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Research Needs
As one of the most significant contributors to greenhouse gas (GHG) emissions, the
transportation sector is responsible for 28% of greenhouse gas emissions in the United States
(US EPA, 2015). Among the total share of emissions from the transportation sector, 60% is
comprised of the emissions coming from light-duty vehicles, i.e., passenger cars and light trucks
(US EPA, 2017). To alleviate GHG emissions, electric vehicles (EVs) are introduced as a
promising solution to reduce tailpipe emissions, providing a more sustainable transportation
system. Studies have shown that the CO2 emission per mile from an EV can reach less than half
of the CO2 emission per mile from a conventional vehicle (Alternative Fuels Data Center, 2020).
Another benefit of EVs is that their travel costs are approximately only 25% of conventional
vehicles’ travel costs (Kuby and Lim, 2007; Shukla et al., 2011; Capar and Kuby, 2012). The
adoption of EVs has been boosted in recent years, which is primarily attributable to two reasons:
1) people’s awareness of EVs’ benefits to the environment and the well-being of society, and 2)
government policies promoting EVs. As a result, in 2018 in the United States, the sales of
plugged-in electric vehicles (PHEVs) reached nearly 140,000, experiencing a 79% increase when
compared to 2017 (Irle, 2018). Although the EV market share currently seems marginal, it is
predicted that this market share could reach 50% in 2030 (Chen et al., 2016). There are,
however, certain unfavorable factors that may negatively impact EV market share. One primary
factor is the limited driving range of EVs, ranging between 40 and 250 miles (Chung and Kwon,
2015; Loveday, 2020). This limited range leads to EV drivers’ fear (or mental distress) of
running out of electrical power in the middle of the road, known as “range anxiety” (Mock et al.,
2010; Franke and Krems, 2013). Range anxiety can be alleviated by the deployment of public
charging infrastructure, which subsequently promotes EVs (He et al., 2013; Nie and Ghamami,
2013; Chen et al., 2016).
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Broadly speaking, public charging infrastructure can be categorized into stationary charging
facilities (e.g., charging stations) and dynamic charging facilities (e.g., wireless charging lanes).
To elaborate, a wireless charging lane is an electrified road segment, which facilitates dynamic
power transfer to EVs that have the proper means to receive electrical power (Tavakoli and
Pantic, 2017). Both charging stations and wireless charging lanes are essential components of
future electrified transportation systems. However, charging lanes provide users with two extra
benefits when compared with charging stations. First, EV drivers who have access to charging
lanes are not required to detour to reach charging stations and wait for their cars to be charged,
which can increase their travel time (cost). Second, charging lanes offer ubiquitous charging
opportunities, which provide a sense of security to EV drivers. Subsequently, many researchers
have investigated the practicality of charging lanes throughout the literature (Yu et al., 2011;
Lukic and Pantic, 2013; Ning et al., 2013; Shinohara et al., 2013; Cirimele et al., 2014;
Vilathgamuwa and Sampath, 2015; Vallecchi et al., 2017; Khan et al., 2019). Meanwhile, several
institutes around the world constructed charging lanes in different locations to demonstrate their
feasibility and practicality (Brecher and Arthur, 2014; Morris, 2015; Rim and Mi, 2017; Jang,
2018; SELECT, 2019; Azad et al., 2019). The above-mentioned studies demonstrated that
wireless charging lanes are one of the most convenient and promising charging solutions that can
eliminate range anxiety if they become prevalent in a regional transportation network.
To address the availability issue of charging infrastructure, ideally, the private and public sectors
should work together. However, due to the currently limited market share of EVs, the private
sector is lagging behind in building adequate charging facilities (Melaina, 2003; Stevens et al.,
2008), and government support for the deployment of public charging infrastructure becomes
crucial to end the charging infrastructure dilemma. Given the limited government budgets, the
deployment of public charging infrastructure should address both efficiency and equity concerns.
