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Executive Summary

The transportation sector accounts for approximately one-third of greenhouse gas (GHG)
emissions in the United States. While the transition to electric vehicles (EVs) is a cru-
cial strategy for decarbonization, widespread adoption is hindered by range anxiety. The
Michigan Department of Transportation (MDOT) commissioned this study to explore In-
ductive Vehicle Charging (IVC) as a potential solution. IVC allows vehicles to charge
wirelessly while stationary or in motion, potentially eliminating charging downtime and re-
ducing the need for large batteries.

The primary objective of this project was to identify high-impact use cases for IVC tech-
nology implementation. The research team assessed current |VC capabilities through liter-
ature review and manufacturer consultations, and developed detailed optimization models
to determine optimal locations for implementation in real-world cases.

The state of the art for stationary IVC charging capability is comparable to plug-in fast
charging; however, in-motion (dynamic) IVC charging capability is currently lower. There-
fore, the study concludes that transit systems are the premier use case for this technology
due to their high vehicle utilization and repetitive driving over the same routes. However,
analyses of major urban Michigan transit agencies indicate that smaller agencies can elec-
trify using only stationary plug-in chargers. In contrast, larger agencies face operational
bottlenecks that require either fleet expansion, service reduction, or stationary or in-motion
IVC. The choice depends on a specific cost-benefit analysis of infrastructure versus fleet
and service operations. The deployment of stationary and in-motion IVC was found to
render 100% of transit electrification feasible, eliminating the need for fleet expansion or
schedule adjustments. A web-based decision-support tool was developed to assist agen-
cies in optimizing charger locations. For personal intercity travel, the benefits of IVC are
limited by extended EV ranges and recommended rest stops during long trips. However,
optimal placement revealed that IVC is most effective when deployed on high-volume
corridors. At higher power and available budget levels, optimal infrastructure placement
consolidates around key urban centers like Southeast Michigan. In these locations, IVC
complements the existing DC fast-charging network by enabling EVs to extend their range
without stopping.

Based on these findings, the report recommends targeted pilot projects on transit
routes where the cost of fleet expansion outweighs IVC infrastructure investment. These
focused investments will maximize the return on infrastructure spending, effectively miti-
gate range anxiety for critical user groups, and support the robust electrification of Michi-
gan’s transportation network. In addition, it is important for planners to stay adaptable and

Vi



closely follow progress in battery technology and ultra-fast charging, as these innovations
may diminish the necessity for in-motion charging in the future.
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1 Introduction

1.1 Background

Greenhouse gas (GHG) emissions have been on a constant rise since the 19th century,
peaking in 2019. The Paris Agreement, enacted in 2015, set an ambitious goal to limit
the global temperature increase to 2°C above pre-industrial levels. However, with the cur-
rent emission patterns, projected infrastructure developments, and national level policy
commitments, achieving the targets set by the Paris Agreement has become increasingly
challenging. In the US, approximately one-third of GHG emissions are produced by the
transportation sector (Morrow et al., 2010). To decrease transportation GHG emissions,
the shift to electric vehicles (EVs) due to their energy efficiency and reduced emissions
has been prioritized in the Infrastructure Investment and Jobs Act (IIJA). However, the
limited driving range of EVs, shortage of charging stations, and long charging times, of-
ten referred to as range anxiety, hinder their widespread usage. To alleviate EV users’
range anxiety, over 1200 public stations with around 3000 ports have been established
throughout Michigan as shown in Figure 1 (Alternative Fuels Data Center, 2023).

Latitude

Longitude

Figure 1: Location of public charging stations in Michigan.



These charging stations utilize Level 1, Level 2, and direct current (DC) fast charging.
However, even with DC fast charging, EV charging time is still relatively high compared
to refueling at gas stations. For instance, Level 2 chargers typically take one hour to add
10-20 miles of driving range, and DC fast charging can take 30 minutes to get from 20%
to 80% charge, which is unsuitable for en-route charging. Currently, most fast charging
stations are located along highways to facilitate long-distance travel (Charge up Michigan
Program, 2023). Consequently, the Michigan Department of Transportation (MDOT) is
exploring the potential of inductive vehicle charging (IVC) technology, which enables EVs
to wirelessly charge, as an innovative solution. Throughout this report, the terms IVC and
wireless charging will be used interchangeably to describe this technology.

Thus, IVC technology could eliminate the need for long stoppages for recharging,
potentially reduce the range anxiety of EVs, and improve EV adoption rates. Wireless
charging for EVs was first proposed and tested in the 1990s by California’s PATH pro-
gram (Shladover, 1992). Although the pilot demonstrated the possibility of charging while
driving, commercialization of the concept was not achieved due to low power transfer ef-
ficiency and high construction and maintenance costs. The Korea Advanced Institute of
Science and Technology (KAIST) successfully developed the first commercial dynamic (in-
motion) IVC technology in its campus shuttle system in 2009, demonstrating 80% charging
efficiency and cost savings by reducing the fleet and battery size of buses (Lee et al., 2010;
Jeong et al., 2015; Suh and Cho, 2017). Since then, numerous pilots worldwide have been
announced to test the feasibility of IVC technology including an electrified test track at Utah
State University (Morris, 2015), in Gotland, Sweden (Smart Road Gotland, 2023), and in
Detroit, Michigan (State of Michigan, 2022). A comprehensive list of these demonstration
projects and their properties is presented by Jang (2018). In addition, researchers are
investigating various aspects of IVC technology. One major research stream examines
the optimal location of IVC lanes through micro and macro models. The micro models
focus on a specific route like a transit route to find the optimal section for IVC technology
(Ko and Jang, 2013; Jang et al., 2015; Ko et al., 2015; Hwang et al., 2018; Liu and Song,
2017). These models employ realistic driving patterns and energy usage, which may con-
tribute to optimizing EV battery capacity. Conversely, macro models strive to determine
the optimal link to introduce IVC technology into a network to either maximize flow cov-
erage (Riemann et al., 2015), minimize the cost to satisfy all trips considering EV range
(Fuller, 2016), or minimize the total network travel time (Chen et al., 2016). These studies
use approximations and generalizations like average trip length or EV range and generally
consider private fleets with flexible route choices. While IVC technology could reduce the
need for lengthy recharge times and decrease range anxiety, it may not be the best charg-



ing option for all EV users. Alternative charging methods may be more suitable depending
on various factors such as vehicle and trip characteristics. For instance, a commuter with
access to a charger at home or work might not benefit from IVC. However, another com-
muter without such access or with a commute distance greater than their vehicle’s driving
range could make effective use of IVC, where possible, negating the need for extra trips
or lengthy waits at charging stations. Certain characteristics need consideration to ensure
the effectiveness of IVC technology such as the less flexible routes of delivery trucks or
the fixed routes of transit buses. Moreover, IVC technology’s potential benefits are not
restricted to mitigating recharging times and range anxiety, as it could also reduce fleet
operating costs by, e.g., reducing fleet size via eliminating charging downtime of buses in
a transit agency. This highlights the need to further explore IVC technology, systematically
identify its use cases, and develop decision-support tools for optimal location implemen-
tation. This project will assess, analyze, and validate IVC technology’s effectiveness for
different light- and heavy-duty vehicle use cases, and it will provide insights on where IVC
charging lanes are more effective.

1.1.1 Objectives

This project aims to evaluate the efficacy of IVC in overcoming range anxiety for different
EV users. It systematically categorizes different light- and heavy-duty transportation user
groups and investigates their use cases where these various users can reap benefits from
IVC implementation. Considering different EV user groups, this project provides proof
of concept for locations or scenarios in which IVC technology effectively removes range
anxiety for light- to heavy-duty vehicles. In addition, the project investigates the current
I\VVC technology characteristics. Subsequently, the project conducts a cost-benefit analysis
for the selected high-impact IVC use cases, taking into account the cost of the technology
and its benefits. This will determine the economic sustainability of IVC and the feasibility
of its broader implementation. Such evaluation will assist MDOT and policymakers in their
planning endeavors to promote electric mobility.

1.1.2 Scope

The scope of this project is structured around five major tasks.
Task 1: Identification of IVC Use Cases

This task aims to identify different IVC use cases targeting various types of EV users,
specify scenarios under which IVC technology can effectively overcome users’ range anx-
iety or will be favored over charging stations, and assess the potential benefits of IVC
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technology for each use case.
Task 2: Investigation of IVC Technology State-of-the-Art

This task involves collecting and analyzing data on IVC technology by reviewing the
literature, examining the industry, meeting with IVC technology manufacturer(s), and gath-
ering information from the IVC pilots.
Task 3: Determine Ideal Locations

Following the definition of the high-impact use case for targeted user groups in Task
1, and harnessing the information gathered on IVC technology properties from Task 2, we
will research and establish mathematical models to identify the optimal locations for im-
plementing IVC technology, with the objective of mitigating range anxiety for the selected
high-impact use case. A single model cannot fully encapsulate the details of various use
cases. For example, if the intercity highways or transit routes are identified as the high-
impact use cases, the charging scenarios for both are distinct. In the bus transit route
case, buses could charge while in transit or during scheduled stops for passenger board-
ing and alighting. In contrast, on intercity highways, vehicles can only charge while in mo-
tion. Consequently, in the transit routes use case, the strategic decision to be addressed
by the model is whether to assign IVC locations to stops or routes, taking into account
both in-motion and stationary charging efficiencies of IVC. However, in the intercity high-
ways use case, charging occurs solely when in motion, and therefore the model needs to
incorporate traffic speed profiles to identify optimal sections of the highways for IVC imple-
mentation. Therefore, a custom model will be created tailored to meet the requirements
of the chosen high-impact use case. This model can then act as a decision-support tool
for MDOT when selecting optimal locations for IVC technology implementation.
Task 4: Assess Implementation Cost and Expansion Feasibility

Finally, we calculate the IVC implementation cost based on the information collected
in Task 3 to conduct a cost-benefit analysis for the selected high-impact use case. We
provide a conceptual cost-benefit analysis for the selected high-impact use case to help
MDOT in their return-on-investment analysis.

1.2 Statement of Hypotheses

This study tests the following hypotheses regarding the ability of IVC to mitigate EV range
anxiety and support economically feasible deployment.
H1: Range Anxiety Mitigation

For targeted EV user groups, access to IVC along relevant routes/scenarios reduces
range anxiety relative to a charging-stations-only baseline (e.g., fewer/shorter charging-



related delays), and the magnitude of range-anxiety reduction provided by IVC differs
across user groups.
H2: Technical Sufficiency of Current IVC

State-of-the-art IVC technology (e.g., power delivery, efficiency, reliability) is sufficient
to produce a meaningful net energy gain for at least one high-impact Michigan use case
spanning light- to heavy-duty vehicles. Also, incorporating IVC reduces the required on-
board battery capacity and/or plug-in charging needs to meet service requirements, en-
abling electrification of operations that are otherwise infeasible or impractical under a plug-
in charging-only strategy.
H3: Existence of High Impact Locations

For the selected high-impact use case(s), an optimization model can identify a limited
set of roadway segments and/or stops where IVC deployment yields a disproportionate
share of achievable range-anxiety reduction.

2 Literature review

2.1 Review of Previous Research

The widespread adoption of EVs is hindered by several factors. Among the most signifi-
cant is range anxiety, a concern stemming from the limited range of EVs, long recharging
times, and the scarcity of charging stations (Bahrami et al., 2017; Niroumand et al., 2023).
Recent advancements in battery technology have increased the maximum range of light-
duty EVs to over 500 miles, with a median range approaching 300 miles (Fuel Economy,
2024), which is comparable to traditional internal combustion engine vehicles. However,
long-distance trips for light-duty vehicles, such as cross-country travel, often exceed the
driving range of EVs. In contrast, heavy-duty vehicles are driven for long hours on a daily
basis (Bahrami et al., 2020). These extended trips, along with unplanned journeys without
a fully charged battery, can deter potential buyers from adopting EVs.

In efforts to address these challenges, numerous public and private charging stations
have been established across the nation. However, charging times are still relatively
lengthy compared to refueling at gas stations, even with fast charging options. For ex-
ample, DC fast chargers usually take between 30 minutes to an hour to fully charge EVs.
As a result, wireless charging, particularly in-motion wireless charging which allows vehi-
cles to recharge while driving over charging pads embedded in the pavement, is gaining
attention as an innovative alternative to traditional charging methods to potentially elimi-
nate extended stops for recharging.



The concept of wireless electricity transmission traces its origins back to the latter half
of the 19th century, with Nikola Tesla’s pioneering work laying the foundational principles.
By the late 20th century, the practical applications of this technology began to emerge,
notably illustrated by California’s PATH program, showcasing the potential of wireless
technology in extending the range of electric vehicles (Shladover, 1992). Later, the KAIST
implemented the first real-world wireless charging lane (WCL) for electric buses. This
milestone achievement was recognized as one of “the 50 Best Inventions of 2010” by
TIME Magazine, highlighting the potential of WCL to remove the range anxiety of EVs.

He et al. (2013a) were the first to explore wireless charging in transportation networks,
assuming full network coverage and examining how charging prices for each link could
impact users’ route choices and reduce congestion. Later, Riemann et al. (2015) inves-
tigated the selection of optimal locations for placing wireless chargers among candidate
sites to maximize the number of EVs that can use them on the shortest paths between
origins and destinations. Fuller (2016) examined the minimum wireless charging require-
ments to facilitate travel between all origins and destinations by EVs, using California as
a case study. Chen et al. (2016) considered that the amount of charging in WCL depends
on travel time, which is a function of speed. They explored the trade-off between travel
time and charging time to determine the optimal location of charging lanes for minimizing
total travel times.

With the proliferation of public charging stations, researchers have turned their atten-
tion to the competitiveness and integration of wireless charging technologies alongside
charging stations. Chen et al. (2017a) examined the competitiveness of WCLs in contrast
to charging stations along a corridor and identified a critical threshold in the value of time
for EV users, beyond which charging lanes become the preferred option. Liu and Wang
(2017) developed a tri-level problem where, at the upper level, the government decides
the location and type of charging provision; at the middle level, users choose between
plug-in or wireless charging for their EVs; and at the lower level, the network route choice
equilibrium is considered. Their numerical analysis indicated that with a limited budget,
the government should invest in charging stations. However, as the budget increases, a
combination of charging stations and WCLs becomes desirable. Sun et al. (2020) simi-
larly investigated the deployment of charging stations and lanes, taking into account the
interaction between transportation and electricity networks, where electricity prices are de-
termined by the providers’ locational marginal prices. They showed that building charging
stations can provide more coverage, especially when the transportation network topology
has a high node degree, or a large number of links connected to each node.

Since then, researchers have aimed to relax some assumptions in the previously men-



tioned models, addressing issues such as partial link coverage for wireless charging (Ngo
et al., 2020), the reduction in link capacity due to slowdowns on charging lanes (He et al.,
2020), optimizing electricity prices (Liu et al., 2021; Lai et al., 2024), optimizing wireless
charging power (Mubarak et al., 2021), dynamic traffic assignment (Tran et al., 2022), and
EVs discharging/selling electricity back to the network (Nasr Esfahani et al., 2022; Hossain
et al., 2023). Additionally, to enhance the benefits of wireless charging while reducing im-
plementation costs, its effect on decreasing EV battery size and cost (Liu et al., 2024b) or
fleet sizes due to reduced charging downtime are considered. These are specially advan-
tageous for fleets such as public transit (Liu et al., 2017; Liu and Song, 2017; Yang et al.,
2018; Hwang et al., 2018; lliopoulou and Kepaptsoglou, 2019; Luo and Fan, 2023; Wang
et al., 2023; Liu et al., 2024a) and delivery fleets (Deflorio and Castello, 2017; Mouhrim
et al., 2019; He et al., 2023; Ouyang and Wang, 2025).

Early research on wireless charging within transportation networks and its location
problem in the 2010s was motivated by the limited range of EVs, with the median range
being less than 100 miles until 2015 (Fuel Economy, 2024). This research was further
driven by the long recharging times associated with Level 1 and Level 2 chargers and the
predicted potential for high in-motion wireless charging power in future years. Table 1
provides details on the EV ranges and the power levels of plug-in and wireless charging
considered in these earlier studies. However, the range of newer EV generations has
significantly increased in recent years, alongside improvements in fast charging power and
their availability through the transportation network. These advancements could reduce
the competitiveness of wireless charging for EV users, which is the focus of our study.

Table 1: Assumed driving range and charging powers in literature.

