South Coast Air
Quality Management District (SCAQMD) in California to install and demonstrate its eHighway
system in the proximity of the ports of Los Angeles and Long Beach (Siemens, 2015). As a
result, this study will focus on the deployment of dynamic charging infrastructure for PHETs in a
road freight transportation network.
To effectively implement CWD technology in trucking freight transportation, charging lanes
need to be strategically deployed in the road network connecting logistics centers, such as ports,
terminals, and distribution centers. The charging lane deployment problem is twofold. First, it is
necessary to determine the optimal location for the construction of charging lanes. Second, one
must consider the influence of deployed charging lanes on the route choice behaviors of drivers,
especially drivers of PHETs. The behaviors of drivers in a transportation network are usually
described with a user equilibrium (UE) assignment model. Although a number of studies have
formulated UE models considering electric vehicles (e.g., Jiang et al., 2012, 2014; He et al.,
2014, 2015, 2016; Chen et al., 2016), none of them are capable of describing the behaviors of
PHET drivers in a network with charging lanes. An electric motor has much higher energy
efficiency than an ICE, and as a result, PHET drivers can significantly reduce fuel costs by
consuming electricity instead of petroleum fuel (Granovskii et al., 2006; Nanaki and Koroneos,
2013; USDOE, 2017). Therefore, PHET drivers may simultaneously consider travel time and
fuel costs when traveling from their origin to their destination and may prefer routes with
charging lanes. These two problems should be treated simultaneously in a network setting.
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Research Objectives:
1. Develop an optimization framework that determines the construction location of dynamic
charging lanes in a road freight transportation network and explicitly considers the
influence of deployed charging lanes on the route choice behaviors of drivers
simultaneously.
2. Conduct a case study to demonstrate the viability and the benefit of applying dynamic
charging technology to an electrified road freight transportation system with PHETs.
This project is to propose a modeling framework to deploy dynamic charging lanes for PHETs in
an electrified road freight transportation system. The proposed project will accomplish the above
objectives.
Research Methods:
In the proposed research, we will formulate a dynamic charging lane deployment problem in a
bi-level mathematical programming framework. The objective of the optimization problem is to
find the optimal location for deploying dynamic charging lanes to optimize system performance
of the network (e.g., total system travel costs, total system petroleum consumption, total system
emissions, or a combination thereof) subject to the budget constraints and equilibrium behaviors
of drivers.
System performance associated with a charging lane deployment plan is assessed based on the
equilibrium route choice behaviors of drivers in response to the plan. Two classes of vehicles
will be considered in the network, i.e., conventional ICE passenger cars and PHETs. Passenger
car equivalence (PCE) will be used to evaluate the impact of PHETs on traffic flows. PHET
drivers, when traveling from their origin to their destination, strive to minimize total travel costs,
which includes travel time and fuel costs. They can choose their routes, determine whether to use
electric energy, and decide whether and for how long to charge on charging lanes. Before the
state of charge (SOC) for an on-board battery in a PHET reaches its lower limit, the driver can
always choose to use electricity instead of diesel to reduce fuel costs. Moreover, when traveling
on a charging lane, the potential charging time of a PHET is determined by its speed, thus
driving speed is also a critical decision for drivers. Conventional ICE passenger car drivers may
only consider travel time when choosing routes because fuel costs and travel time on a route
usually display similar trends (Daganzo and Sheffi, 1977). A multi-class, multi-criteria UE
model will be proposed to describe drivers’ route choice behaviors and the resultant network
flow distribution. Based on the UE model, an optimization problem will be formulated to
determine the construction location of charging lanes. Proper solution algorithms will also be
explored depending on the properties of the formulated models.
Numerical studies will be conducted to demonstrate the proposed methodology. The results will
also be used to illustrate the potential of employing dynamic charging technology in an
electrified road freight transportation system.
Expected Outcomes:
The project is expected to produce an optimization framework to deploy dynamic charging lanes
for PHETs in an electrified road freight transportation system. The research findings will not
only have theoretical significance, but will also offer a wide range of applications in
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implementing more sustainable road freight transportation systems. The end product will be
useful to transportation agencies in developing sustainable road freight transport systems.
Relevance to Strategic Goals:
 Economic Competitiveness
 Environmental Sustainability
The proposed project contributes to three goals of Mountain-Plains Consortium, i.e.,
environmental sustainability, livable communities, and economic competitiveness. Road freight
transportation currently relies on heavy-duty diesel trucks, which consume vast amounts of
petroleum and emit pollutants. The proposed dynamic charging lanes and PHETs can
significantly reduce petroleum consumption and local emissions, which will improve the
environmental sustainability of road freight transportation and the livability of communities
around logistics centers. Furthermore, an electrified road freight transportation system can
reduce freight transportation costs, which will in turn support the economic competitiveness of a
region.
Educational Benefits:
One graduate student will be involved in the research and receive training in transportation
network modeling, optimization, and road freight transportation. The research results will
provide fresh materials and case studies to expand the transportation curricula at USU.
Tech Transfer:
Research results will be disseminated through publication in peer-reviewed professional journals
and presentations at state and national meetings and conferences. All data collected from the
research project will be stored in a repository such that the information will be easily retrievable
should anyone wish to use it. Research results will also be incorporated into a wide variety of
education, training, outreach and workforce development activities.
Work Plan:
1. Literature Review
2. Formulating the Optimal Deployment Problem
3. Solving the Optimal Deployment Problem
4. Case Study
5. Report Writing
Literature Review (2 months): We will conduct a thorough literature review on dynamic charging
technology and its applications in the transportation industry.
Formulating the Optimal Deployment Problem (5 months): We will formulate the optimal
deployment of charging lanes for a freight transport network as a mathematical programming
problem.
Solving the Optimal Deployment Problem (4 months): We plan to explore and compare solution
algorithms identified in the literature review.
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Case Study (5 months): We will conduct several numerical studies to demonstrate the proposed
methodology. Sensitivity analysis will be conducted to assess the impact of on-board battery size
and the relative price of electricity and diesel in the deployment of charging lanes.
Report Writing (2 months)
Project Cost:
Total Project Costs:
MPC Funds Requested:
Matching Funds:
Source of Matching Funds:

$119,468
$59,734
$59,734
Faculty Salary

References:
Boys, J. T., Covic, G. A., Elliott, G. A. J., 2002. Pick-up transformer for ICPT applications.
Electronics Letters, 38(21), 1276-1278.
Covic, G. A., Elliott, G., Stielau, O. H., Green, R. M., Boys, J. T., 2000. The design of a contactless energy transfer system for a people mover system. Power System Technology, 2000.
Proceedings. PowerCon 2000. International Conference on. IEEE, 1, 79-84.
Choi, S., Huh, J., Lee, W. Y., Lee, S. W., Rim, C. T., 2013. New cross-segmented power supply
rails for roadway-powered electric vehicles. IEEE transactions on Power Electronics,
28(12), 5832-5841.
Cirimele, V., Freschi, F., Guglielmi, P., 2014. Wireless power transfer structure design for
electric vehicle in charge while driving. Electrical Machines (ICEM), 2014 International
Conference on. IEEE, 2461-2467.
Chen, L., Nagendra, G. R., Boys, J. T., Covic, G. A., 2015. Double-coupled systems for IPT
roadway applications. IEEE Journal of Emerging and Selected Topics in Power
Electronics, 3(1), 37-49.
Chen, Z., He, F., Yin, Y., 2016. Optimal deployment of charging lanes for electric vehicles in
transportation networks. Transportation Research Part B: Methodological, 91, 344-365.
Daganzo, C. F., Sheffi, Y., 1977. On stochastic models of traffic assignment. Transportation
science, 11(3), 253-274.
Fuller, M., 2016. Wireless charging in California: Range, recharge, and vehicle electrification.
Transportation Research Part C: Emerging Technologies, 67, 343-356.
Grünjes, H.G., Birkner, M., 2012. Electro mobility for heavy duty vehicles (HDV): The Siemens
eHighway System. In: 12th International Symposium on Heavy Vehicle Transportation
Technology, Stockholm, Sweden, 2012.