From an efficiency perspective, several studies have investigated the deployment of charging
infrastructure to maximize the utilization of charging lanes and minimize social costs. He et al.
(2013) proposed a modeling framework to optimally deploy public charging stations. They used
bi-level programming to model user behavior and incorporate an optimal pricing scheme based
on locational marginal pricing, and, in the upper level, to optimally place the charging stations to
maximize social welfare. Chen et al. (2016) presented a comprehensive framework that
addressed the deployment problem of wireless charging lanes for EVs. Their framework
explicitly captured EV drivers’ speed choice behaviors when facing charging lanes. After
combining the speed choice model and user equilibrium (UE), they added another optimization
layer to optimally select the charging links. Liu and Song (2018) investigated the deployment of
wireless charging lanes for electric trucks to enhance freight transportation and reduce heavyduty truck emissions. They used different utility functions in their framework to address the
multi-class traffic assignment problem. A min-max framework was then employed to better
investigate the performance of a system in a situation in which solutions are non-unique.
Apart from the efficiency perspective, equity is another aspect that requires close investigation,
especially for public charging infrastructure. As previously mentioned, to obtain an efficient
deployment of charging lanes, researchers proposed approaches with the primary objective of
maximizing social welfare or, equivalently, minimizing generalized total system costs (Chen et
al., 2016; Liu and Song, 2018). However, a potential downside of minimizing total costs is the
uneven impacts of deployment plans on users of different origin-destination (O-D) pairs. For
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example, certain groups of users may experience shortened travel time, while others may suffer
from lengthened travel time due to a deployment plan. The equity impacts of deployment plans
may greatly influence their public acceptance. Therefore, equity concerns in the deployment of
public charging infrastructure must be addressed to gain critical public support.
The wireless charging lane deployment problem can be viewed as a generalized transportation
network design problem (NDP). A limited number of studies have investigated the equity issue
in transportation network design. Meng and Yang (2002) proposed a framework to investigate
the benefit distribution among network users in terms of equilibrium travel cost changes in
continuous NDPs. They proposed a multi-objective model to minimize: 1) the total travel time,
and 2) a ratio of the equilibrium travel time of an O-D pair before changes in road capacity over
the equilibrium travel time after the changes. They applied simulated annealing to solve their bilevel non-convex network design model. Caggiani et al. (2017) proposed a modeling framework
to incorporate equity into NDP. They used a multi-objective fuzzy programming model to
maximize user satisfaction while considering both horizontal and vertical equity criteria.
Horizontal equity concerns the distribution of benefits between individuals and classes regarded
as equal in terms of ability and need (Caggiani et al., 2017). Based on this definition, no
individual or group should be favored over another concerning benefits and costs. Vertical equity
indicates that different social classes with different income levels should be treated fairly, which
means that no exclusions in designs are acceptable. Do Chung et al. (2018) introduced a
modeling framework to incorporate equity into electric charging stations’ allocations. In their
modeling framework, they used two different types of equity: demand equity and flow equity.
To efficiently and equitably deploy charging lanes, one must consider the charging and route
choice behaviors of EV drivers who follow a selfish decision-making procedure, as well as
proper deployment strategies that guarantee the fair distribution of all benefits (e.g., accessibility
and travel cost reduction) of charging lanes. However, a careful review of previous studies
illustrated that researchers throughout the literature had not investigated the issue of fairness in
terms of the distribution and the benefits of wireless charging lanes.
In this study, we envision that EVs are about to become common in the road network, and that
governmental agencies are striving to apply an equitable and efficient deployment strategy to
introduce wireless charging lanes into transportation systems. To the best of our knowledge, this
study is the first in the literature to develop a modeling framework for the equitable and efficient
deployment of wireless charging lanes in general transportation networks.
Research Objectives
This project proposes a modeling framework for the equitable and efficient deployment of
wireless charging lanes. The proposed project will accomplish the following three objectives:
1. Develop a new charging time decision problem based on a modified utility function to
encompass range anxiety’s disutility.