Study EV driving range [mi] | Plug in charging power [kW] | wireless charging power [kW]
Riemann et al. (2015) 25-45 — —

Fuller (2016) 100-300 — 20-200

Chen et al. (2016) 60-85 — 6-90

Chen et al. (2017a) 60 100 100

Sun et al. (2020) 120 100 66

Ngo et al. (2020) 30 — —

Tran et al. (2022) 2 — 20

Nasr Esfahani et al. (2022) 20-100 — 12-24

2.2 Summary of State-of-the-art

Several commercial manufacturers, including WAVE (now part of [deanomics), InductEV,
and Electreon, have deployed high-power inductive charging systems and demonstrated
real-world performance across multiple power levels for light- and heavy-duty vehicles.
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The discussion that follows is based on information gathered during meetings with man-
ufacturer representatives and on technical documents provided by the manufacturers de-
scribing their deployments and measured performance, supplemented by relevant Soci-
ety of Automotive Engineers (SAE) International standards (Hybrid - EV Committee, 2022,
2024).

Wireless vehicle charging is based on electromagnetic induction, whereby an alternat-
ing magnetic field generated by a primary coil induces currentin a secondary coil. Contem-
porary systems typically employ resonant inductive coupling, in which both coils operate
at a tuned resonant frequency to increase effective coupling and improve power trans-
fer across practical air gaps (on the order of several centimeters). Although Maxwell’s
equations provide the theoretical foundation for induction phenomena, practical imple-
mentation depends on resonant power converters, frequency control, and high-efficiency
power electronics operating in the tens-of-kilohertz range.

Atypical wireless charging installation comprises a ground subsystem connected to the
electrical grid and a vehicle subsystem integrated into the electric drivetrain. The ground
subsystem generally includes the primary coil (ground pad), power-electronics enclosure,
thermal management components, and digital control systems for communication, safety
monitoring, and energy management. Because the ground pad is typically sealed be-
neath a protective surface, the installation is comparatively robust to weather, ice, debris,
and vandalism. In contrast to plug-in (conductive) charging, the absence of mechanical
contacts also reduces susceptibility to fatigue, corrosion, and vandalism. Commercial de-
ployments report reliable operation across a wide range of climates with minimal weather-
related performance degradation over evaluated testing periods.

On the vehicle side, the secondary (receiving) coil is integrated into the vehicle under-
body and connected to on-board power electronics that interface with the vehicle battery
management system. Reliable communication between the ground and vehicle subsys-
tems is essential for authentication, interlocks, alignment confirmation, and charge con-
trol. Current deployments use a combination of CAN-based interfaces, vendor-specific
protocols, and increasingly standardized approaches (e.g., within the ISO 15118 family,
including ISO 15118-20).

Inductive systems regulate power delivery and maintain safety through coordinated
control and sensing functions, including active alignment detection, foreign-object detec-
tion, and real-time converter control. Performance is sensitive to pad alignment. Conse-
quently, inductive systems employ alignment detection and communication feedback to
verify positioning before initiating power transfer. While lateral misalignment reduces cou-
pling and efficiency, experiments report that modern systems can maintain grid-to-battery



efficiencies in the range of approximately 88—-91% even under intentional lateral offsets of
up to £200 mm.

Commercial wireless systems are no longer limited to the low power levels associated
with early research prototypes. Multiple manufacturers report static (stationary) inductive
charging at power levels up to approximately 450 kW via modular installations, with real-
world efficiencies near 90% across deployment sites. For dynamic (in-motion) charging,
reported power levels are up to approximately 100 kW, depending on vehicle size and the
number of receiving coils installed on the vehicle.

To date, the most widespread adoption of high-power inductive charging has been
in transit applications. Antelope Valley Transit Authority in California implemented WAVE
wireless chargers across multiple bus routes, enabling extended daily operation of electric
buses. According to WAVE'’s case study, the system enabled more than 2.39 million miles
of zero-emission operation, saved over 613,000 gallons of diesel, and avoided nearly 14.5
million pounds of CO, emissions. The same analysis reports annual operational savings
exceeding US$1 million, attributable to reduced fuel costs, fewer required vehicles, and
decreased maintenance relative to diesel operations.

In heavy-duty and freight contexts, InductEV reports installations for logistics opera-
tors, ports, and transit agencies using wireless systems rated up to 450 kW. Company doc-
umentation emphasizes peak-demand mitigation and energy-cost optimization through
integrated energy management software that schedules charging events to reduce utility
charges. These demonstrations suggest that demand management, together with high-
power transfer capability, can strengthen the economic case for wireless charging within
broader fleet electrification strategies.

Dynamic wireless charging remains at an earlier stage of deployment but has attracted
substantial global interest. Electreon’s projects in Europe and Israel demonstrate charging
while driving, and the company’s Detroit pilot represents a notable milestone for dynamic
charging in the United States. The Detroit project integrates both static and dynamic in-
ductive segments and has undergone performance validation using passenger shuttles
and commercial fleet vehicles. Collectively, these demonstrations provide evidence of
technical feasibility in real-world conditions and inform potential scaling to future broader
applications.



3 Methodology

3.1 Economic Comparison

Current EVs rely on large battery packs to satisfy range requirements, resulting in sub-
stantial upfront acquisition and lifecycle maintenance costs. Conversely, WCL facilitates
in-motion charging, thereby enabling the deployment of vehicles with significantly smaller
and more cost-effective battery capacities. This technology enables the continuous power
essential for future autonomous and commercial fleets, allowing them to operate near
24/7 without the productivity loss of charging stops (He et al., 2013b; Ahmad et al., 2017;
Wang et al., 2024). The evaluation of this emerging technology requires solving a classic
infrastructure optimization problem that trades off vehicle battery size against the density
of charging opportunities (Nie and Ghamami, 2013; Chen et al., 2017b). Research on
this new paradigm has logically split into two main streams. First, extensive work exists
on technical component-level studies, such as hardware optimization for coil design and
power transfer efficiency (Bosshard and Kolar, 2016; Tavakoli et al., 2021). The second
stream provides foundational economic analyses, which have successfully confirmed the
technology’s potential in high-utilization scenarios like urban buses (Jeong et al., 2015;
Chen et al., 2018) and heavy-duty freight (Liao et al., 2024; Ye et al., 2024). However,
a systematic comparative evaluation of this inductive technology is largely absent. While
essential for establishing initial viability, existing economic studies are fragmented. The
most relevant work is limited to case-by-case analyses, such as deployment on a single
corridor (Chen et al., 2017b) or for a specific bus system (Chen et al., 2018). Therefore,
these studies do not provide a general model that defines the fundamental, underlying cost
functions governing the infrastructure-to-battery trade-off. Consequently, a key strategic
question remains unanswered: under what specific conditions is it more valuable to build
a WCL versus investing in more conventional plug-in chargers? Building on these foun-
dational insights, this section’s objective is to provide the general framework needed to
systematically answer this question.

To do so, we developed a general, parsimonious cost-competitiveness framework to
strategically compare plug-in (conductive) charging station (CS) and WCL systems. Our
model minimizes total societal cost by synthesizing governing variables across four do-
mains: engineering (e.g., transfer efficiency), economics (e.g., infrastructure vs. battery
costs), traffic dynamics (e.g., density, speed), and operations (e.g., fleet utilization). By ex-
plicitly modeling the trade-off between infrastructure investment, battery cost, and users’
time cost, we identify the conditions under which each technology yields cost efficiency.
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The key input parameters used throughout this analysis are summarized in Table 2.

Table 2: Key input parameters for economic comparison model.

Parameter Description Unit

System & Traffic Parameters

m Total VMT per hour veh-miles/hr

l Total length of roads in the network miles

Ajam Traffic jam density veh/mile

vy Free-flow speed mph

v Average vehicle speed mph

A Traffic density veh/mile

n Total fleet size veh

u Fleet utilization factor dimensionless
o Access time overhead for CS hours
Technology Parameters

d, Length of a single WCL charging segment miles

Prmax Maximum allowable average occupancy for CS dimensionless
B Vehicle energy consumption rate kWh/mile

0 Usable battery fraction (depth of discharge) dimensionless
y WCL power transfer efficiency dimensionless
Economic Cost Parameters

Cp Amortized cost per kWh of battery capacity per hour $/kWh-hr

cy Amortized fixed cost of WCL infra per hour $/mile-hr

cy Amortized variable cost of WCL infra per hour $/kW-mile-hr
c Amortized fixed cost of a CS infra per hour $/station-hr

c5 Amortized variable cost of a CS infra per hour $/kW-station-hr
w Value of travel time $/hr

3.1.1 Transport System Characteristics

Our model analyzes a bounded transportation system, flexibly representing diverse ap-
plication domains from general-purpose urban zones (e.g., city centers, corporate cam-
puses) to commercial systems like municipal bus networks, regional freight arteries, and
airport/seaport logistics fleets. The primary input for this system is the total hourly vehicle

miles traveled (VMT) denoted by m, the average trip length denoted by d, travel speed

system parameters from fundamental traffic flow principles.
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denoted by v, and total fleet size denoted by n. This definition allows the framework to
flexibly represent either a future all-electric fleet or the EV component of a transitional,
mixed-traffic system. Adopting a top-down macroscopic approach, we derive several key



Given the system input, the trip generation rate » and average trip time ¢ are:
(1)
(2)

By Little’s Law, the average number of traveling vehicles n, = rt = m/v. Thus, the
fleet’s utilization rate v and the total fleet size n are:

u=— = n=— (3)
n v

This relationship correctly accounts for the large number of parked vehicles that con-
stitute the total fleet but are not actively contributing to traffic at any given moment. For
instance, a personally owned car might only be driven 5% of the day (v = 0.05), while a
commercial robotaxi could be active 50% of the time (u = 0.50).

Finally, for a network with a total road length of [, the traffic density, A is given by:
~m/v_m

A b @

3.1.2 CS System Design Model

We model a CS system where a network of stations is deployed to serve the EV fleet. The
decision variables for this system are the number of stations (/V,), the required battery
size for each vehicle (E,), and the aggregate power capacity of a charging station (P,).
We assume all stations in the network are deployed with this same optimal power level.
We define the total system cost (.J,) as the sum of infrastructure investment, battery costs,
and user travel time costs. In this section, we focus on the trade-off between infrastructure
amount and battery size. Since the travel time is independent of the specific hardware
layout at this stage, minimizing the hourly amortized technology cost C is equivalent to
minimizing .J,.The optimization problem is formulated as:

Nn]},!nP CS = Cs(Ps)Ns + chsn + wnChargeTa (5)

where ¢, (P,) represents the amortized hourly cost of a single charging station as a func-
tion of its power P,, while ¢, is the amortized hourly cost per unit of battery capacity per
hour. The total number of vehicles in the fleet is denoted by n. For this analysis, we
model the station cost using a linear function: ¢, (P,) = (¢} + ¢5P,), where ¢ represents
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a fixed cost per station, and ¢ reflects the variable cost that scales with power (such as
the charging hardware and power electronics themselves). While the number of stations
N, is inherently an integer, we relax this constraint and treat it as a continuous variable to
facilitate the optimization. The term n_;,,.,. denotes the frequency of charging stops per
hour for the entire fleet and 7, represents the average access time per stop (e.g., deceler-
ation, queuing ingress, plug-in latency). w is a time-weighting parameter, which is set to a
small positive value to serve as a regularization term, ensuring the optimization penalizes
excessive delays without allowing time costs to dominate the infrastructure investment
decisions. And the user travel time cost would be w”*, whose effect will be analyzed in
section 3.1.5.

We assume that vehicles adopt a minimum-stop strategy to minimize the total access
penalty. In a co-optimized system, this implies that infrastructure and onboard storage are
matched perfectly; vehicles utilize the full range provided by the station spacing, stopping
at each station along their route. Consequently, the stop frequency is strictly determined
by the infrastructure density:

m m

Neharge = Z/—N = TNS (6)

Substituting this relation into the objective function reveals that the aggregate access
cost scales linearly with the number of stations V,. We therefore define the effective fixed
station cost, ¢f, which internalizes the operational access penalty into the infrastructure
cost:

& = o +ur, (7) (7)

The optimization of the CS system is subject to two primary constraints that guarantee
a minimum level of service and physical feasibility:

1. Spatial Energy Sufficiency Constraint: A vehicle’s usable battery energy (/F,) must
be sufficient to cover the energy needed to travel the average distance between
charging stations. In a network of length [ with N, stations, we approximate this
distance as [/ N,. The energy required to travel this distance is therefore 5(I/N,).

0B, = - ®

S

2. System Energy Balance Constraint: This constraint ensures the daily energy sup-
plied to an average vehicle meets its daily demand. It incorporates a quality-of-
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service guarantee via the maximum allowable average occupancy rate (p,.4), @ pol-
icy parameter that ensures sufficient reserve capacity to prevent excessive queuing.

We derive the constraint by balancing the energy required during the driving period
(u - 24 hours) against the energy supplied during the non-driving period ((1 —u) - 24
hours). The total effective network power (N, P, p.x) IS averaged across the fleet
(n) and compared to the average vehicle’s consumption rate (vuf3). The final power
balance equation is given as:

NeFbmax(p _yy > pup ©)

Ny
Energy Demand Rate

Effective Energy Supply Rate

3.1.3 WCL System Design

The WCL system allows vehicles to charge while in motion, which fundamentally alters the
design problem. Our model determines the most cost-effective lane deployment strategy
by balancing the high capital outlay for road electrification against the reduced cost of
onboard energy storage for the vehicle fleet.

The decision variables are the number of charging lane segments (N,,), the required
vehicle battery size (F,,), and the WCL power (P,,). Each segment has a fixed length, d,,,
and we assume these N,, segments are distributed uniformly across the road network of
total length .

Similar to the CS system, the objective of minimizing the total societal cost ./, is equal
to minimizing the total hourly technology cost (C,,), which is the sum of the infrastruc-
ture cost for all deployed lane segments and the aggregate battery cost for the fleet of n
vehicles:

r%inp Cyp = cp(P,)N,d,, + cyE,n (10)

w

N,

w w

where ¢, (P,,) is the amortized hourly cost per unit length of a charging lane as a function
of its power P, and ¢, is the amortized hourly cost per unit of battery capacity. The
number of segments N, is treated as a continuous variable to facilitate optimization. We
also assume a linear model for the infrastructure cost as c,,(P,)) = ¢}’ + ¢y P,,.

The system design is subject to the following engineering and physical constraints:

1. Physical Boundary Constraint: The total length of all deployed charging segments

14



cannot exceed the total length of the road network.

N,d, <! (11)

. Energy Sufficiency Constraint: To ensure continuous operation, the energy supplied
to a vehicle on a single charging segment must be sufficient to power it until it reaches
the next one. We approximate the average distance between segments as [/ N,,.
d l
—w > -
WPtz B (12)
N—— — —
Energy Supplied  Energy Required

Here, v is the power transfer efficiency (0 < v < 1), v is the average vehicle speed,
and S is the energy consumption rate (e.g., in kKWh/mile).

. Battery Sizing Constraint: The vehicle’s battery must be large enough to buffer the
net energy surplus gained while on a charging segment. This surplus is the energy
transferred from the lane minus the energy simultaneously consumed for propulsion.

d

OB, 2 yP=F = Bdy (13)
N—C W

Energy Gained Energy Consumed

The parameter 6 represents the battery’s maximum depth-of-discharge, which is the
usable fraction of its total capacity E,, (e.g., 0.8 for 80%).

3.1.4 Optimal Design Schemes

In this section, we derive closed-form analytical solutions that minimize the total societal

cost for both charging paradigms.

Optimization of CS System

For the static charging system, the optimization seeks to minimize the total cost C, with
respect to three decision variables: the number of stations (/V,), the station charging power
(P,), and the vehicle battery capacity (£,).

We first observe that the energy sufficiency constraint (8) will be binding at the opti-
mum, as any excess battery capacity only adds cost without providing system-wide ben-
efits. This allows us to express the optimal battery size E* as a function of the number of
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stations:

Ip

E; = 14
S HNS ( )
Substituting this into the objective function reduces it to a cost function of V:
. &
CS<N5>:<Ci+CSPS)NS+Cbn9N (15)

The function in (15) is convex in N, and has an unconstrained economic minimum. How-
ever, the final solution for the number of stations must also satisfy the lower bound imposed
by the system energy balance constraint (9), which leads to the following optimal solution.

Lemma 1 (General Optimal Solution). For a given charging power P, and maximum oc-
cupancy rate p..., the optimal system design is determined by:

cynlf mp
N¥ = max —t 16
& 3P0 ° Purmall—u) 1o

Economics-Driven: N econ Performance-Driven: N perf

16
E: =
® ON:

(17)

The structure of this solution reveals that the system design is governed by one of two
distinct regimes.