5

Granovskii, M., Dincer, I., Rosen, M. A., 2006. Economic and environmental comparison of
conventional, hybrid, electric and hydrogen fuel cell vehicles. Journal of Power Sources,
159(2), 1186-1193.
He, F., Yin, Y., Lawphongpanich, S., 2014. Network equilibrium models with battery electric
vehicles. Transportation Research Part B: Methodological, 67, 306-319.
He, F., Yin, Y., Zhou, J., 2015. Deploying public charging stations for electric vehicles on urban
road networks. Transportation Research Part C: Emerging Technologies, 60, 227-240.
He, F., Yin, Y., Wang, J., Yang, Y., 2016. Sustainability SI: optimal prices of electricity at
public charging stations for plug-in electric vehicles. Networks and Spatial Economics,
16(1), 131-154.
Huang, C. Y., Boys, J. T., Covic, G. A., Budhia, M., 2009. Practical considerations for designing
IPT system for EV battery charging. 2009 IEEE Vehicle Power and Propulsion
Conference. IEEE, 402-407.
Huh, J., Lee, S. W., Lee, W. Y., Cho, G. H., Rim, C. T., 2011. Narrow-width inductive power
transfer system for online electrical vehicles. IEEE Transactions on Power Electronics,
26(12), 3666-3679.
Jang, Y. J., Jeong, S., Ko, Y. D., 2015. System optimization of the On-Line Electric Vehicle
operating in a closed environment. Computers & Industrial Engineering, 80, 222-235.
Jiang, N., Xie, C., Waller, S., 2012. Path-constrained traffic assignment: model and algorithm.
Transportation Research Record: Journal of the Transportation Research Board, (2283),
25-33.
Jiang, N., Xie, C., Duthie, J. C., Waller, S. T., 2014. A network equilibrium analysis on
destination, route and parking choices with mixed gasoline and electric vehicular flows.
EURO Journal on Transportation and Logistics, 3(1), 55-92.
Liu, Z., Song, Z., 2017. Robust planning of dynamic wireless charging infrastructure for battery
electric buses. Transportation Research Part C: Emerging Technologies, 83, 77-103.
Morris, C., 2015. Utah State University builds a dynamic wireless charging test track (2015)
http://chargedevs.com/features/utah-state-university-builds-a-dynamic-wireless-chargingtest-track/ (accessed August 17, 2017)
Nanaki, E. A., Koroneos, C. J., 2013. Comparative economic and environmental analysis of
conventional, hybrid and electric vehicles–the case study of Greece. Journal of cleaner
production, 53, 261-266.

6

PATH team, 1996. Roadway Powered Electric Vehicle Project Parametric Studies: Phase 3D
Final Report. California Partners for Advanced Transit and Highways Research Report.
Scania, 2016. World’s first electric road opens in Sweden
https://www.scania.com/group/en/worlds-first-electric-road-opens-in-sweden/ (accessed
August 17, 2017)
Siemens, 2015. Siemens To Bring eHighway Demonstration To California
http://siemensusa.synapticdigital.com/US/siemens-to-bring-ehighway-demonstration-tocalifornia/s/65152173-d3a5-459d-b0fd-19a73ee01c6b (accessed August 17, 2017)
Suh, N. P., Cho, D. H., Rim, C. T., 2011. Design of on-line electric vehicle (OLEV). In Global
Product Development. Springer Berlin Heidelberg, 3-8.
United States Department of Transportation (USDOT), 2017. National transportation statistics.
Bureau of Transportation Statistics, Washington, DC.
United States Energy Information Administration (USEIA), 2017. Annual Energy Outlook 2017.
United States Department of Energy (USDOE), 2017. Clean cities alternative fuel price report.

7