2. Introduce a new network equilibrium model to describe the route choice behaviors of EV
drivers in a transportation network.
3. Investigate various equity measurements and incorporate them into wireless charging
lane deployment in a transportation network.
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Research Methods
A bi-level programming framework is proposed to address the equitable and efficient
deployment of wireless charging lanes in a transportation network. In the lower level of the bilevel problem, EV drivers who travel between their O-D pairs can select their paths and their
battery charging plans to avoid running out of battery power, and to minimize range anxiety. A
battery charging plan determines the amount of energy an EV should receive from charging lanes
along a selected path (Chen et al., 2016). Additionally, EV drivers try to minimize their travel
costs (Chen et al., 2016). The necessity of feeling secure and having enough energy might force
individuals to choose routes containing charging lanes. In the upper level of the bi-level problem,
the governmental agency (the system operator) strives to solve an equitable and efficient
charging lane deployment problem. In this problem, the agency tries to select links for
electrification so that the total system travel cost is minimized and the benefits of charging lanes
are equitably distributed.
More specifically, EV drivers strive to minimize the charging costs at node, the path travel cost,
and range anxiety’s disutility in the charging time decision problem. The path travel cost also
consists of two components: the path travel time, and the costs of charging on charging lanes
along the path. Thus, under a given traffic flow distribution, EV drivers decide when and where
to receive a necessary charge to minimize their travel costs (maximize their utility). Several
decision variables exist in this problem: the state of charge at each node, the amount of energy
received at the origin, the actual travel time on charging lanes, and the charging time.
The new network equilibrium model is expected to be modeled as non-linear complementarity
constraints to describe EVs’ route choice behaviors in a transportation network with charging
lanes. The model considers two unique characteristics of EVs: 1) the tradeoff between static
charging at origin and dynamic charging along the way, and 2) the tradeoff between the disutility
of range anxiety and the cost of charging. For EV drivers, guaranteeing their arrival and lowering
their costs are the primary concerns when making their charging plan and route choices. Thus,
charging plans are introduced to the UE problem by integrating UE with the charging time
problem’s first-order optimality conditions. Finally, based on the newly proposed UE, a
variational inequality (VI) model is formulated to facilitate the solution algorithm development.
The new network equilibrium model can be used to evaluate the equity and efficiency of
deploying wireless charging by transportation agencies.
Based on the proposed VI, we advance a general mathematical model to facilitate government
agencies in equitably and efficiently deploying wireless charging lanes. The proposed model is
structured as a Stackelberg leader-follower game, in which the government is the leader, and EV
drivers are the followers. The leader determines the deployment of wireless charging lanes to
maximize social welfare and ensure the fair distribution of benefits. The fair distribution of
benefits is assured through different equity measurements (e.g., flow and demand equity). This
decision-making process constructs our upper-level programming model. Given wireless
charging lanes’ deployment, EV drivers choose their charging plans and routes to complete their
trips. The leader-follower game is formulated as a multi-objective mathematical program with
complementarity constraints. It is transformed into a single-objective problem and is then solved
by an efficient algorithm.
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Numerical studies are proposed to evaluate the performance of the proposed framework, and
sensitivity analyses are performed to identify the impacts of different factors on the equity and
efficiency of a deployment plan in a transportation network.
Expected Outcomes
This project is expected to produce an advanced modeling framework for the equitable and
efficient deployment of wireless charging lanes. The research findings carry theoretical
significance, as well as policy implications, for government investments in road electrification.
This study provides a fair and efficient solution to promote EVs, and to serve different user
groups in a transportation network. The results may facilitate government decisions regarding the
allocation of funds to equitably deploying charging lanes, thus increasing people’s acceptance in
transforming the transportation network into an emission-free system. The end product will help
governmental transportation agencies to evaluate the impact of their future plans on network
users’ travel behaviors and social welfare.