Regime-1: Economics-Driven Regime

This regime occurs when the unconstrained economic optimum is sufficient to meet the
performance target (N; ccon > N; o). The design is determined purely by the cost trade-

off between infrastructure and batteries.

Lemma 2 (Optimal Solution in the Economics-Driven Regime). Ifthe system is economics-
driven, the optimal design and total cost are:

cynlf

5 (¢ +c5P,)0 (18)
@ + 3PIB
Ef =L 2" s/ 1
-\ (19)
RPN LIRS (20)
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Regime-2: Performance-Driven Regime

This regime occurs when total VMT is high, making the economic optimum insufficient to

meet the desired quality of service (N . > N; ¢con)- The occupancy constraint becomes

perf —
binding, forcing the system to build more stations than is economically ideal to prevent

congestion.

Lemma 3 (Optimal Solution in the Performance-Driven Regime). If the system is
performance-driven, the optimal design and total cost are:

. mp
Ne = Pspmax<1 - u) )
B — lPspmag);?gl — u) (22)
IP 1—
C* = (& + c5P,) (P pm;"fl — u)) +epn ( Spmaefrfl “)> (23)

The boundary between these two regimes is defined by a critical power threshold,

P, it» found by setting the two terms in the max function equal (N ). Solving

this equality for P, yields:

s econ s perf

m?B0c + /(m?B0c3)? + 4(cynppay) (m?BOcT)

P
2¢,nlpimax (1 — u)?

s,crit —

(24)

For a given system, if the station power P, > P, .4, the design will be economics-
driven. If P, < P, ., it will be performance-driven.

The analysis of the two regimes reveals that the total cost C? ( P,) is a continuous, piece-
wise function, which allows for a final optimization over the charging power, P,. As proven
in Appendix 8.2, the global cost minimum is always found within the performance-driven
regime. This is because the cost in the economics-driven regime is strictly increasing with
power, making any such solution inherently suboptimal. Therefore, the globally optimal
charging power, P}, is the unconstrained minimum of the performance-driven cost func-
tion. Substituting this optimal P into the performance-driven equations yields the final,
globally optimal system design and uncovers a remarkably simple principle for infrastruc-
ture planning:

Proposition 1 (Optimal Charging Power for the Plug-in Charging System). There exists a
unique, cost-minimizing charging power, PZ, forthe CS system, which is the unconstrained
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minimum of the performance-driven cost function:

330

P =
,Omax(1 - u> cpynl

S

(25)

This proposition reveals that the globally optimal design is always governed by the
performance-driven regime. Intuitively, this is because the cost in the economics-driven
regime is strictly increasing with power; it is never optimal to over-power stations be-
yond the minimum required for performance. This holds true under the extreme case:
if utilization is high and approaches 1, the performance-driven power to support a near-
continuously operating fleet should be extremely high to enable instant charging during
the vehicles’ very short downtime.

Corollary 1.1 (Scale-Independent Design Principle for Plug-in Charging). The optimal
station density, 6; = N} /I, is determined by the character of the traffic in a specific area
(such as its density and how heavily the vehicles are used), not by the overall size of the
entire road network or the total miles traveled on it:

cpBA
o= 22 (26)
1

The proof is provided in the Appendix 8.3. Corollary 1.1 establishes the optimal sta-
tion density not as a static target, but as an economic equilibrium quantifying the trade-
off between fleet capital and infrastructure capital. The numerator (¢, 5\) represents the
economic pressure to densify infrastructure to reduce onboard storage costs, while the
denominator (¢;6u) represents the capital resistance enforcing sparsity.

This derivation reveals two critical strategic insights:

« The Square-Root Law: The dependence on /) implies that infrastructure require-
ments grow significantly slower than traffic volume. This indicates strong economies
of aggregation: high-density corridors achieve superior capital efficiency because
the infrastructure investment is amortized over a disproportionately larger fleet, low-
ering the unit cost per vehicle.

» Technological Substitution: The direct sensitivity to battery cost (¢;) proves that
charging infrastructure functions economically as a substitute for onboard energy
storage. The optimal design is strictly coupled with vehicle technology. High bat-
tery prices drive the system toward denser, distinct charging networks to minimize
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fleet capital, whereas low battery prices naturally shift the equilibrium toward sparser
infrastructure and larger onboard buffers.

Optimization of WCL System

For the WCL system, optimization is governed by the trade-off between the extent of road-
way electrification and vehicle battery size. The decision variables are the number of
charging segments (N, ), segment length (d,,, treated here as a fixed module size), and
lane power (P,).

We first analyze the battery sizing constraint (13), which should be binding at the opti-
mum and the optimal battery size £}, can be obtained as:

B = vP,d,, — Bd,,v
v

(27)

Substituting this expression for £}, into the total cost function transforms the problem
into an optimization over the number of segments N, if we first fix charging power P, .
The objective is to minimize C,(N,) subject to the feasible range for N, defined by the
physical and energy sufficiency constraints:

[Bv <N,
vP, d

w

< (28)

l
dw

g

For this range to be valid, the lower bound must not exceed the upper bound. This re-
quirement establishes a critical feasibility condition on the charging power:

[Bv [ Bv
< — > —
vP,d,, — d, = fuz v (29)

If the charging power is below this threshold, a feasible system cannot be constructed.

Within the feasible range, we observe that the objective function C,,(V,,) is a linearly
increasing function of NV, as the infrastructure cost is directly proportional to the number of
segments. Therefore, the total cost is always minimized by selecting the smallest possible
value for N,,, which corresponds to the lower bound of its feasible range. This key insight
leads to the following result.

Lemma 4 (Optimal Wireless Charging Segment Number). For any feasible charging
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power P, > %, the optimal number of charging segments that minimizes cost is:

[Bv

ww

(30)
The cost function C},(P,) is now a convex function of P,, which allows us to find a
unique, cost-minimizing power level:

Proposition 2 (Optimal Wireless Charging Power and Minimized Cost). For the WCL
system, there exists a unique optimal charging power, P;; and the corresponding minimal

societal cost, ' :
wip6
P =2\ <ripe (31)
v\ ¢nd,,
[clBeynd,,  cYlBv  cynd,pB
'w(d'w):2 ! eb + 27 — 2 0 (32)

C*

With the optimal power P;; determined, we can now analyze the physical structure of
this optimized network by defining the optimal electrification ratio, o«* = N} d,, /I. This di-
mensionless parameter represents the fraction of the total network that must be equipped
with wireless charging. Substituting the underlying expressions for the optimal number of
segments (V) into this definition reveals a powerful insight into the nature of the network’s
design, which we formalize below.

Corollary 2.1 (Scale-Independent Design for Wireless Charging). The optimal electrifica-
tion ratio, o* = N d, /1, is governed by the traffic density (A = un/l) and fleet utilization
(v = m/(vn)), instead of the network’s overall size, such as its total road length (1) and

total vehicle-miles traveled (m):

ot = dwﬂch (33)

w
ci’u

This proposition reveals a scale-independent design principle that follows a similar
square-root law and exposes a fundamental economic trade-off. High battery costs (c;)
favor a more extensive network of lower-power chargers (P;;), whereas high infrastruc-
ture costs (c}’) favor a less extensive network of higher-power chargers. This provides
a clear design rule, showing how the system optimally balances network density against
technological power based on the relative costs of batteries and infrastructure.
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3.1.5 Strategic Comparison and Viability Analysis

With the overall optimal solutions and metrics summarized in Table 3, we can derive the
strategic conditions under which one paradigm is economically superior. This analysis
focuses on three key areas: the system’s asymptotic properties with traffic density and
vehicle utilization, the economic indifference frontier for charging option selection, and a

practical benchmark for the infrastructure cost of WCL technology.

Table 3: Optimal system configuration and generalized cost functions.

Variable Static Plug-in (CS) Dynamic Wireless (WCL)
Optimal Power (P*) P = Eifiu Py = %\/@
Infrastructure Unit (N*) N = Cbé?éﬁ Ny = c"flf.lﬂi
Infrastructure Density (N* /1) N =\ %5 Y
Battery Size (E*) E; =, /9% E; =% (\/ﬁ - ,B)
Minimized Hourly Cost (C*) C; =2\ anfl 4GBl =gy fdartide | By
Travel Time Cost (C,;,,,.) w- o W m
Generalized Societal Cost (J*) Jr=C5+ Ciime Jo = Ch 4+ Crine

- 2 ﬁ’\a‘ Sﬁ - 2 ’5 1Ud1u UJB
Cost per VMT (J*/m) Jrm =20/ + pma:<21_7"> +9 T =2 e+ ch

Average Cost and Asymptotic Analysis

To evaluate the long-term economic performance of each system, we define the cost
per VMT as the primary efficiency metric. This metric captures the fundamental trade-
off between upfront infrastructure investment and operational utility, allowing for a direct

comparison normalized by service output.

Proposition 3 (Scale-Independent Average Cost Functions). The optimal average costs

per VMT for the two charging paradigms are scale-independent and given by:
52 e e w
JrE o =— —
=MV O * Prmax(1 — u) * v
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T _ 2 CiU/Bdew Cévﬁ dewB w
Twim = vV OA\u * YA Ovu + v (35)

While both metrics are governed by operational parameters, the internal structure of
these cost functions reveals a divergence in their capital allocation mechanisms:

« Static Charging (Inverse-Utilization Dependency): The static cost function contains a
term scaled by the power unit cost ¢j that is inversely proportional to idle time (1 —u).
This structure reflects a rigid physical constraint: as fleet uptime u increases, the
time available for charging shrinks. To deliver the same daily energy in this reduced
window, the required charging power rate must increase hyperbolically, driving up
the total power infrastructure cost regardless of specific parameter values.

» Wireless Charging (Asset Substitution and Sharing): The wireless cost function is
distinguished structurally by two features. First, it contains a subtractive term related
to ¢, and d,,,, implying that infrastructure investment mathematically offsets the vehi-
cle capital cost rather than purely adding to it. Second, the power infrastructure term
scales with \~!, identifying the dynamic charging lane as a shared resource where
the cost burden is divided among the aggregate traffic flow.

To rigorously evaluate the performance of these mechanisms, we define two distinct
operational regimes for the analysis. The exogenous speed regime represents scenar-
ios with steady operating speeds, such as scheduled transit corridors, where velocity v
is treated as a design constant. Conversely, the endogenous speed regime captures ur-
ban traffic dynamics using the Macroscopic Fundamental Diagram (MFD), where speed

degrades linearly with density:
A
= 1— 36
U=y ( A ) (36)

jam

where v, is the free-flow speed and A, is the jam density of the network. This formulation

introduces a convex trade-off in the total societal cost: increasing fleet density improves

jam

infrastructure amortization but degrades travel speed. These regimes form the basis for
the following comparative asymptotic analysis.

Proposition 4 (Comparative Efficiency with respect to Traffic Density). The asymptotic
behavior of system cost with respect to traffic density ()\) is fundamentally determined by
the modeling regime:

1. Under the Exogenous Speed Regime:
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» WCL (Strong Economies of Density): Exhibits rapid cost decay driven by the
amortization of shared roadway infrastructure. Both the battery-optimization
term (O(\~'/2)) and the power-track term (9(\~')) decrease with density, cre-
ating a hyperbolic amortization curve.

» CS (Weak Economies of Density): Exhibits slower cost decay driven exclu-
sively by battery optimization (9(\~'/?)), resulting in a sub-linear amortization
curve.

2. Under the Endogenous Speed Regime:

« WCL (High Congestion Sensitivity): The combination of steep initial amortiza-
tion and high sensitivity to speed collapse (1/v) creates a highly convex, deep
U-shaped profile with a unique global minimum.

* CS (Low Congestion Sensitivity): The combination of weak initial amortiza-
tion and lower sensitivity to congestion (infrastructure efficiency is speed-
independent) results in a flatter convex profile with a unique global minimum.

The proof is provided in Appendix 8.4. This proposition highlights that the economic
efficiency of each system is governed by opposing dominant regimes. The superior amor-
tization of WCL stems from the fundamental distinction between shared versus dedicated
resources. In the WCL paradigm, the high capital cost of the electrified roadway (c}’) is
an intensive property shared by the aggregate flow; thus, adding vehicles reduces the
fixed infrastructure cost per VMT, driving the curve downward (o 1/X). In contrast, the
static system is constrained by a structural floor. Because charging power is a dedicated
resource that cannot be simultaneously shared, the aggregate infrastructure requirement
scales linearly with the total VMT. Consequently, even in ideal density conditions, the av-
erage cost per VMT cannot vanish but converges to an irreducible floor determined by the
power electronics and battery variables.

However, this amortization advantage in WCL is bounded by a compound congestion
penalty. In the CS system, congestion represents a pure diseconomy that erodes travel
speed without offering any compensating utility. In the WCL system, congestion strikes
twice: itincurs the same time penalty but also degrades the system’s throughput efficiency
(as energy transfer capacity is speed-coupled). This creates the pronounced U-shape:
WCL is economically dominant only within a specific efficiency window [\, A}, bounded by
insufficient amortization at the low end and excessive congestion inefficiencies at the high
end.
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Proposition 5 (Comparative Stability with Fleet Utilization). The asymptotic behavior of
system cost with respect to fleet utilization (u) reveals a fundamental asymmetry in oper-
ational resilience:

1. CS Instability: J (u) possesses a vertical asymptote at u — 1. The cost diverges
according to O((1—u)~1), reflecting the prohibitive power capacity required to charge
within vanishingly small dwell times.

2. WCL Stability: J,(u) remains bounded and exhibits economies of utilization as
u — 1.

The proof is provided in Appendix 8.5. This asymmetry identifies a critical operational
limit for the CS paradigm. The divergence of J,(u) reveals that the stop-and-charge model
faces an irreducible conflict between asset utilization and capital cost. As fleets strive for
maximum uptime (v — 1), the time window available for energy replenishment vanishes.
To maintain energy balance, the system must compensate with a power surge, sharply
increasing the charging rate (kW) to deliver the full daily energy demand in mere minutes.
This creates an asymptotic cost barrier driven by the prohibitive capital cost of the ultra-fast
charging hardware required to support such intensity.

In contrast, WCL serves as an operational stabilizer by physically decoupling en-
ergy transfer from vehicle downtime. Because energy is transferred during the revenue-
generating phase (u), the infrastructure capacity requirement is independent of the dwell
time constraint. This confirms that while static charging is sufficient for private vehicles (low
u), WCL is structurally essential for next-generation mobility-on-demand systems that tar-
get near-continuous operation, effectively removing the capacity barrier that bounds the
CS paradigm.

Indifference Frontier and Strategic Benchmarks

While the asymptotic analysis reveals the fundamental structural limits of each paradigm,
practical infrastructure planning requires precise identification of the transition zone be-
tween them. To determine exactly where the economic advantage shifts from static to
dynamic charging, we formalize the decision boundary between the two paradigms as an
indifference frontier. This represents the set of operational points (), u) where the opti-
mized societal costs of the two systems are equal:

T (X 1) = JZ (A ) (37)
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Proposition 6 (Properties of the indifference frontier). Assuming the existence of a non-
empty solution set (i.e., min(J} — J*) < 0), the intersection of the cost functions defines a
continuous indifference frontier in the (\, u) plane with the following properties:

1. Density Projections: For a fixed fleet utilization w.:
» Exogenous Speed: The boundary projects to a unique lower threshold ;.

WCL is economically superior for all X > ;.

* Endogenous Speed: The boundary projects to a closed WCL-dominant interval
[\, \]. WCL is economically superior only within this window, bounded below by
amortization requirements and above by congestion-induced efficiency loss.

2. Utilization Projection: For a fixed traffic density A\, the boundary projects to a unique
critical utilization ;. WCL is viable if and only if the fleet utilization exceeds this
break-even floor (u > ugy).

3. Sensitivity: The position and shape of this multi-dimensional frontier shift in response
to system parameters as summarized in Table 4.

Table 4: Sensitivity analysis: traffic density and fleet utilization boundaries.

Exogenous Endogenous Regime (MFD) Fleet Regime

Parameter Description Critical Density | Lower Bound Upper Bound WCL-dominant | Critical Utilization
(/\crit) (A) (/\) Region (ucrit)

WCL System Parameters
e’ ey Infrastructure Cost 1 T { Contracts T
¥ Transfer Efficiency 1 1 T Expands 1
CS System Parameters
c§,cs Infrastructure Cost 1 1 T Expands 1
Prmax Max Occupancy T T 1 Contracts T
Environmental Parameters
w Value of Time 1 1 T Expands 1

» Direction: (1) Parameter increase raises the threshold; () Parameter increase lowers the
threshold.

+ Region: "Expands” implies the interval [\, \] widens.

