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Research Needs
As an integral part of a multimodal transportation ecosystem, the public bus system provides an economical and sustainable travel mode that plays a key role in reducing traffic congestion and exhaust emissions (Liu and Song, 2017). Conventional bus fleets, however, are mainly powered by diesel engines characterized by low energy efficiency, exhaust emissions, and oil dependence. In recent years, the battery electric bus (BEB) has been increasingly viewed as a promising alternative for bus fleets (Mahmoud et al., 2016). Compared to diesel buses, BEBs have several advantages, including higher energy efficiency, zero tailpipe emissions, improved reliability, a lower maintenance burden, and the capability for using renewable energy sources, such as wind, solar, and water energies (Kühne, 2010, Mahmoud et al., 2016). Moreover, BEBs are easier to deploy and more flexible in their operation than trolley buses.
[bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK32][bookmark: OLE_LINK33][bookmark: OLE_LINK29][bookmark: OLE_LINK30]BEBs are being rapidly embraced by public transit agencies due to their environmental and economic benefits. For example, by the end of 2017, the total BEB sales in China had reached 316,978 (Dixon, 2018). Moreover, the city of Shenzhen in southeastern China owns a total of 16,359 buses and had achieved a 100% BEB fleet at the end of 2017 (Lu et al., 2018). In the United Kingdom, BEB fleets have been deployed in the cities of London, Nottingham, and Liverpool (Ayre, 2018). In Toronto, Canada, the Toronto Transit Commission has started testing BEBs and plans to have an emission-free transit fleet by 2040 (Bow, 2018). In the United States, BEB pilot programs have been conducted or future plans established in many areas, including New York (New York State Pressroom, 2018), Chicago (Chicago Transit Authority, 2014), Park City, UT (Proterra, 2017), Salt Lake City, UT (Utah Transit Authority, 2016), Los Angeles, CA (Kinman, 2017), Washington DC (DDOT, 2018) and King County, WA (King County Executive, 2017).
[bookmark: OLE_LINK36][bookmark: OLE_LINK37]Although BEBs have many advantages and have been adopted by a number of transit agencies, due to limitations in battery technology, they are disadvantaged by cumbersome and costly on-board batteries. Moreover, it takes very long time to recharge BEBs using either standard or slow-charging methods. The emerging fast-charging technology promises the potential to offset these drawbacks. With fast-charging technology, a BEB with a modest battery capacity can utilize the dwelling times between trips to quickly recharge its battery and maintain continuous operation. Fast-charging technology has been adopted by many BEB demonstration projects, and promising results have been reported (e.g., Eudy et al., 2015; Miles and Potter, 2014; Li, 2016; McNaughton, 2018).
Despite the advantages of fast charging, the high initial cost of fast-charging stations is a major barrier to their implementation (Qin et al., 2016). To reduce capital costs, fast-charging stations should be strategically deployed in a BEB system. Determining the appropriate battery capacity and the scheduling of battery recharging should also be given priority consideration. The combination of well-designed charging stations, battery capacities, and recharging schedules will minimize the total cost of a BEB system while ensuring its normal operation. Another consideration is that rapid charging may lead to very high power costs, also known as demand charges. Demand charges can comprise a substantial proportion of the BEB operating expenses. In the city of Tallahassee, for instance, researchers reported that demand charges account for 75.28.6% of the total electricity bill for a fleet of five electric buses (Qin et al., 2016). Therefore, demand charges must be carefully considered when planning a fast-charging BEB system.
A few studies have addressed the planning problem for electric buses. With a fixed battery capacity for BEBs, Xylia et al. (2017) proposed an optimization model for the location of BEB fast-charging stations. Kunith et al. (2017) developed a cost-optimization model for determining BEB battery capacities and the deployment of fast-charging stations. Liu et al. (2018) proposed a robust optimization model for the strategic planning of a fast-charging BEB system under energy consumption uncertainty. Qin et al. (2016) utilized a simulation model to identify the optimal recharging strategy for a single-line fast-charging BEB fleet in Tallahassee, Florida. However, these studies either focused on the charger deployment and battery sizing problem with a simplified assumption regarding recharging scheduling, or investigated the recharging scheduling problem for a given battery and charger configuration. There has been scant research simultaneously considering the strategic and operational planning of a BEB system. To the best of our knowledge, only one study has focused on concurrent network planning and recharging scheduling for a BEB system i.e., that by Wang et al. (2017). These authors developed an optimization model to concurrently determine the deployment of fast-charging stations and BEB recharging scheduling. However, they neglected the design of battery capacities, which is a key component in BEB planning. Nor did they consider the demand charges, which can represent a significant proportion of the operation cost of fast-charging BEBs. The objective of our proposed project is to fill these research gaps.
In this project, we simultaneously consider and optimize the battery and charger configurations of a fast-charging BEB system, as well as its recharging scheduling during operation. We also explicitly consider the demand charges of high-power recharging activities of BEBs.
Research Objectives
This project proposes an integrated modeling framework to concurrently develop strategic and operational plans for a fast-charging BEB system. The proposed project will accomplish the following two objectives:
1. Develop an optimization framework that simultaneously determines the deployment of fast-charging stations, the battery capacities of BEBs, and the recharging scheduling of BEBs.
2. Conduct a case study to demonstrate the effectiveness of the proposed model and analyze the impact of different parameter values on the total cost of a fast-charging BEB system.
Research Methods
In the proposed research, we will develop a mathematical programming framework that integrates strategic and operational planning for a fast-charging BEB system. The objective of the optimization is to minimize the total cost of a fast-charging BEB system by simultaneously determining the deployment of fast-charging stations, the size of BEB batteries, and the recharging scheduling of BEBs. The optimal design should ensure the normal operation of a fast-charging BEB system.
The total cost of a fast-charging BEB system has two components: implementation and operation. The system implementation cost includes the cost of the on-board battery pack and the cost of the fast-charging stations. The operation cost includes the cost of the cumulative electricity energy usage and demand charges. The integration of the BEB battery design, charging station deployment, and recharging scheduling should ensure that each BEB has enough energy to perform its assigned trips. During normal operation, a BEB should be able to maintain a predetermined minimum state of charge. We will use an energy consumption model to calculate the electricity consumption of the BEBs. To design a robust bus system, we will consider road grade, worst-case passenger load, and auxiliary devices to determine the electricity consumption. We will also explore the most appropriate solution algorithms with reference to the properties of the formulated models.
We will then conduct numerical studies to evaluate the performance of the proposed methodology and sensitivity analyses to identify the impacts of different factors on the total cost of a fast-charging BEB system.
Expected Outcomes
This project is expected to produce an optimization framework for simultaneously determining the deployment of fast-charging stations, the battery capacities of BEBs, and the recharging scheduling of BEBs for a fast-charging BEB system. The research findings will have theoretical significance as well as offer a wide range of applications for implementing more sustainable public transportation systems. The end product will be useful to public transit agencies for the development of cost-effective and sustainable BEB systems.