Relevance to Strategic Goals
The proposed project contributes to the Mountain–Plains Consortium’s two strategic goals: 1)
economic competitiveness, and 2) livable communities. The first primary goal addressed by this
proposed project is economic competitiveness. Through the efficient deployment of wireless
charging lanes, governments can introduce EVs as means of sustainability, since EVs potentially
incorporate renewable energy into the sources of energy used in the transportation sector.
Deploying wireless charging lanes offers tremendous potential in promoting the adoption of
EVs. As a result, the proposed modeling framework can help government agencies maintain a
clean society while benefiting from low-cost renewable energy sources. Furthermore, the
proposed project can render communities more livable by improving air quality and helping to
ensure the environment is clean and emission-free.
Educational Benefits
One graduate student will be involved in the research and receive training in transportation
network modeling, optimization, and transportation sustainability. The research results will
provide fresh materials and case studies to expand the transportation curricula at USU.
Technology Transfer
Research results will be disseminated through 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
The proposed research will be conducted over 12 months according to the following schedule:
•

Task 1: A literature review (1 month). We will conduct a thorough literature review on
transportation modeling work related to wireless charging lanes and equity in public
facility deployment.
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•
•
•
•

•

Task 2: Formulation of a new network equilibrium model (2 months). We will formulate
a new network equilibrium model that describes charging plans and route choice
behaviors in a transportation network utilized by EVs.
Task 3: Formulation of an equitable and efficient deployment problem (3 months). We
will propose a general mathematical model that helps government agencies to equitably
and efficiently deploy wireless charging lanes.
Task 4: Solution algorithm development (2 months). We plan to explore and compare
solution algorithms that are most efficient for the proposed mathematical models.
Task 5: Numerical study (2 months). We will conduct several numerical studies to
demonstrate the proposed methodology. Sensitivity analyses will be conducted to assess
the impact of different factors on the equity and efficiency of wireless charging lane
deployment.
Task 6: Report writing (2 months).
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References
Alternative Fuels Data Center, 2020. Emissions from Hybrid and Plug-In Electric Vehicles
[WWW Document]. URL https://afdc.energy.gov/vehicles/electric_emissions.html
(accessed 10.6.20).
Azad, A.N., Echols, A., Kulyukin, V.A., Zane, R., Pantic, Z., 2019. Analysis, Optimization, and
Demonstration of a Vehicular Detection System Intended for Dynamic Wireless
Charging Applications. IEEE Trans. Transp. Electrific. 5, 147–161.
https://doi.org/10.1109/TTE.2018.2870339
Balcik, B., Iravani, S.M., Smilowitz, K., 2010. A review of equity in nonprofit and public sector:
a vehicle routing perspective. Wiley encyclopedia of operations research and
management science.
Baydar, A.M., Süral, H., Çelik, M., 2017. Freight villages: A literature review from the
sustainability and societal equity perspective. Journal of Cleaner Production 167, 1208–
1221.
Brecher, A., Arthur, D., 2014. Review and evaluation of wireless power transfer (WPT) for
electric transit applications. John A. Volpe National Transportation Systems Center (US).
Caggiani, L., Camporeale, R., Ottomanelli, M., 2017. Facing equity in transportation Network
Design Problem: A flexible constraints based model. Transport Policy 55, 9–17.

6

Camporeale, R., Caggiani, L., Fonzone, A., Ottomanelli, M., 2016. Better for everyone: An
approach to multimodal network design considering equity. Transportation Research
Procedia 19, 303–315.
Capar, I., Kuby, M., 2012. An efficient formulation of the flow refueling location model for
alternative-fuel stations. Iie Transactions 44, 622–636.
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.
Chung, S.H., Kwon, C., 2015. Multi-period planning for electric car charging station locations:
A case of Korean Expressways. European Journal of Operational Research 242, 677–687.