The proofis provided in Appendix 8.6. The existence of the critical thresholds (A, tgrit)
exposes a fundamental deployment paradox for dynamic infrastructure. Unlike static plug-
in chargers, which can be deployed incrementally to match dispersed demand, WCL ex-
hibits a strict intensity threshold: it requires a critical mass of either aggregated traffic
density () or high-intensity fleet operations (u) to overcome its fixed capital barrier (c}").

Crucially, the WCL-dominant interval [\, \] is not guaranteed to exist. If the WCL cap-
ital costs are too high relative to the CS baseline, the cost curves may never intersect,
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rendering the viability set empty. This implies a market entry barrier: there is a maximum
allowable infrastructure cost above which the technology cannot compete, regardless of
traffic density. This binary nature that viability is either non-existent or conditional on high
density implies that WCL deployment is system-dependent and best suited for high-load
corridors (such as BRT guideways or freight highways) where high utilization is guaran-
teed by design, rather than dispersed general traffic networks. Furthermore, within the
viable regime, the boundary’s sensitivity to p,,, reveals that WCL acts as an operational
stabilizer. Its economic value peaks precisely when the static system becomes unreliable
(i.e., when queuing constraints bind at high utilization), identifying dynamic charging not
merely as an energy alternative, but as a resilience strategy for essential fleets that cannot
tolerate the service volatility of congested charging stations.

Beyond these structural thresholds, the sensitivity results in Table 4 highlight a critical
asymmetry in how the viability window behaves under the endogenous regime. While low-
ering the adoption thresholds (), u.;) is @ matter of overcoming fixed capitalization costs,
extending the upper bound ()\) represents a technological defense against congestion.
Parameters that raise \ (such as improved transfer efficiency ~ or higher value of time w)
effectively allow the WCL system to buy more operational time in varying traffic speeds
before speed collapse renders infrastructure amortization inefficient. The positive sensi-
tivity to the value of time is particularly notable: it indicates that WCL is disproportionately
valuable in high-wage, high-density metropolitan economies where the generalized cost
of any friction, whether static charging downtime or congestion, is magnified.

To provide a practical target for industry research and development, we define the
critical WCL infrastructure cost (c}“’c”t) as the maximum allowable fixed cost per unit length
for WCL to be competitive. This benchmark can also be analytically derived as:

Corollary 6.1 (Critical Cost Benchmark). For WCL to be competitive at a given operational
point (X, ), its fixed cost must satisfy ¢ < ¢°™ where:

2 I~ s w 2
werit _ V0 u (2 [e,cf €2 €2 Cply,
it _ iy - 38
“ 4eyd,, (v X * Pmax(1—u) YA * Gvu (38)

This benchmark reveals that the target price for WCL is adaptive. In high-density, high-
utilization environments (high A, u), ci"’c”t is higher, meaning congested transit networks
can justify paying a premium for WCL. Conversely, cheap batteries lower the threshold,
requiring WCL developers to reduce costs aggressively to remain competitive. However,

the quadratic form of Corollary 6.1 also exposes a non-linear return on operational effi-

ciency. Small marginal improvements in power transfer efficiency (v) translate into dis-

26



proportionately larger increases in the allowable capital budget, offering a high-leverage
incentive for research and development. Yet, this relationship simultaneously reveals a
degradation risk regarding battery technology. Since WCL functions economically as a
substitute for on-board energy storage, a reduction in battery costs (c,) erodes the pri-
mary value proposition of the infrastructure. As ¢, — 0, the allowable infrastructure cost
collapses, implying that WCL technology must effectively race against battery chemistry
improvements to remain a financially viable alternative.

3.2 Single Trip

Current light-duty EV generation can travel distances of up to 500 miles on a single charge,
which typically equates to 6-8 hours of continuous driving. Despite these capabilities, it
is widely recommended that drivers take regular breaks during extended trips to mitigate
the risk of fatigue-related accidents (Williamson et al., 2011; Li et al., 2019). In particular,
commercial driving regulations stipulate that drivers must take a mandatory break of at
least 30 minutes after every 8 hours of driving to ensure safety and well-being (Federal
Motor Carrier Safety Administration, 2024). These breaks can be strategically utilized
for charging purposes to complete long-distance trips. Therefore, we develop a model to
evaluate the time-saving benefits of wireless charging, assuming that: (i) EVs take a break
after driving for a maximum number of hours; (ii) fast chargers are available at every rest
stop; and (iii) even with wireless charging, EVs recharge their batteries using fast chargers
when stopping, due to their higher efficiency and power.

3.2.1 Model

We use the following notation in this section:

Nomenclature

Parameters

E Battery capacity

ay, Wireless charging efficiency

a, Plug-in charging efficiency

B Distance travel on each unit of battery
0 Initial state of charge

D Wireless charging power
Pp Plug-in charging power
L Total trip distance
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Decision variables

I

Maximum driving time without rest
Value of time

Cost of building wireless charging per unit of distance

Rest time
Driving speed
Maximum number of driving periods

Length of i*" wireless charging lane

td Duration of i*" driving period
r; Binary variable equal to 1 if take i*" rest period and 0 otherwise
S; Battery state of charge at the end of i rest period
n n—1
mz'nZ:aw-Zlf’ﬁ-at-tr-Zri (39)
=1 =1
s.t. zn:td = L (40)
=1 ' v
lw
0-FE+a, p, —>v-tdp (41)
v
l’w
slg9-E+aw-pw~i—v-t‘li-ﬁ—|—o¢p-pp~r1~t7“ (42)
v
S; + 0y Py i+12v-tf+1~ Vie23,...,n—1 (43)
v
[w
sigsi,l+aw-pw-L—v-tf-B—i-ap-pp-ri-tr Vie2,3,...,n—1 (44)
(%
td<T -4, Vi€ 2,3,...,n (45)
L
td <r-= Viel,2,...,n—1 (46)
o< <L Viel,2,...,n (47)
0<td<T Viel,2,...,n (48)
s, <E Viel,2,...,n—1 (49)
r; € [0,1] Viel,2,...,n—1 (50)

Objective function (39) aims to minimize both the total length of the wireless charging
lanes and trip time. The weights ¢, and o, can be adjusted to prioritize each component

and compare the two charging technologies. For example, by assigning a large value to

the weight of travel time (o, ), the model focuses on minimizing total trip time by construct-
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ing wireless charging lanes to reduce the number of stops. Conversely, by assigning a
large value to the charging lane length weight (o), the model adds stops into the trip to
ensure feasibility without relying on wireless charging. Constraint (40) ensures that the to-
tal driving time equals the trip distance divided by the average driving speed. Constraints
(41) and (43) indicate that the energy required to complete a driving period must be less
than the energy stored in the battery at the start of the period, plus any energy gained from
in-motion wireless charging during that period, for both the initial driving period and any
subsequent ones. Constraints (42) and (44) monitor the battery’s state of charge following
the initial stop and any subsequent stops, respectively. Constraints (45) and (46) ensure
a rest period between consecutive driving periods. Finally, Constraints (47) to (50) define
the range of the decision variables. The model is a mixed-integer linear programming
problem that can be solved using commercial solvers.

3.3 Transit System

In this section, we focus on developing a model to compare plug-in and wireless chargers
in facilitating the electrification of transit fleets without changes in their schedules or fleet
size.

3.3.1 Model

This section focuses on identifying the optimal types and locations for charging infrastruc-
ture needed to support the electrification of a transit agency, while ensuring there are no
changes required to its existing schedule, routes, or fleet size. To align with the current
operations of the transit agency, we utilize General Transit Feed Specification (GTFS)
data, a standardized format that shares transit schedules and associated geographic in-
formation. A critical component of GTFS data for our analysis is the concept of blocks,
which represent the sequence of routes completed by a single vehicle. Additionally, GTFS
provides detailed scheduling information, which allows us to calculate the time a bus is
stationary between the completion of one route and the commencement of the next in its
block schedule. This information is essential for determining feasible locations and times
for charging, thus facilitating a seamless transition to electric vehicles without disrupting
transit operations.

We define the set of all blocks as B, and for each block b € B, we define its ordered
setof routes as R, = {r, 1,72, -+ 75, }» Where n,, is the number of routes in block b. The
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total distance for each block, L,, can be calculated as:

My
L, = sz (51)
=1

where [,. represents the total distance of route . When considering the electrification of the
transit fleet, if the total distance of a block is less than the driving range of the electric bus,
then en-route charging is unnecessary. However, if the block distance exceeds the driving
range of the electric bus, charging will be required to ensure that the bus can complete
its routes without alterations to the schedule or operations. This logic provides a basis for
determining when and where charging infrastructure is needed to support uninterrupted
operation with an electrified transit fleet.

In the context of electrifying a transit agency’s fleet, buses can be charged using either
in-motion wireless chargers while driving or stationary chargers at stops. The stationary
charging options include both wireless and plug-in chargers, with differences primarily in
the time required to initiate charging and power delivery. Stationary wireless chargers
have the advantage of starting the charging process immediately as the bus arrives at
a stop. In contrast, plug-in chargers require the driver to exit the vehicle and physically
connect the charging cord, resulting in a few minutes of additional time before charging
can commence. The choice between these methods involves considering various factors,
such as the available dwell time at stops, the energy needs of the bus, and the convenience
and infrastructure costs associated with each type of charger. Therefore, the problem of
determining the optimal locations and types of chargers for a transit agency’s electrification
can be formulated similarly to a facility location problem. The primary objective is to identify
which charging facilities should be established and where, to ensure that the transit agency
can complete all its blocks with electric vehicles that have a limited driving range.

We denote the node at the end of each route r as i,. For stationary charging, we
define a binary decision variable x;, which equals 1 if a stationary charger is placed at
node i and O otherwise. In addition, we break each route into a series of consecutive
segments, denoted as X', = {k, 1,k, 5, ..., k, ,, }, where m, is the number of segments
in route . These segments represent the minimum viable length for installing in-motion
wireless charging tracks. For each segment k, we define another binary decision variable,
Yi, Which equals 1 if an in-motion wireless charging track is installed in segment k, and
0 otherwise. We also define s; ,. as the bus state of charge after traversing segment k of
route r in block b, and s, ,. as the state of charge right before starting route 7.
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7 k

st s, =0-FE Vbe B (53)
Sb:Tb,n S Sz?;:b,n—l + ;P tb:'rb,n *Z; Vb € B, n = 2, ceey Ty (54)

[
Sé,rgsb,r_lk'ﬂ—i_aw'pw';k'yk VbGB,TERb (55)

[
slgmgs’g;l—lk-ﬂ—{—aw-pw-fyk Vbe B,re Ry, k=2,...,m, (56)
Spr < B Vbe Bre R, (57)
sp.<FE Vbe B,re Ry, ke X, (58)
sy >0 Vbe B,re R, keX, (59)

The objective function (52) minimizes the construction cost of stationary chargers at
nodes (stops) and in-motion chargers at route segments. Constraints (53) ensure the initial
state of charge of buses at the beginning of their blocks, where F is the battery capacity
and ¢ is the charge level. Constraints (54) and (57) monitor the state of charge of buses
at the start of each route within their respective blocks. Constraints (54) assert that this
state of charge must be less than or equal to the level at the end of the previous route’s
last segment in the block, plus energy obtained from charging if a charger is present at
that point. «, and p, denote the charging efficiency and power at node i, respectively.
Furthermore, ¢, ,  represents the dwell time for the bus assigned to block b at point :
before commencing route r,, ,,, which can be predetermined using the block schedule from
the GTFS dataset. We also account for charger setup time (wireless versus plug-in) by
subtracting this from the dwell time. Constraints (57) guarantee that the bus’s state of
charge, when recharged at a node, is limited by the battery capacity. Constraints (55),
(56), and (58) similarly track the bus’s state of charge through each route segment for all
blocks, ensuring that if buses receive in-motion charging, their state of charge does not
exceed battery capacity. Finally, constraints (59) ensure the feasibility of using electric
buses to complete trips by maintaining a positive state of charge at all times. The model is
a mixed-integer linear programming problem that can be solved using commercial solvers
such as Gurobi.
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3.4 Intercity Highway Network

Given the median range of electric vehicles and the range of daily travel distances, IVC
technology can help enable intercity journeys on highways and major roads where travel
distances are longer. Accordingly, we developed a model to identify the best placement of
in-motion wireless charging facilities, accounting for the existing distribution of fast charg-
ing stations.

3.4.1 Multi-class Network Equilibrium (MCNE) Problem

We consider a regional or metropolitan road network represented as a graph G(N, A),
where N is the set of nodes (e.g., intersections or specific locations) and A is the set of
links (i.e., road segments). Each link a € A connects a starting node i to an ending node
j, denoted a = (i, ), where i, j € N. The physical length of link a is d,. Travel demand
occurs between specified origin-destination (O-D) pairs, collectively denoted by the set V.
For each O-D pairw € W, o(w) is its origin node and d(w) is its destination node. EVs can
traverse a set of available paths P* to travel from o(w) to d(w). The relationship between
paths and links is defined by the path-link incidence variable §, ., which equals 1 if path p

uses link @, and 0 otherwise.

a,p’

The total traffic flow on any link a € A is denoted by v,. The travel time onlink a, ¢, (v, ),
is a strictly increasing function of this flow. A commonly used representation is the Bureau
of Public Roads (BPR) function:

t (v,) = t0 {1 +0.15 (U—“>4} (60)

Cq

where t¥ is the free-flow travel time and c, is the capacity of link a.

The network is equipped with charging infrastructure to support EVs. A subset of links,
AC A, may offer dynamic charging capabilities. Additionally, a subset of nodes, N C N,
may host static charging stations.

We consider K distinct types of EV drivers, indexed by k € K. Each driver type k£ may
have different characteristics, such as their monetary value of travel time, 3, (e.g., $/hour).
The travel demand for type-k drivers between an OD pair wis g;’. The flow of type-k drivers
on a path p € P¥ for OD pair w is [ x- The collection of all such path flows for all types,
paths, and OD pairs constitutes the flow vector f = {f;‘jk :Vp € PYVk € K,Vw e W}.

The total traffic flow v, (f) on any link a € A is the aggregation of flows from all driver
types whose paths use that link:
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v =" 3" 106, (61)

’LUEWpeﬁw kEK

The MCNE problem aims to find equilibrium flow distribution f. At equilibrium, for each
O-D pair and EV driver type, all utilized paths are usable (i.e., an EV can complete the
path, possibly with intermediate recharging). Moreover, the generalized travel costs on all
such utilized paths are equal and are no greater than the costs on any unutilized usable
paths for the same O-D pair and driver type. The MCNE problem minimizes a system-
level objective function, where [ is a general parameter converting aggregate travel time
to a monetary equivalent, and s/, is the class-specific generalized cost of recharging for
type-k drivers on path p for OD pair w:

v (f) wofw
min (Z/O L(d:+ 3 S % %) (62)

acA keK weWpeﬁm
St:) fU=qf YweW\VkeK (63)
p€15w
w >0 VYpe P YweW,VkeK (64)

Constraint (63) ensures that for each driver type k& and OD pair w, path flows sum to the
specified demand ¢;’. Constraint (64) ensures all path flows are non-negative.

Shortest Usable Path (SP) Problem

The generalized cost s, for a type-k driver on path p for OD pair w is found by solving an
SP problem. This sub-problem, given link travel times ¢,(7,,) from a current network flow
solution v, determines the optimal path and charging strategy. The decision variables for
this SP problem (for a given w, k) include: binary path selection variables z7, € {0,1} (1
if link a is used, 0 otherwise); dynamic charging duration g, > 0 on links a € A; static
charging duration A", > 0 at nodes i € N; the state of charge (SOC) L}, representing the
SOC upon arrival at node :; and an auxiliary energy balance variable p;/, .
The minimal recharging cost is:

Sgik = (Z géu,keapl + Z h?k(ﬁk + Sips)> (65)

acA ieN
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Therefore, the SP problem can be defined mathematically as:

min (Y Buta(T)rly + Y gupead' + Y h (B + s:p%) (66)
Ny ’ acA ’ ieN 7
1 ifj=o(w)
St: Y = > al,=<-1 ifj=dw) Vje N (67)
acNout aEN™ .
! ! 0 otherwise
Lj)“(w)’k = Lo (68)
LYy — (L;"k + his;) +d, @ — g5 hen = Po Va = (i,j) € A (69)
—K(1—zy,) <pgp < K(1—2yy) Va e A (70)
L+ h;’fk,si < B, Vie N (71)
LY > Ly, Vie N (72)
wo— Va¢ A
Ja.k ¢ (@3
Ogg;j’kgta(ﬁa) VGZ(Z,]) €A
hY, =0 Vig¢ N
Z,k ¢ . (74)
h{. >0 Vie N
zy € 10,1} Vae A (75)

where w is energy consumption rate of EVs. ¢, is the charging rate on dynamic link
a € A with an electricity price p' , while s, is the charging rate at static station i € N with
an electricity price p°. j, is the value of time for type-k drivers. N]‘?’“t is the set of links
originating at node j, and N;" is the set of links terminating at node j. The EV's initial SOC
for type k at the origin o(w) is L, ;. The maximum battery capacity for a type-k EV is By,
and L, ,,, is its minimum acceptable SOC during the trip. K are sufficiently large positive
constants for the Big-M method.