Relevance to Strategic Goals
The proposed project contributes to two goals of the Mountain-Plains Consortium, i.e., environmental sustainability and economic competitiveness. Compared to conventional diesel buses, BEBs are characterized by improved energy efficiency, zero tailpipe emissions, and the capacity for using renewable energy sources, such as wind, solar, and water energies. The proposed modeling framework can help transit agencies to optimize their planning of a fast-charging BEB system. The research results have potential to facilitate faster adoption of BEBs in urban areas and thereby improve environmental sustainability and the livability of urban communities. Furthermore, making public transportation more cost-effective and sustainable may contribute to the improvement of its service quality and mode share, which will help to reduce traffic congestion and support regional economic competitiveness.
Educational Benefits
One graduate student will help conduct this research and receive training in transportation data collection and analysis, optimization, and public transportation planning and operation. The research results will provide fresh material and case studies for expanding the transportation curricula at USU.
Technology Transfer
The research results will be disseminated via 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 from which information will be easily retrievable should anyone wish to use it. The 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 an 18-month period according to the following schedule:
	Tasks
	Duration

	Literature Review
We will conduct a thorough literature review on the planning of fast-charging BEB systems.
	2 months

	Formulation of Integrated Planning Problem
We will formulate the integrated strategic and operational planning for a fast-charging BEB system as a mathematical programming problem.
	5 months

	Solving the Integrated Planning Problem
We will explore and compare the performance of solution algorithms identified in the literature review.
	4 months

	Case Study
We will conduct several numerical studies to evaluate the proposed methodology and sensitivity analysis to assess the impact of different factors on the total cost of a fast-charging BEB system.
	5 months

	Report Writing
	2 months


Project Cost
Total Project Costs:	$	100,000
MPC Funds Requested:	$	50,000
Matching Funds:	$	50,000
Source of Matching Funds:	LTAP
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