Cirimele, V., Freschi, F., Guglielmi, P., 2014. Wireless power transfer structure design for
electric vehicle in charge while driving, in: 2014 International Conference on Electrical
Machines (ICEM). IEEE, pp. 2461–2467.
Do Chung, B., Park, S., Kwon, C., 2018. Equitable distribution of recharging stations for electric
vehicles. Socio-Economic Planning Sciences 63, 1–11.
Franke, T., Krems, J.F., 2013. What drives range preferences in electric vehicle users? Transport
Policy 30, 56–62.
He, F., Wu, D., Yin, Y., Guan, Y., 2013. Optimal deployment of public charging stations for
plug-in hybrid electric vehicles. Transportation Research Part B: Methodological 47, 87–
101.
He, Y., Song, Z., Liu, Z., 2019. Fast-charging station deployment for battery electric bus systems
considering electricity demand charges. Sustainable Cities and Society 48, 101530.
https://doi.org/10.1016/j.scs.2019.101530
Irle, R., 2018. Global EV Sales for 2018 – Final Results [WWW Document]. ev-volumes. URL
http://www.ev-volumes.com/country/total-world-plug-in-vehicle-volumes/ (accessed
6.25.19).
Jang, Y.J., 2018. Survey of the operation and system study on wireless charging electric vehicle
systems. Transportation Research Part C: Emerging Technologies 95, 844–866.
Khan, Z., Khan, S.M., Chowdhury, M., Safro, I., Ushijima-Mwesigwa, H., 2019. Wireless
charging utility maximization and intersection control delay minimization framework for
electric vehicles. Computer-Aided Civil and Infrastructure Engineering.
Kim, M., Kho, S.-Y., Kim, D.-K., 2019. A Transit Route Network Design Problem Considering
Equity. Sustainability 11, 3527. https://doi.org/10.3390/su11133527
Kuby, M., Capar, I., Kim, J.-G., 2017. Efficient and equitable transnational infrastructure
planning for natural gas trucking in the European Union. European Journal of
Operational Research 257, 979–991. https://doi.org/10.1016/j.ejor.2016.08.017
7

Kuby, M., Lim, S., 2007. Location of alternative-fuel stations using the flow-refueling location
model and dispersion of candidate sites on arcs. Networks and Spatial Economics 7, 129–
152.
Liu, Z., Song, Z., 2018. Dynamic charging infrastructure deployment for plug-in hybrid electric
trucks. Transportation Research Part C: Emerging Technologies 95, 748–772.
Loveday, S., 2020. Here Are the Electric Cars with the Longest Range in 2020 [WWW
Document]. U.S. News & World Report. URL https://cars.usnews.com/carstrucks/electric-cars-with-the-longest-range (accessed 10.6.20).
Lukic, S., Pantic, Z., 2013. Cutting the Cord: Static and Dynamic Inductive Wireless Charging of
Electric Vehicles. IEEE Electrification Magazine 1, 57–64.
https://doi.org/10.1109/MELE.2013.2273228
Marsh, M.T., Schilling, D.A., 1994. Equity measurement in facility location analysis: A review
and framework. European journal of operational research 74, 1–17.
Melaina, M.W., 2003. Initiating hydrogen infrastructures: preliminary analysis of a sufficient
number of initial hydrogen stations in the US. International Journal of Hydrogen Energy
28, 743–755.
Meng, Q., Yang, H., 2002. Benefit distribution and equity in road network design.
Transportation Research Part B: Methodological 36, 19–35.
Mock, P., Schmid, S.A., Friedrich, H.E., Pistoia, G., 2010. Market prospects of electric
passenger vehicles. Electric and Hybrid Vehicles: Power Sources, Models, Sustainability,
Infrastructure and the Market 545–577.
Morris, C., 2015. Charged EVs | Utah State University builds a dynamic wireless charging test
track [WWW Document]. URL https://chargedevs.com/features/utah-state-universitybuilds-a-dynamic-wireless-charging-test-track/ (accessed 6.26.19).