Constraint (67) ensures the selected links z’, form a continuous path. Equation (68)
sets the arrival SOC at the origin o(w) to the given initial SOC, L, ;. The SOC evolution
is primarily governed by constraint (69): the arrival SOC at node j, LY, is determined
by the departure SOC from node : (which is L, + h}’s;, i.e., arrival SOC at i plus any
static charging at i), less the energy d, @ consumed on link a = (3, j), plus any energy
9, 1€, 9ained from dynamic charging on that link. The auxiliary variable p;’,, constrained
by (70), ensures this balance strictly holds (i.e., p;’, = 0) if link a is chosen (z/, = 1).
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The SOC after any static charging at node 1, L + hi’.s;, must not exceed the battery
capacity By, as enforced by (71). The arrival SOC at any node i, L{",, must not be below
the minimum threshold L, ;,,, enforced by (72). Constraints (73) and (74) limit charging
durations. Dynamic charging g;’, is limited by link travel time ¢,(%,) and the battery’s
capacity to store charge, considering the SOC after consumption on the link but before
dynamic charging begins. Static charging %;", is limited by the energy required to fill the

battery from the arrival SOC LY, . Finally, equation (75) defines =7, as binary variables.

3.4.2 Path-based Model Formulation

Each driver aims to minimize their own generalized travel cost, which is a combination
of the value of travel time, the value of time spent charging, and the monetary cost of
electricity. For a given path p and a set of link travel times ¢,(?,) resulting from network
congestion, a type-k driver solves the following optimization problem to determine the
least-cost charging strategy for that path. The decision variables are the dynamic charging
duration g;, , > 0 on links a € A and the static charging duration h}, > 0atnodes i € N.
The SOC upon arrival at node i is Ly, .

Let C}’; (V) be the minimum generalized cost for a type-k driver on path p € Pv, given
the link flows v (which determine the link travel times t,(v,)). This cost is the optimal
objective value from the path-based optimization problem subject to the physical and op-
erational constraints:

%mﬁmm{26mmw > ﬂmﬂ+§:hmmﬂﬁ% (76)

g?,h? - -
Bk LacA(p) acA(p)nA ieN(p)NN

Lg(w),kz =Ly (77)
LYy — (L), + i y.8) +dyw — g, e, =0 Va = (i,7) € A(p) (78)
L2y > Ly, Vi€ N(p) (80)
P=0 Vad¢ A
ga,k ¢ b (81)
0<gl, <t,(7,) Va e A(p)N A
W =0 Vig¢g N ©2)
WP >0 Vie N(p)n N
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where A(p) and N(p) are the sets of links and nodes in path p. The first term is the
monetized cost of travel time, the second term is the monetary cost of dynamic charging,
and the last term is generalized cost of static charging, including the monetized value of
time spent charging and the electricity cost.

Constraint (77) initializes the State of Charge (SOC) for a type-k EV at the origin node
o(w) of its path to a predetermined starting level, L ,. Constraint (78) tracks the EV's
SOC across each link a = (i, j) of the path. The SOC upon arrival at the destination node

L§’ .» is equal to the SOC at the start node ¢ after any static charging (ka JrhZ 53), minus
the energy consumed for traversing the link (d,w), plus any energy gained from dynamic
charging along the link (gg,kea). Constraint (79) ensures that the SOC at any node i, after
completing a potential static charging session, does not exceed the vehicle’s maximum
battery capacity, B,. Constraint (80) enforces that the SOC upon arriving at any node i
along the path must remain above a specified minimum threshold, L,,,,. This prevents
the vehicle from becoming stranded due to a depleted battery. Constraint (81) governs
dynamic charging. It specifies that dynamic charging time g‘Z’k can only be positive on
links equipped with dynamic charging technology (a € /I). Furthermore, the duration of
charging on alink cannot exceed the time taken to travel across thatlink, ¢, (7,,). Constraint
(82) governs static charging. It dictates that static charging time hﬁk can only be positive
at nodes equipped with charging stations (i € N) and must be a non-negative value.

Therefore, we can define the network equilibrium conditions as follows:

e =qp Vwe W, ke K (83)

pePw

Ve =3 3> fUba, Vae A (84)

WEW pe puw keK

[y, >0 Vpe PY weW,ke K  (85)

( Z Bkt + Z ga k:eap

a€A(p) acA(p)nA
D Bt spt) — M}é’> foe=0  VpePrweW (86)
ieN(p)nz\”f
N7 Bt + D> gl eap!
acA(p) aeA( NA
+ Z WP By + 5:0°) = VpE P weW (87)
ieN(p)NN
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where ;" is an auxiliary variable, representing the equilibrium trip generalized cost for
O-D pairw € W.

We assign a Lagrangian multiplier to each constraint: 95(w),k (for 77), &, ,, (for 78), &7,
(for 79), 57, (for 80), m; , and w;, , (for 81), and n;, (for 82). The Lagrangian function £
is:

( Z Brta(vy) + Z ga keap + Z h k(Bp + sip )) + 9§(w>,k(L§<w>,k - Lo,k)

€A(p acA ieN
+ Z "{a,k(Lg,k — L7y — hpk;s + dy@ — g 1€a) Z §ik Lf,k + hi s — By)
a=(1,j)€A(p ) i€N(p
+ Z ﬁ min_le{),k)—i_Zﬂg,k(gg,kz a +Zwak gak +ank hfk
i€N(p acA acA ieN
(88)

Therefore, the stationary conditions are:

0L
oL, = Kgix — K T &k — Bip =0 (89)
— Fpwin T Sotwn T 0o = Botwyx = (90)
Foatw) kT Eatwy k. — Baw) s =0 (91)
0L
Ggp = ol it F ML~ we =0 (92)
a,k
0L
onP. (B +8:p°) — “Zout,ksi + égksi - nf,k =0 (93)
ik

The complementary slackness conditions are:

Ehp(Llp + 08— By) =0 (94)
BEkLupin = LEy) = 0 (95)
Wg,k(gg,k —1t4(v,)) =0 (96)
W k:gg R =0 (97)
Tixhik =0 (98)

The solution must satisfy all original constraints (77) - (82). Thus, the multipliers for all
inequality constraints must be non-negative (&7, 57 ., T5 1, Wh 15 i i = 0)-
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3.4.3 Network Equilibrium with Variational Inequality (NE-VI)

The vector x contains all path flows and all multipliers from the driver's Karush-Kuhn-
Tucker (KKT) subproblem: = = (f*, v*, k*, &%, B*, 0", 7*). The feasible set K is defined by
all network flow rules and the KKT feasibility conditions for the driver’s subproblem.

oL D Bita(vp)+ Yo d@nly = Y (B + Z min)

kaw,p acA(p) acA(p) 1€N(p) 1€N(p
Travel Time Cost Shadow Cost of Energy Consumed Shadow Cost of Battery Limits
D* p* w wk
- (Lo,k)eo(w)vk - § (ta(vg))m Tak (fp,k - fp,k)
N —— — ~
Shadow Cost of Initial SOC acA(p)

Shadow Cost of Charging Time Upper Bound

+ Z [— Z (dyw) - (ﬁg,k - “sz) + Z (By) - (g?,k - f:;)

k,w,p aEA(p) iEN( )
t€N(p 1EN(p)

+ Ytk —at)d >0 (99)

acA(p)

3.4.4 Nonlinear Optimization for Solution

In this section, we solve NE-VI by reformulating it to be the following nonlinear optimization
problem via a technique proposed by Aghassi et al. (2006):
NE-NLP:

va:L:QJTIET‘%&ﬂ,@JF Z Z Bkta(va>+ Z d wm Z Bk:gzk—i_ Z Lmzn

k2w,p  acA(p) ac€A(p) i€EN(p 1EN(p

- Z Lo kﬁp Z ta(UZ)WZk f;fk

1€N(p ac€A(p)
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3.4.5 Charging Lane Location (CLL) Problem

Finally, the overall WCL deployment problem is formulated as:

min Z Z 1y qy

ke K weW
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where ¢, is the cost of constructing WCL on link a per unit distance, I is the total available
budget, and y,, is a binary decision variable equal to 1 if link « is selected to be WCL, and
0 otherwise.

3.4.6 Solution Methodology

The proposed CLL model represents a mathematical program with equilibrium constraints.
Solving such problems is computationally challenging due to the non-convex nature of
complementarity constraints. To address this, we adopt an iterative active-set framework,
originally established by Zhang et al. (2009).

The core principle of this approach is to decompose the problem into manageable
stages. First, we solve a restricted version of the model by fixing the binary deployment
variables, thereby treating the charger locations as constant. This yields Lagrangian mul-
tipliers that represent the sensitivity or marginal value of adding or removing a charger
on specific links. Second, these multipliers define the parameters of a binary Knapsack
problem. Solving the Knapsack problem generates a candidate move, a set of links to
switch from uncharged to charged (or vice-versa) to lower the objective value. This pro-
cess repeats iteratively until convergence is achieved.

Restricted CLL Problem Formulation

To facilitate the active-set method, we partition the set of all candidate links A into two
disjoint, exhaustive subsets for any given iteration: Q, = {a : y, = 0} (links without
charging) and 2, = {a : y, = 1} (links with charging).
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By fixing the binary decision variables y, based on these sets, we formulate the re-
stricted CLL as follows:

min YO+ YaCad, 149
Wﬂ%¢ﬂ%€ﬁ¢ﬂ6{%AJ:MpJ/§;:q;é;/pkqk 2;:21 ( }
S.ty,=0, Vae, (150)

Yo=1 Vaely (151)

Restricted CLL is also subject to all network equilibrium conditions. Although the restricted
CLL retains complementarity constraints, it essentially reduces to a standard Network
Equilibrium Non-Linear Program (NE-NLP) because the integer constraints are fixed. The
optimal solution and the associated dual variables for constraints (150) and (151) can be
retrieved efficiently.

Algorithmic Procedure

The solution search proceeds through the following steps. Convergence properties of this
method are detailed in Zhang et al. (2009).

Step 0: Initialization

Initialize the iteration counter 7 = 1. Define the initial active sets as Q) = 4 and Q} =
(), implying a baseline network with no wireless charging. Solve the NE-NLP under this
configuration. To ensure robustness, if the NE-NLP solution is non-unique, multiple initial
points may be evaluated to select the solution yielding the minimum social cost.

Step 1: Multiplier Estimation

Using the equilibrium flow obtained in the previous step, construct the full primal solution
vector (m, 1, ..., y) for the restricted CLL. Solve the restricted CLL to extract the Lagrangian
multipliers \* and . corresponding to the active set constraints (150) and (151). Calculate
the current total system cost 77" = Zw p¥g" and proceed to Step 2.

Step 2: Iterative Improvement Loop

Initialize a bounding parameter ) = —oco. Update the deployment plan via the following
sub-routine:

(a) Knapsack Sub-problem: Solve for binary decision variables k and & to identify the
optimal set of links to swap:

min Y "Mk, — Y plh, (152)

acQl
0 acQ]

42



(b)

(c)

(d)

3.5

St cudk, — Y cudyhy ST =Y c,d, (153)

acf)f ac2] ac)]

> Nk, — Y phh,>Q (154)
ac] acQ2]

k,, h, €1{0,1} Va € A (155)

where k, = 1 indicates moving link a from €, to 2,, while h, = 1 indicates removing
a charger. If the optimal objective is zero, the algorithm terminates; the current plan
is locally optimal. Otherwise, proceed to (b).

Candidate Set Generation: Calculate the estimated improvement D and define
tentative active sets QO and fll:

D= Mk, — > ukh, (156)
acf)] ac)]

Qo= \{a:k, =1} U{a:h, =1} (157)

Q=@ \{a:h, =1} Ufa:k, =1} (158)

Verification: Solve the NE-NLP using the candidate deployment 3 derived from flo
and Ql. If the resulting social cost 71" < T'T7, the move is successful. Proceed to
Step 2d. If the cost does not decrease, reject the candidate plan. Update the lower
bound Q = D + ¢ (where ¢ is a small positive constant) and return to Step 2a to find
the next best adjustment.

Update: Accept the new configuration: set Q7™ = QO, Q7 = (,, increment 7 =
7+ 1, and return to Step 1.

Key Takeaways

This section fills critical gaps in EV infrastructure planning by establishing comprehen-

sive frameworks to evaluate and compare the established conductive charging station ap-
proach with the emerging wireless approach. The key takeaways from our methodological
framework are as follows:

We developed a general cost-competitiveness model to strategically compare CS and
WCL systems by analyzing the fundamental trade-offs between infrastructure investment
and vehicle battery costs across various operational domains. A major strategic finding of
this analysis is the identification of a scale-independent design principle for both charging
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systems. This principle dictates that the optimal infrastructure density, such as the optimal
fraction of a roadway to electrify for WCLs, is determined by local traffic characteristics,
including traffic density and fleet utilization, rather than the overall physical size of the road
network or total miles traveled.

Recognizing that the battery ranges of current EVs often far exceed typical daily travel
needs, we developed a mathematical model specifically to evaluate charging strategies for
single long-distance trips. This model assesses how mandatory or recommended driver
rest breaks can be strategically utilized for charging, allowing for a structured comparison
between WCL and CS technologies during extended travel.

Finally, we formulated mathematical optimization models to identify the optimal deploy-
ment locations for wireless and static charging infrastructure in two distinct operational
contexts. We developed a model to find the optimal types and locations of chargers re-
quired to electrify a transit agency’s fleet without requiring any alterations to their existing
schedules, routes, or fleet size. Also, we formulated a charging lane location problem
to optimize the placement of WCLs in a transportation network. This model explicitly ac-
counts for the presence of existing static charging stations and the route choices of drivers
who aim to minimize their individual generalized travel costs.

4 Findings

4.1 Economic Comparison

In this section, we conduct a series of numerical studies to provide concrete insights into
the model’s behavior and demonstrate its practical application. We begin by establishing
the baseline parameters for our analysis. Then, we use these parameters to identify the
optimal solution and benchmark the system’s performance. Building on this, we explore
the sensitivity of the optimal design with respect to key system features. Finally, we apply
the complete framework to real-world bus rapid transit (BRT) systems in different cities to
validate our findings and identify practical use cases.

4.1.1 Numerical Settings

We analyze an urban network with a total road length (1) of 500 miles and a total hourly
vehicle-miles traveled (m) of 315,000 miles. The EV fleet is modeled with a utilization
factor (u) of 0.1. Key vehicle parameters include an energy consumption rate () of 0.3
kWh/mile, a usable battery fraction (0) of 0.8, and a WCL power transfer efficiency ()
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of 0.9. System design parameters include a WCL segment length (d,,) of 1 mile and a
maximum CS network occupancy (pn.x) of 80%. In sections 4.1.2 and 4.1.3, we adopt
a fundamental speed-density relationship, whereas section 4.1.4 is a steady-state speed
scenario. Given a free-flow speed (v,) of 35 mph and a jam density (A;) of 200 veh/mile,
we select the uncongested equilibrium from the two possible solutions, resulting in an
average density (\) of 20 veh/mile. Additional calibration parameters include 7, = 0.01
and w = 0.001.

The initial capital cost assumptions and the resulting amortized hourly costs are listed
in Table 5. The relevant conversion is performed using the Capital Recovery Factor (CRF)
method, assuming a uniform annual discount rate of 5%. The formula for the CRF is:

i(1+4)"

CRF = -1

(159)
where i is the annual discount rate and n is the asset’s lifetime in years.

For the two regimes, to cover the most general case, we use the coupled situation to
conduct most of the cases. The BRT system is more of a schedule system that can be
addressed by the uncoupled analysis.

Table 5: Summary of economic parameter derivation.

Component Symbol Upfront Capital Cost Lifetime (n)

WCL Infrastructure

Fixed Cost ct’ $3,000,000 / mile 12 years
Variable Cost ¢¥ $10,000 / kW-mile 12 years
CS Infrastructure

Fixed Cost cs $100,000 / station 10 years
Variable Cost ¢ $1,000 / kW-station 10 years
Battery Technology

Battery Cost ¢, $250 / kWh 10 years

4.1.2 Charging Infrastructure Optimization

Figure 2 compares the fundamental cost structures of the WCL and CS paradigms. Fig-
ure 2a illustrates that for any given charging power (P,,), the total cost of the WCL system
increases linearly with the number of charging segments (V,,), under optimized battery
size (F,). This reflects a system where the total cost is dominated by the marginal ex-
pense of infrastructure, with the y-intercept determined by the aggregate battery cost of
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Figure 2: Comparison of cost structures for (a) WCL and (b) CS systems.

the fleet. The analysis validates that for wireless charging; the optimal design is always

the minimum number of segments required to meet the energy sufficiency constraint.
In contrast, Figure 2b shows the classic U-shaped cost curves of the CS system (For
this visualization, we adopt a higher battery cost scenario to clearly highlight the convex

trade-off). This convex relationship highlights a core economic trade-off: a low number

of stations (IV,) requires the vehicle fleet to have large, expensive batteries to cover the
distance between them. Conversely, a high number of stations increases the total infras-
tructure cost. The optimal point for each power level (P,), represents the ideal balance that
minimizes the total societal cost by perfectly trading off the investment in stations against
the investment in vehicle batteries.
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Figure 3: Comparison of optimal charging power for (a) WCL and (b) CS systems.

Figure 3 compares the total societal cost as a function of the selected charging power



for the fully optimized WCL and CS systems. Figure 3a displays a smooth, convex cost
curve for the WCL system. This U-shape illustrates a direct trade-off: at low power lev-
els, the cost is high due to the large number of charging segments required for energy
sufficiency and the high aggregate battery cost. At high power levels, the per-unit infras-
tructure cost (the c¥’ term) begins to dominate. The optimal power, P;; represents the ideal
technological point that perfectly balances these competing costs. In contrast, Figure 3b
reveals the more complex, piecewise nature of the CS system’s cost. The curve follows
the U-shaped, performance-driven cost function up to the critical power threshold (P )
and then transitions to the steadily increasing, economics-driven cost function. The global
optimum, PZ, is the lowest point on this entire composite curve, representing the best
possible design that considers both the economic trade-offs and the binding performance
constraints of the network.

4.1.3 Sensitivity Analysis

Figure 4 visualizes how the optimal charging system design changes under different oper-
ational conditions. As traffic density increases (Figure 4a), the optimal static station power
P exhibits a concave, inverted U-shape that mirrors the network’s macroscopic flow rate.
At lower densities, power scales up driven by the rising traffic volume to handle increas-
ing vehicle arrivals and minimize access delays; however, as density further increases,
the power requirement collapses because the congestion-induced speed reduction sup-
presses the effective arrival rate and service demand. In contrast, the wireless lane power
P} decreases monotonically, driven by the time-gain effect where vehicles spend more
time over charging segments due to lower speeds. The system exploits this extended
contact duration by reducing the power transfer rate, effectively substituting time inten-
sity for power intensity. Simultaneously, the infrastructure density profiles reveal a shift
in capital allocation where the CS system combats density by adding more discrete sta-
tions (6%), while the WCL system responds by expanding continuous network coverage
(a*), allowing for the substantial reduction in vehicle battery size (E;)). As fleet utiliza-
tion increases (Figure 4b), the strategies diverge to prioritize efficiency. The CS system
consolidates into fewer but exponentially more powerful stations () to minimize service
downtime, a strategy which requires a modest increase in vehicle battery size (E%). The
WCL system, however, shifts the economic burden to the vehicle. The model prescribes
significantly less road infrastructure (o* drops from ~28% to under 4%) in favor of much
larger on-board batteries (E)) to maintain high uptime.

The analysis reveals two fundamentally different infrastructure philosophies. The CS
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Figure 4: Impact of (a) traffic density and (b) fleet utilization on the optimal design param-
eters of CS and WCL systems.

system is a point-based infrastructure that responds to operational pressures by enhanc-
ing the capability of its charging points. The WCL system is a line-based infrastructure
whose design is governed by the core trade-off between the extent of its network cover-
age and the size of the batteries on the vehicles it serves.

Figure 5 visualizes the magnitude of the cost difference (C; — C7;), where brighter col-
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Figure 5: Cost difference of WCL system over CS system across a range of traffic densities
and fleet utilizations.

ors indicate a greater economic advantage for the WCL system. The analysis reveals a
non-monotonic, convex relationship with traffic density. While the WCL advantage initially
grows with density (transitioning from red to deep blue) due to infrastructure amortization,
this benefit is not infinite. At extremely high densities (A > 150 veh/mile), the advantage
begins to diminish as the system approaches the physical jam limit. In contrast, the advan-
tage with respect to fleet utilization is monotonic; as fleets operate closer to 24/7 (u — 1),
the utilization barrier of the CS system widens the performance gap, solidifying WCL as
the superior paradigm for high-uptime operations.

In Figure 6, the indifference frontier represents the breakeven curve where the costs
of the two systems are equal. This boundary divides the parameter space into distinct
regions: the WCL-favored domain (green, top) and the CS-favored domain (blue, bottom).
The sensitivity analysis reveals divergent responses to technological improvements:

+ Battery Cost Reduction (c;): A 50% reduction in battery cost shifts the boundary
down, significantly expanding the WCL-favored region. This implies that WCL is
better positioned to capitalize on cheaper energy storage, likely because it shifts the

system optimal design toward larger, cheaper buffers to maximize power transfer
efficiency, whereas CS benefits are capped by station constraints.

* Vehicle Efficiency Improvement (3): Conversely, enhancing vehicle efficiency (low-
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Figure 6: Regions of economic preference for WCL and CS systems as a function of traffic
density and fleet utilization, under different battery cost or vehicle energy efficiency.

ering energy consumption S by 20%) shifts the boundary up, shrinking the WCL
domain. This indicates that highly efficient vehicles favor the CS model. The logic
is straightforward: if a vehicle consumes very little energy, the range constraints
of the CS system become less harsh, allowing it to remain viable even in higher-
intensity operations. Symmetrically, a 20% increase in energy consumption shifts the
boundary down, favoring WCL. As vehicle efficiency degrades, the stop-and-charge
penalty of CS becomes unmanageable, making the continuous energy delivery of
WCL the superior choice.

Figure 7 provides an analysis of the cost scalability of the two systems, identifying the
critical points at which one technology becomes more cost-effective than the other. The
analysis is presented in two panels, examining the impact of traffic density (A) and fleet
utilization (u) on the cost per Vehicle Mile Traveled (VMT).

Figure 7a illustrates the cost comparison as a function of traffic density, holding fleet
utilization constant at « = 0.1. The WCL system exhibits a U-shaped cost profile: costs
are high in sparse traffic due to infrastructure capitalization, decrease as density rises, but
rise sharply again at high densities (A > 150). The CS system remains relatively stable
across the density spectrum. Consequently, the WCL system is only cost-effective within a
specific density window defined by two crossover points at A = 72.1 and A = 85.8 veh/mile.
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Figure 7: Critical cost crossover points between CS and WCL systems for (a) «» = 0.1 and
(b) A = 10veh/mile

Outside this interval, whether in low-density scenarios or highly congested environments,
the CS system proves to be the more economical choice.

Figure 7b examines cost scalability with respect to fleet utilization, holding traffic den-
sity constant at A\ = 10 veh/mile. Here, the WCL system demonstrates superior scalability,
with its average cost remaining low and stable even as utilization approaches 100%. In
contrast, the CS system exhibits severe diseconomies of scale at high utilization. As u
increases, the cost of the CS system rises exponentially, driven by queuing delays and
capacity constraints. The critical crossover point occurs at u = 0.24. For fleets with low
utilization (u < 0.24), CS is the cheaper option. However, for fleets operating above this
threshold, the WCL system is substantially more cost-effective due to its resilience to high-
throughput demands.

41.4 Real-world Charging Comparison

To demonstrate our framework’s utility as a practical decision-making tool, we apply our
theoretical model to the real-world BRT data from BRTdata (2025). We first process the
raw operational metrics {/, f,v,n} to derive the necessary intensive parameters in Table
6. Given the total circulation length of a route (I), the average operating speed (v), and
the service frequency (f), we first determine the number of active buses (n,) required to
service that route at any given moment. This is found by multiplying the round-trip time
({/v) by the dispatch frequency (f):

na=(4)f (160)



The traffic density (\), defined as the number of active buses per unit length (n/[), can then
be calculated. By substituting the expression for n, the circulation length (I) cancels out,
yielding a simple and powerful expression for density that is independent of the route’s
total length:

)\:g (161)

Table 6: BRT corridors and calculated traffic parameters.

City Length (I) Frequency (f) Speed (v) Total Fleet (n) Active (n,) Density (\) Utilization (u)
(mi) (veh/h) (mph) (veh) (veh/mi)
Amsterdam 56.7 10 35.0 80 16.20 0.29 0.20
Bangkok 15.3 15 26.0 20 8.83 0.58 0.44
Beijing 74.5 60 26.0 187 171.92 2.31 0.92
Bogota 114.4 320 27.2 2363 1345.88 11.76 0.57
Brisbane 28.4 295 375 475 223.25 7.87 0.47
Chengdu 28.8 40 26.0 300 44 .31 1.54 0.15
Dalian 13.7 75 24.0 64 42.81 3.13 0.67
Guangzhou 229 350 24.8 989 323.99 14.11 0.33
Istanbul 52.0 156 35.0 415 232.11 4.46 0.56
Jakarta 251.2 40 19.0 1460 528.84 2.1 0.36
Lima 26.0 117 255 487 119.53 4.59 0.25
New York 102.3 17 16.4 398 105.90 1.04 0.27
Cleveland 11.4 8 17.7 21 5.15 0.45 0.24
Nagoya 6.8 15 30.0 25 3.40 0.50 0.14
Paris 41.2 17 23.5 71 29.80 0.72 0.42
Xiamen 48.9 104 27.0 220 188.76 3.85 0.86
Zhengzhou 30.5 52 18.4 290 85.76 2.83 0.30

Figure 8 illustrates the two distinct economic regimes bounded by the WCL indifference
frontier. The analysis reveals that WCL is the superior choice in environments character-
ized by either high traffic density or high fleet utilization. A significant number of high-
performing Asian and South American systems fall into this category. Notably, Beijing
and Xiamen are identified as prime candidates for WCL due to their extremely high fleet
utilization (v > 0.8), while Bogota and Guangzhou are favored for WCL due to their high
traffic densities (A > 10 veh/mile). Systems like Istanbul, Dalian, and Brisbane lie close to
the boundary, representing marginal cases where the choice is less clear-cut.

Conversely, the model confirms that CS remains the more economical solution for
systems operating with a combination of low traffic density and low-to-moderate fleet uti-
lization. This group includes most of the European and North American BRT systems in
the dataset, such as those in Amsterdam, New York, Paris, and Cleveland, as well as
other systems like Chengdu and Nagoya. For these operational profiles, the high capital
cost of WCL is not justified.

This application to real-world data serves as a powerful demonstration of our theoretical
framework. The indifference frontier is not a simple line but a curve that captures the
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Figure 8: cost-effectiveness regimes for various BRT systems.

complex trade-off between traffic density and fleet utilization. It provides a practical, data-
driven tool for transit agencies to quickly assess which charging paradigm represents the
most economically sound investment for their specific operational context.

The analyses address a critical gap in electric vehicle infrastructure planning: the lack
of a general framework to strategically evaluate the conventional CS paradigm against
the emerging WCL paradigm. By developing a macroscopic cost-competitiveness model
for each technology, we analyzed the fundamental trade-off between infrastructure invest-
ment and vehicle battery costs to determine the optimal system design under diverse con-
ditions. Our analysis revealed several key findings with significant strategic implications.
Most notably, we uncovered a scale-independent design principle from both charging sys-
tems, showing that the optimal fraction of roadway to electrify is an intensive property de-
termined by local traffic characteristics, remarkably independent of the network’s overall
size.

Furthermore, we identified a fundamental divergence in the asymptotic properties of
the two paradigms regarding fleet utilization and traffic density. In the utilization domain,
the technologies exhibit contrasting limits: while CS costs diverge at high utilization due
to mandatory downtime, WCL demonstrates asymptotic stability, maintaining finite costs
even as fleet intensity maximizes. Conversely, in the density domain, the cost profile is
regime-dependent: while WCL capitalizes on monotonic economies of scale under free-
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flow conditions, the coupled traffic dynamics reveal a convex trade-off where these amor-
tization benefits are eventually eroded by congestion. The intersection of these distinct
asymptotic behaviors gives rise to an indifference frontier, a multidimensional decision
boundary determined by the interplay of endogenous traffic physics and techno-economic
parameters. This boundary delineates the specific operational window where the high
fixed costs of WCL are justified by its superior throughput efficiency, separating it from
regimes of sparse demand or extreme congestion where the CS paradigm remains eco-
nomically superior.

Our findings indicate that while in-motion charging offers only modest time and distance
savings for single trips made by light-duty vehicles, these benefits become substantial for
heavy-duty vehicles that make such trips regularly. The aggregate effect is even greater
as the fleet size increases, providing significant advantages for fleet owners. In-motion
charging can also help fleets meet service demands with electric vehicles without ex-
panding the fleet, as it minimizes downtime from stationary charging. Consequently, two
promising applications for IVC technology include intercity highway networks and transit
agencies that operate fixed intracity routes.

4.2 Single Trip

In this section, we present two types of numerical analyses: (i) we conduct a sensitivity
analysis on variables like trip distance and driving range to evaluate their effect on trip
time using the model presented in Section 3.2.1, and (ii) we relax assumptions, such as
the availability of fast charging at each stop, to assess potential trip time savings for real-
world origin-destination routes.

First, we perform numerical examples to investigate the benefits of in motion wireless
charging for light-duty EV users. The model was implemented using Python and solved
with the Gurobi optimization software. We consider trip lengths of up to 3,690 miles, the
longest driving distance in the U.S., stretching from Cape Flattery, Washington, to Key
West, Florida. We conduct a sensitivity analysis on EV battery capacity (F) and the wire-
less and charging power (p,,). Table 7 shows the default values employed throughout this
section.

Figure 9a shows the total trip time, including mandatory stops, while Figure 9b displays
differences in total trip times with and without wireless charging. The maximum trip time
difference is 1.5 hours for trips longer than 3,600 miles. On average, trips without wireless
charging are 0.65 hours longer due to recharging time. The downward steps in Figure 9b
result from rest stops after reaching the maximum driving period. For instance, with an EV
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Table 7: Default parameter values.
Parameter  Value [unit]

E 100 [kWh]
Q, 0.9

a, 0.9

Ié; 0.25 [kWh/mi]
0 1.0

Pp 350 [kW]
Do 50 [kW]

T 8.0 [hr]

t" 0.5 [hr]

v 70 [mph]

range of 400 miles (E = 100[kWh| and 8 = 0.25[kW h/mi]), trips up to 400 miles do not
require stopping, taking under 8 hours with or without wireless charging. For trips between
400 to 560 miles, the maximum traversable distance in 8 hours at 70 mph, the EV must
stop to recharge if not using wireless charging, creating a half-hour gap in total trip times.
For trips from 560 to 800 miles, one stop is necessary as the trip exceeds maximum driving
hours without rest, regardless of wireless charging usage, decreasing the total trip time
difference to zero.

Figure 10 shows the impact of battery size on the travel time difference with and with-
out in-motion wireless charging. As expected, the difference decreases as battery size
increases, and a battery size of 140 kWh, or a range of 560 miles, completely eliminates
the time difference.

Figure 11 illustrates the length of wireless charging lanes required for various charging
power levels. As charging power increases, the necessary length decreases significantly.
Similar to trip time difference (Figure 9b), reductions in the required length occur when
vehicles reach their maximum driving time without resting.

Then, we consider 9 cities across the state of Michigan, as displayed in Figure 12.
For each pair of cities, we calculated the shortest path based on distance within Michigan,
and estimated their travel times. Table 8 shows travel distances in miles, which are placed
above the diagonal, and their corresponding estimated travel times, presented below the
main diagonal.

We consider an electric vehicle with a battery capacity of 70 kWh and an energy usage
rate of 0.25 kWh per mile, which provides a driving range of 280 miles on a full charge.
For the 17 origin-destination (OD) pairs with travel distances under 285 miles, the EV can
complete the journey without additional charging, so in-motion wireless charging offers no
time savings. For the remaining 19 OD pairs, we determine the necessary stops at existing
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charging stations to complete the trip. Table 9 presents the charging time at each stop,
and both travel time and distance savings if in-motion wireless charging allowed the trip
to be completed without stopping for charging. When calculating the travel time savings,
if the total trip time based on Table 8 is longer than 8 hours, we add a 30-minute rest stop.
Travel distance savings occur when the EV must diverge from its route to access charging
stations. We can see that if in-motion wireless charging were available, the average travel
time saving for all 36 OD pairs would be 18.4 minutes, with the highest saving being 56
minutes. Moreover, the additional travel distance required to access existing charging

Table 8: Travel distances in miles (shown above the diagonal) and corresponding esti-
mated travel times (shown below the main diagonal) for selected cities in Michigan.