Nie, Y.M., Ghamami, M., 2013. A corridor-centric approach to planning electric vehicle
charging infrastructure. Transportation Research Part B: Methodological 57, 172–190.
Ning, P., Miller, J.M., Onar, O.C., White, C.P., 2013. A compact wireless charging system for
electric vehicles, in: 2013 IEEE Energy Conversion Congress and Exposition. Presented
at the 2013 IEEE Energy Conversion Congress and Exposition, pp. 3629–3634.
https://doi.org/10.1109/ECCE.2013.6647179
Rim, C.T., Mi, C., 2017. Wireless power transfer for electric vehicles and mobile devices. John
Wiley & Sons.
SELECT, 2019. Electric Vehicle and Roadway [WWW Document]. URL
https://select.usu.edu/evr/ (accessed 6.26.19).

8

Shinohara, N., Kubo, Y., Tonomura, H., 2013. Wireless charging for electric vehicle with
microwaves, in: 2013 3rd International Electric Drives Production Conference (EDPC).
Presented at the 2013 3rd International Electric Drives Production Conference (EDPC),
pp. 1–4. https://doi.org/10.1109/EDPC.2013.6689750
Shukla, A., Pekny, J., Venkatasubramanian, V., 2011. An optimization framework for cost
effective design of refueling station infrastructure for alternative fuel vehicles. Computers
& Chemical Engineering 35, 1431–1438.
Stevens, M.B., Fowler, M.W., Elkamel, A., Elhedhli, S., 2008. Macro-level optimized
deployment of an electrolyser-based hydrogen refuelling infrastructure with demand
growth. Engineering Optimization 40, 955–967.
Tavakoli, R., Pantic, Z., 2017. Analysis, design, and demonstration of a 25-kW dynamic wireless
charging system for roadway electric vehicles. IEEE Journal of Emerging and Selected
Topics in Power Electronics 6, 1378–1393.
US EPA, O., 2017. Inventory of U.S. Greenhouse Gas Emissions and Sinks [WWW Document].
US EPA. URL https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gasemissions-and-sinks (accessed 10.6.20).
US EPA, O., 2015. Sources of Greenhouse Gas Emissions [WWW Document]. US EPA. URL
https://www.epa.gov/ghgemissions/sources-greenhouse-gas-emissions (accessed
10.6.20).
Vallecchi, A., Stevens, C., Shamonina, E., 2017. Wireless power transfer in the presence of a
conducting interface: An analytical solution.
Vilathgamuwa, D.M., Sampath, J.P.K., 2015. Wireless Power Transfer (WPT) for Electric
Vehicles (EVs)—Present and Future Trends, in: Rajakaruna, S., Shahnia, F., Ghosh, A.
(Eds.), Plug In Electric Vehicles in Smart Grids: Integration Techniques, Power Systems.
Springer Singapore, Singapore, pp. 33–60. https://doi.org/10.1007/978-981-287-299-9_2
Xu, X., Chen, A., Yang, C., 2016. A review of sustainable network design for road networks.
KSCE Journal of Civil Engineering 20, 1084–1098.
Yu, X., Sandhu, S., Beiker, S., Sassoon, R., Fan, S., 2011. Wireless energy transfer with the
presence of metallic planes. Appl. Phys. Lett. 99, 214102.
https://doi.org/10.1063/1.3663576
Zhang, X., Waller, S.T., 2019. Implications of link-based equity objectives on transportation
network design problem. Transportation 46, 1559–1589. https://doi.org/10.1007/s11116018-9888-1
Zhenpo, W., Peng, L., Tao, X., Wei, C., 2010. Risk analysis for EV charging and gasoline filling
integrated station, in: 2010 IEEE International Conference on Advanced Management
Science (ICAMS 2010). IEEE, pp. 267–270.

9