Copper Harbor | Detroit | Grand Rapids | Ironwood | Kalamazoo | Mackinaw City | Marquette | New Buffalo | Traverse City

Copper Harbor 602 548 156 598 313 147 656 414
Detroit 9:27 157 599 140 289 455 214 255
Grand Rapids 8:51 2:21 548 52 228 403 110 143
Ironwood 2:59 9:14 8:46 655 311 146 655 412
Kalamazoo 9:37 2:07 0:51 10:08 286 453 79 193
Mackinaw City 5:33 4:00 3:43 5:16 4:15 167 345 102
Marquette 2:51 6:40 6:12 2:34 6:57 2:52 510 268
New Buffalo 10:26 3:04 1:44 10:08 1:16 4:53 7:33 245
Traverse City 7:32 3:56 2:21 7:15 3:06 2:09 4:46 4:25
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Table 9: Charging times and saved travel time and distance if in-motion charging were

available.
OD pair Charging times [min] | Travel time saving [min] | Travel distance saving [mi]
Copper Harbor, Detroit 23, 30, 18 41 1
Copper Harbor, Grand Rapids 14, 31, 18 33 1
Copper Harbor, Kalamazoo 23, 31,18 42 2
Copper Harbor, Mackinaw City 13 13 0
Copper Harbor, New Buffalo 23, 18, 30, 15 56 7
Copper Harbor, Traverse City 23,15 38 17
Detroit, lIronwood 24,31, 20 45 3
Detroit, Mackinaw City 13 13 2
Detroit, Marquette 19, 28 47 4
Grand Rapids, Ironwood 7, 30, 24 31 0
Grand Rapids, Marquette 5,30 35 1
Ironwood, Kalamazoo 32,24,15 41 3
Ironwood, Mackinaw City 13 13 0
Ironwood, New Buffalo 15, 17, 27 ,20 49 6
Ironwood, Traverse City 15,19 34 17
Kalamazoo, Mackinaw City 12 12 1
Kalamazoo, Marquette 14, 31 45 2
Mackinaw City, New Buffalo 5,16 21 0
Marquette, New Buffalo 5,27, 20 52 6
Sum 661 73

facilities is up to 17 miles, with an average of 2 miles, because many are strategically
located along major roads.

4.3 Transit Systems

To help transit agencies and policymakers evaluate the transition to an electric fleet with
the model discussed in the previous section, we have developed a web app available at
https://transit-electrification.streamlit.app/. Users can choose a transit agency from a list
that features most urban transit agencies in Michigan and enter parameters like electric
bus range, bus energy consumption, stationary and in-motion charging powers, and sta-
tionary charging setup duration. The app determines the number and optimal placement
of stationary chargers, along with the location and required length of in-motion chargers,
displaying these results on a map. Figure 13 presents a screenshot of the developed web
app. The web application produces a report summarizing the analysis details, such as
block distances and the bus ranges for routes traversing each block, among other find-
ings. A sample report can be found in Appendix 8.7. Furthermore, the web application
is fully open-access, allowing users to copy the project and modify the underlying GTFS
data. This flexibility is highly valuable for accommodating recent schedule changes or
comparing multiple operational schedules. For additional support or inquiries, users can
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Figure 13: Screenshot of developed web app available at https://transit-
electrification.streamlit.app/.

reach out to the research team via the contact information provided on the application’s
home page.

In solving the model, we use GTFS data from transit agencies, which are freely avail-
able on their websites. Given that buses are larger than light-duty vehicles, they have
bigger batteries but consume more electricity. We consider a battery capacity of 250
kWh and energy consumption of 2.5 kWh/mi, resulting in a 100-mile electric bus range.
Similarly, buses can have multiple charging pads, so we assume a wireless stationary
charging power of 250 kW and an in-motion charging power of 80 kW. The plug-in sta-
tionary charging power is assumed to be 350 kW. We also assume the setup time for
stationary chargers is 3.5 minutes for plug-in and 0.5 minutes for wireless. We assume
that the buses have access to chargers at the depot for overnight charging and, therefore,
start their service with a fully charged battery.

The cost of building stationary or wireless chargers in various locations can depend on
factors such as grid network properties and pavement repair schedules. In the absence
of access to this information, we assume that the cost of building stationary chargers is
uniform across all stops and is considerably lower than that of building in-motion chargers.
Additionally, we assume that the cost of building in-motion chargers is the same across
all segments.
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Table 10: Feasible blocks and charger configurations for different transit agencies.

. No Stationary plug-in Stationary wireless Stationary and in-motion
Transit . Number .
City charger charger only charger only wireless chargers
agency of blocks
Number Number Number Number Number of Length of
: ; Number of : Number of . . . .
of feasible | of feasible chargers of feasible chargers of feasible  stationary in-motion
blocks blocks 9 blocks 9 blocks chargers charger [mi]
BATA Traverse 28 13 28 10 28 11 28 11 0
City
CATA Lansing 88 23 78 6 85 8 88 9 40.6
DDOT Detroit 329 205 322 18 323 22 329 22 31.6
MAX Holland 8 0 8 1 8 1 8 1 0
METRO | Kalama- 26 3 22 3 22 4 26 9 7.6
Z00
Smart Detroit 332 130 331 27 331 31 332 31 1.7
The Grand 112 21 110 7 112 9 112 9 0
Rapid Rapids
The Ann 98 33 43 2 75 8 98 15 14.6
Ride Arbor-
Ypsilanti

Since the web app is publicly accessible, we did not perform a sensitivity analysis but
considered a relaxed model version where some blocks cannot be electrified without in-
motion wireless chargers. To achieve this, we relax constraints (59) by defining a new
binary decision variable w,, which equals 1 if the constraints are violated, and include it
as a penalty term in the objective function. Hence, the modified objective function and
constraints are:

minZ:Zci~xi+ch~yk+ZM-ub
1 k b

k
Spr > —M -y,

(52.a)

Vbe B,rec Ry, ke X, (59.a)

where M is a sufficiently large number. Table 10 shows the results for 8 major urban
transit agencies in Michigan.

The third column presents the total number of blocks operated by each transit agency.
Generally, the agency’s fleet size matches the number of blocks, along with a few extra
vehicles reserved for maintenance and training purposes. The fourth column presents the
number of blocks with distances shorter than the bus range, allowing them to be covered
by electric buses without needing to charge during their schedule. The fifth and sixth
columns present results for scenarios with only plug-in stationary chargers. Due to the
penalty for infeasible blocks being much higher than the cost of adding plug-in chargers
at stops, the model finds the minimum number of stops needed to enable most blocks,
taking into consideration the blocks schedules and charger properties. This means buses
need to wait at a stop longer than the plug-in charger setup time of 3.5 minutes, and
the recharged energy must make at least one block feasible for selection. The seventh
and eighth columns show results for when only stationary wireless chargers are used,
which have a shorter setup time and lower power output. Finally, the last three columns
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Figure 14: The optimal location of stationary plug-in chargers.

illustrate the results from using both stationary and in-motion wireless chargers. Here, all
blocks become feasible by implementing in-motion wireless chargers, and the last column
provides the length of the necessary in-motion wireless track in miles.

The selected transit agencies encompass a variety of scenarios, from smaller agencies
like MAX in Holland, which has 8 blocks, to larger ones like DDOT and SMART in Detroit
and the surrounding metropolitan area, with over 300 blocks. None of the chosen agencies
can fully electrify their fleets without additional chargers, as indicated in the fourth column.
The number of blocks with distances less than 100 miles ranges from 0 out of 8 blocks in
Holland to 205 out of 329 blocks for DDOT in Detroit. We can see that all 8 blocks of the
MAX transit agency can be electrified by adding a stationary plug-in charger at a single
location, as shown in Figure 14a. Similarly, all 28 blocks of BATA in Traverse City can
be electrified with plug-in chargers installed at 10 locations, as shown in Figure 14b. For
other agencies, using only plug-in chargers can enhance the number of feasible blocks.
For instance, in SMART, only 1 out of 332 blocks remain infeasible with installing plug-in
chargers in 27 locations.

Similarly, different scenarios emerge among the agencies when we consider only
stationary wireless chargers. For the MAX transit agency, the number and placement
of chargers remain unchanged in comparison to plug-in charger. However, BATA and
SMART require more chargers to achieve the same number of feasible blocks compared
to using plug-in chargers, due to the lower charging power of wireless chargers. In other
agencies, stationary wireless chargers can increase the number of feasible blocks. For
example, The Rapid can electrify all blocks by installing stationary wireless chargers at
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Figure 15: The optimal location of stationary wireless chargers for The Rapid transit
agency.

9 locations, as shown in Figure 15, due to the reduced setup time of wireless chargers
compared to plug-in chargers.

Finally, with a combination of stationary and in-motion wireless chargers, all agencies
are able to electrify their blocks using 100-mile range buses without modifying their op-
erations. For instance, the SMART agency, which could electrify 331 blocks with either
27 stationary plug-in chargers or 31 stationary wireless chargers, requires 1.7 miles of in-
motion wireless track to accommodate the remaining 1 block. The CATA and DDOT agen-
cies require in-motion wireless tracks of 40.6 miles and 31.6 miles, respectively. These
agencies have blocks characterized by long routes and tight schedules, necessitating the
installation of in-motion wireless tracks along nearly the entire length of these routes. Fig-
ures 16a and 16b shows the location of stationary and in-motion wireless chargers for
these agencies.

4.4 Intercity Highway Network

We received the roadway network and OD demand matrices for automobiles, single-unit
trucks, and multi-unit trucks from the Michigan Department of Transportation (MDOT).
The provided network is highly detailed within Michigan, including lower-class facilities
(e.g., local roads), whereas the representation outside Michigan is intentionally sparse
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(a) CATA transit agency.

(b) DDOT transit agency.

Figure 16: The optimal location of stationary and in-motion wireless chargers.
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and largely limited to major arterials that connect Michigan to the rest of US and Canada.
Figures 17 illustrates this contrast: Michigan appears as a dense mesh, while the out-of-
state network primarily preserves long-distance connectivity. In addition, Figure 18 shows
the zoomed view of all links inside Michigan.
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Figure 17: Full network.

Because the objective of this study is to evaluate charging-related infrastructure on
corridors most relevant to intercity travel, we restrict the scope to the state of Michigan
and retain only major arterial links. This filtering step substantially improves computational
tractability. The resulting analysis network is shown in Figure 19; the retained links form
a statewide backbone that connects major activity centers and principal corridors in both
peninsulas.

In the original MDOT OD dataset, origins and destinations may be placed on any road-
way class, including links that are removed during filtering. To ensure that every OD pair
remains connected on the analysis network, we aggregate demand to the county level
and represent each county by a node that lies on the modified network and is chosen to
be representative of the county’s spatial center. Practically, this is implemented by map-
ping each county to a feasible analysis-network node (e.g., the node closest to the county
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Figure 18: Zoomed view over Michigan.

centroid) and then summing OD flows by county-to-county pair and vehicle class.

During aggregation, OD pairs shorter than 20 miles (measured on the original network)
are excluded. The rationale is that short trips are more likely to be served by local roads
that were removed from the analysis network and are also less likely to require en-route
fast charging or in-motion charging to complete the trip. For the remaining trips, we as-
sume vehicles begin with an initial state of charge equal to 85 percent of battery capacity to
account for access travel from the original OD location to the county representative node.
We further enforce a minimum reserve range of 10 miles to avoid solutions that rely on
complete battery depletion. Figure 20 visualizes the resulting county-level OD structure.
The straight lines are plotted for visualization only to show the spatial distribution of OD
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Figure 19: Modified Michigan network used for assignment and infrastructure optimization

connections and do not count for routing and costs which will be computed along network
paths.

To verify that the reduced network and aggregated OD set provide a reasonable rep-
resentation of system usage patterns, we computed a user equilibrium (UE) traffic assign-
ment on the modified network without taking into account the driving range of the vehicles.
The resulting UE conditions provide a consistency check that major corridors attract flow
in expected ways under the reduced representation. Figures 21a and 21b report the UE
link speeds and volume-to-capacity (V/C) ratios, respectively. Broadly, the results exhibit
higher speeds on uncongested links and lower speeds (with correspondingly higher V/C
ratios) on major commuter/freight corridors, consistent with expected travel patterns on
Michigan’s arterial backbone.

We incorporate existing public DC fast-charging stations (Level 3) obtained from the
U.S. Department of Energy’s Alternative Fuels Data Center. Each station is mapped to
the analysis network by adding connector links as needed so that chargers are reachable
from the retained arterial links. Level 1 and Level 2 chargers are excluded because their
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Figure 20: County-level OD representation after aggregation and exclusion of short trips.
Straight lines indicate OD connections for visualization.

vIC ratio

Figure 21: User equilibrium (a) speed and (b) V/C ratio conditions on the modified network.
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Figure 22: Public DC fast chargers (blue dots) mapped to the modified network (black
links).

charging rates are not intended for typical en-route recharging over intercity travel. Figure
22 shows the resulting DC fast charger set overlaid on the modified network. The spatial
distribution is non-uniform, with substantial clustering in urbanized areas and along major
corridors, which is important for interpreting when wireless charging complements versus
substitutes for stationary charging.

Finally, we solve the optimization model in Section 3.4.5 under three budget levels
($50M, $100M, and $200M) and three in-motion wireless charging power levels (25, 50,
and 100 kW). In the following figures, regular arterial links are shown in black, selected
IVC lane segments are highlighted in green, and existing DC fast chargers are shown as
blue points.

For power levels of 25 kW and 50 kW, the optimal IVC investment under $50M and
$100M budgets is identical, and the model uses only $5.2M. As shown in Figures 23a
and 23b, the selected infrastructure is a short segment near the Grand Rapids area. This
outcome indicates that, under low charging power, many candidate IVC investments yield
limited marginal reductions in generalized user cost; therefore, the model concentrates
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(a) Statewide view. (b) Zoom view.

Figure 23: Optimal IVC lane placement under low-power charging (25 and 50 kW) and
moderate budgets ($50M and $100M).

on a location where even a short electrified segment can extend effective range for some
itineraries and reduce the need for an additional stationary charging stop.

When the available budget increases to $200M (still at 25 kW or 50 kW), the model
selects substantially more IVC links, concentrated in Wayne County (Figure 24), and uses
approximately $175M. This shift is consistent with the high density of demand to/from the
Detroit metropolitan area. IVC segments on heavily used corridors can provide meaningful
time and inconvenience savings by enabling additional energy intake without stopping,
even in a region that already has many fast chargers.

At 100 kW, the model finds cost-effective IVC investments even at $50M and $100M
budgets, using approximately $43M. Figures 25a and 25b show that selected links again
appear near Grand Rapids, indicating that higher power increases the per-mile energy
benefit of IVC segments and makes deployment attractive on fewer, shorter corridors.
These IVC segments complement the existing fast-charging network by reducing reliance
on dwell-time-intensive stops for some trips.

When the budget increases to $200M, the 100 kW solution shifts toward the same
southeast Michigan (Wayne County) investment pattern observed under low-power charg-
ing with $200M, reflecting that high-demand corridors dominate the marginal benefits once
sufficient funds are available to electrify multiple links.
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Figure 24: Optimal IVC lane placement for 25, 50, and 100 kW under the $200M budget.
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Figure 25: Optimal IVC lane placement under higher-power charging (100 kW) and mod-
erate budgets.
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4.5 Key Takeaways

This section applies the methodological frameworks established earlier to conduct con-
crete numerical studies and real-world validations, yielding critical insights into the com-
parative performance of conductive and inductive charging technologies. The key take-
aways from our findings are as follows:

Our numerical studies reveal distinct, boundary-defining operational domains for each
charging infrastructure. Most importantly, WCL is substantially more cost-effective in en-
vironments characterized by high traffic density and high fleet utilization (such as commer-
cial or autonomous operations), while CS remains economically superior for low-density
and low-utilization networks.

For single, long-distance trips utilizing light-duty EVs, numerical evaluations show
that in-motion charging yields relatively modest time savings averaging just 18.4 minutes
across the evaluated regional routes in Michigan. This limited temporal benefit occurs
because the required charging periods frequently overlap with natural driver rest breaks,
effectively neutralizing the time-saving advantage of continuous charging for casual pas-
senger travel.

To bridge the gap between theory and implementation, we developed a publicly acces-
sible web application that uses real-world GTFS data to optimize infrastructure for transit
agencies. The tool allows policymakers to determine the optimal number and placement of
varying technologies, evaluating the trade-offs between stationary and in-motion wireless
segments across transit routes. Our analyses of major Michigan urban transit agencies
indicate that even stationary wireless chargers allow buses to recharge during brief stops
for passenger boarding and alighting, enabling the electrification of transit buses without
requiring schedule changes or fleet size increases.

The State of Michigan road network analysis demonstrated how in-motion charging can
complement existing fast chargers. We found that optimal deployment is highly sensitive to
wireless power capacity and available budget; for example, under a $200 million budget
at 100 kW charging power, investments optimally shift to high-demand corridors (e.g.,
Southeast Michigan) to maximize the per-mile energy benefit and reduce travel time due
to stationary charging stops.

5 Discussion

The results presented in this study offer a multi-faceted evaluation of IVC technology, clar-
ifying its role within the broader ecosystem of transportation electrification. By analyzing

72



both transit and intercity highway use cases, we identified distinct mechanisms through
which IVC generates value, validating our initial hypotheses regarding range anxiety miti-
gation (H1) and the existence of high impact locations (H3).

In the context of public transit, the analysis confirms that while stationary plug-in charg-
ers are sufficient for smaller agencies with shorter blocks, they fail to support the full
electrification of larger, more complex systems without disrupting existing schedules. For
agencies such as DDOT and SMART, the dwell time required for plug-in charging often
exceeds the available operational windows. In contrast, IVC, particularly in-motion charg-
ing, decouples energy transfer from vehicle dwell time. This finding supports Hypothesis
2 (H2), demonstrating that current or near-future IVC specifications (e.g., 80—-100 kW dy-
namic transfer) are technically sufficient to enable operations that are otherwise infeasible
under stationary (both plug-in and wireless) strategy. The trade-off, however, lies in cap-
ital investment; while in-motion infrastructure ensures 100% block feasibility, it requires
significantly higher upfront costs compared to stationary solutions. This suggests that a
hybrid approach, prioritizing stationary wireless chargers at high-frequency stops and re-
serving in-motion segments for the most demanding routes, may offer the optimal balance
between cost and operational continuity.

For the intercity highway network, our macroscopic models reveal that IVC optimal
placement is a complement to, rather than a replacement for the DC fast-charging net-
work. The sensitivity analysis indicates that the value of IVC is highly dependent on power
transfer levels and available budget. At lower budget levels, deployment is scattered and
less effective at offsetting the time costs of stopping. However, at higher investment bud-
get, the optimal deployment shifts decisively toward high-density corridors, such as those
surrounding Wayne County. This shift occurs because of higher budget levels, allow-
ing longer wireless lane segments which provides meaningful range extension. This also
validates the high impact locations (H3), showing that targeted investments in specific
high-volume links can yield disproportionate benefits in reducing network-wide travel time
and range anxiety.

Furthermore, the economic comparison emphasizes that [VC’s competitiveness is in-
trinsically linked to EV utilization and traffic density. Unlike personal EVs, which may
sit idle for long periods, commercial and transit fleets with high utilization rates amortize
the infrastructure cost more effectively. Consequently, the immediate pathway for IVC
adoption in Michigan appears to be through shared, high-utilization assets such as tran-
sit systems where the technology’s ability to minimize downtime translates directly into
economic value.
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6 Conclusions

This project sets out to evaluate the efficacy, optimal placement, and economic viabil-
ity of IVC technology within the State of Michigan. Through a combination of literature
review, stakeholder engagement, and rigorous mathematical modeling, we have devel-
oped a comprehensive framework for identifying high-impact use cases for this emerging
technology.

The findings of this study position IVC not as a universal solution, but as a specific
tool within a rapidly evolving electrification landscape. Public transit represents the most
immediate and viable use case for IVC because buses operate on fixed routes, allowing
for consistent utilization of installed infrastructure. Our analysis of Michigan major urban
transit agencies reveals a clear operational divide. Smaller agencies can typically electrify
their entire systems using plug-in charging or stationary IVC at terminals and stops without
disrupting operations. However, for larger urban agencies (e.g., DDOT, SMART), current
schedules often exceed the range and dwell-time capabilities of standard electric buses.
For these larger networks, agencies must choose between: (1) increasing fleet size to
allow for rotation and charging downtime, (2) altering service schedules to accommodate
longer dwell times, or (3) deploying in-motion IVC to charge while driving for full electrifica-
tion of their system. The optimal decision is strictly economic, balancing the capital cost
of IVC construction against the recurring labor and capital costs of expanding the fleet,
or changing the service. To assist in this complex decision-making process, this project
developed a web-based application that allows agencies to simulate these scenarios and
identify the most cost-effective strategy for their specific routes.

For intercity travel, the benefits of IVC are more constrained. With the increasing range
of modern EVs and the necessity for drivers to rest during long trips, the time and distance
savings provided by IVC for any single individual trip are limited. However, our optimal
placement model indicates that the optimal implementation for dynamic charging is on
major arterials with high traffic flow. These corridors offer two distinct advantages: first,
the high volume of vehicles extends the infrastructure’s benefit to a larger user base;
second, the characteristically lower speeds on these arterials result in longer travel times
over the charging segments. This increases the total energy transferred per vehicle pass,
maximizing the utility of the wireless charging.

Finally, it is critical to contextualize these findings within the broader scope of ongoing
battery research and development. Significant effort is currently focused on improving
battery chemistry to increase charging speeds to match the refueling time of internal com-
bustion vehicles (Liu et al., 2025; Pan et al., 2025). If ultra-fast charging becomes ubig-
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uitous and comparable to gas station refueling, the necessity for charging while driving
would largely diminish. Therefore, IVC should be viewed as a bridging technology or a
specialized solution for high-utilization fleets, rather than a permanent requirement for all
electric mobility.

Based on our findings, we recommend a targeted deployment strategy for wireless
charging in the State of Michigan that initially prioritizes Southeast Michigan to support
transit agencies like DDOT. Embedding this infrastructure into public roadways guaran-
tees immediate and consistent utilization by transit fleets. Crucially, this transit-first ap-
proach lays the groundwork for broader adoption, allowing commercial and private vehicle
owners the time to gradually integrate wireless charging receivers into their vehicles. Fur-
thermore, focusing on Southeast Michigan aligns with the optimal deployment locations
identified in our statewide network analysis.
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8 Appendices

8.1 List of Acronyms

Acronym Definition

BPR Bureau of Public Roads

BRT Bus Rapid Transit

CLL Charging Lane Location

CS Charging Station

DC Direct Current

EV Electric Vehicle

GHG Greenhouse Gas

GTFS General Transit Feed Specification

HJA Infrastructure Investment and Jobs Act
IVC Inductive Vehicle Charging

KAIST Korea Advanced Institute of Science and Technology
KKT Karush-Kuhn-Tucker

MCNE Multi-class Network Equilibrium

MDOT Michigan Department of Transportation
NE-NLP  Network Equilibrium Non-Linear Program
NE-VI Network Equilibrium with Variational Inequality
O-D Origin-Destination

SAE Society of Automotive Engineers

SOC State of Charge

SP Shortest Path

UE User Equilibrium

V/C Volume to Capacity

VMT Vehicle Miles Traveled

WCL Wireless Charging Lane
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8.2 Proof of Proposition 1

Proof. The total minimized cost C(P,) is a piecewise function based on the two regimes
defined by the critical power threshold P, ;; (from (24) in the main text):
C P if P, <P, i
C:(PS) _ { s,perf( s) . s = + s,crit (162)
Cs,econ (Ps> if Ps > Ps,crit
where Cs,perf(Ps) = (6f + CSPs) (#@—u)) + Gn (W) and C's,econ(Ps) =

2\/%””3(0? + ¢5P,). We analyze each piece to find the global minimum.

[

(1) Analysis of the Economics-Driven Regime (P, > P, ;)

The cost function in this regime, C; .o, (P, ), is strictly increasing with respect to P, since
its derivative is always positive. Therefore, its minimum value on the domain (P 4, 00)
occurs at the boundary point, P; ;.

(2) Analysis of the Performance-Driven Regime (P, < P, )

The cost function in this regime, C, ,.(P;), is a convex function. To find its unconstrained
minimum, we take the derivative with respect to P, and set it to zero:

dCS»perf - _ Efmﬁ cbnlpmax(l _ 'LL) —0 (163)
dP, P2 prax(1 — u) om
Solving for P, gives the unconstrained minimum for this piece, which we denote Py e’
cim2 56
* = 164
o=\ A 16

(3) Consistency Check

Next, we must prove that this solution is always consistent, meaning it falls within its valid

domain (P; ,os < P; o) This is equivalent to showing that the condition for being in the
performance-driven regime, N7 .. > NJ ¢con, holds true when evaluated at Py ;. After
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squaring both sides, the condition is:

m? 32 cynlf
> = (165)
(P5)?pihax (1 —u)? — (6] + c3P5)0
Substituting the expression for (JTDS""perf)2 from (164) into the left-hand side gives:
2102
- = ar? (166)
(cbnl;%ax(lfu)Q) pr%naxﬂ - u)Q 1
The inequality becomes:
chnlB > cpynlfs (167)
e (¢§ + c5Px)6
Since all parameters are positive, we can cancel the common term Cb’;lﬁ, leaving:
1 ~ ~
= +cPi>c = P >0 (168)

s = s S Dx*
ci — ¢ +csP;

This condition is always true, confirming that P; . is always a valid solution within the
performance-driven regime (or on its boundary).

(4) Conclusion

Since the minimum of the performance-driven regime, P; ., is always a valid solution
within its domain, and the cost in the economics-driven regime, C ¢, (P;), only increases
as power moves away from the boundary point P; ., the global minimum of the entire

piecewise cost function C;;(P,) must occur at P} ;. Therefore, P = P; .. O

8.3 Proof of Corollary 1.1

Proof. From the fully optimized static charging (CS) model, the optimal number of stations
is:

N — 4| @5 (169)
ci0
The optimal station density, 4%, is found by dividing by the total road length, I:
. N 1 lgnlB B n
B=T T Z\J e\ o ol (170)
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The fleet density n/l can be expressed in terms of the model’s system characteristics:

n (ng/u)  (Alju) X
A B an

Substituting this back into the expression for station density yields the final, scale-

independent form:
57 = | 2 (172)
ci0u

The resulting expression for ¢ is independent of the parameters L and m. O

8.4 Proof of Proposition 4

Proof. We differentiate the cost functions with respect to \:
1. Amortization Rate (Low Density): For WCL, the marginal savings from density
are driven by the linear decay of the track cost:

A S (Rapid Decay) (173)

For CS, the marginal savings come only from the square-root battery term, as the variable
charger cost is constant:

a.J,
O\

1
~ —§>\—3/2 (Slower Decay) (174)

Thus, WCL gains efficiency faster than CS as traffic grows.
2. Congestion Sensitivity (High Density): As A — A speed v — 0. WCL costs

diverge proportionally to % (affecting both infrastructure and time). CS costs also diverge,

jam?

but the infrastructure component remains unaffected by speed, making the total sensitivity
to congestion lower than that of WCL. O

8.5 Proof of Proposition 5

Proof. We examine the limit as utilization approaches unity (v — 17):

1. Static System: The variable infrastructure term depends on the charging power
f}alazf%a. .

lim J,(u) = Constant + lim _ @b

u—1- u—1- pmax<1 — 'LL)

= +o0 (175)
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This divergence confirms that static charging is structurally incompatible with continuous
operations.

2. Wireless System: The WCL infrastructure terms depend on utilization only via fleet
size scaling (N,, oc u~1/2 or u~'), not dwell time constraints.

. K,(1) "
lim J,(u) = —-=" + --- = Finite Value 176
Jim () = S (176)
Since the limit exists and is finite, WCL acts as an operational stabilizer for high-uptime
fleets. O

8.6 Proof of Proposition 6

Proof. The indifference frontier is the set of points (), u) where the cost difference function
F(\u) = (j;‘jm = é;,m = 0. The proof proceeds in two parts: first, we prove the existence
of this boundary, and second, we analyze its sensitivity to key parameters.

Part 1: Existence of the boundary

We prove the existence of the boundary by analyzing the asymptotic behavior of the con-
tinuous function F(\, u) at the boundaries of the operational domain.

» Behavior with respect to Traffic Density ()\):
— As )\ — 0, the WCL cost grows faster (O(1/))) than the CS cost (O(1/v/))),

thus ' — —oo0.

- As A — Aj,,,, the CS cost converges to a higher positive constant than the

WCL cost, thus F' > 0.

Since I transitions from negative to positive along the A axis for any fixed u, the
Intermediate Value Theorem (IVT) guarantees a root A\ (u) exists.

» Behavior with respect to Fleet Utilization (u):

— As u — 0, the WCL cost grows faster (O(1/u)) than the CS cost (O(1/\/u)),
thus F' — —oo.

— As u — 1, the CS cost approaches infinity while the WCL cost remains finite,
thus F' — +o0.
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Since F'transitions from negative to positive along the u axis for any fixed A, the IVT
guarantees a root ug; () exists.

The existence of these roots for any given A\ or u confirms that a continuous boundary
must exist.
Part 2: Sensitivity of the boundary

By the Implicit Function Theorem, the sensitivity of a critical point (e.g., A.) to a change
in any parameter p, is given by:

it _ _aF/api
op; OF JOX

(177)

A detailed analysis shows that at the crossover point, the denominator 0F /O\ is positive.
Therefore, the sign of the sensitivity is the opposite of the sign of the numerator, 9F/0p,.
We analyze the numerator for each parameter:

* WCL Costs (c¢}’,c¥): An increase in WCL costs decreases F. Thus, 0F /0c"” < 0.

The sensitivity is % = —% > 0, SO A4t IS an increasing function.

» CS Costs (¢7,¢5): Anincrease in CS costs increases F. Thus, 0F/0c® > 0. The

sensitivity is 2t — ~H 20,50 Aorit 1S @ decreasing function.

ocs — (+)

» CS Throughput (p,,,,,): Anincrease in p,,, .. decreases C, and therefore decreases
F. Thus, 0F/0p,,,.. < 0. The sensitivity is ;;Aﬁ = —% > 0, SO A\ IS an increasing
function.

+ WCL Parameter (y): An increase in v decreases C,, and therefore increases F.
Thus, 0F /9y > 0. The sensitivity is ag_;m = —% < 0, s0 At is a decreasing
function.

 Travel Time Coefficient (w): An increase in w increases C, and therefore increases

F. Thus, 0F /0w > 0. The sensitivity is % = —% < 0, s0 A\t is a decreasing
function.
A symmetrical proof using 85;;;‘ = —%f,//%’;; confirms the sensitivity trends for w;.
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Part 3: Extension to the Exogenous Speed Regime (MFD Dynamics)

In the endogenous speed regime, traffic speed v is a decreasing function of density
(v"(A) < 0). This introduces non-monotonicity in the cost difference function F'(\, u), cre-
ating a potential second root (the congestion threshold \) where WCL viability ends.

At this upper intersection, the cost difference curve F'crosses zero from positive (viable)
to negative (non-viable) as density increases. Consequently, the partial derivative of F'with

- : ;)
respect to A generally flips sign compared to the lower bound: a_f < 0.

A
In contrast, at the lower bound ), the slope is positive (0F/0X > 0). Applying the
Implicit Function Theorem to this upper bound yields:

8_5\ _ _8F/6pi _ _8F/8pi
op;  OF/ON ()

(178)
Since the denominator is now negative, the sign of the sensitivity g}i is the same as the
sign of the numerator 0F /0p,. This leads to inverse properties compared to the lower
bound. For example, WCL Costs (c"): Since 0F/0c™ < 0, the sensitivity is % < 0.
Thus, an increase in cost lowers the upper congestion limit (A |), contracting the viability
region.

Conclusion: In the MFD regime, parameters that improve WCL viability expand the so-

lution interval [\, \] bilaterally: they decrease the necessary adoption threshold (\) while
simultaneously increasing the system’s resilience to congestion (\). ]
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8.7 Transit Web App Sample Report

Transit Electrification Report for
TheRide (Ann Arbor-Y psilanti) Transit

Produced by
https://transit-electrification.streamlit.app

Copyright (c) 2025 SinaBahrami - K.
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Introduction

This report provides a detailed summary of the transit electrification study for the TheRide (Ann
Arbor-Ypsilanti) transit system. The system includes 31 routes, and 1116 stops. Figure 1 shows

the map of the routes.

(C) OpenStreetMap contributors

Charter.Township

Figure 1: Map of the transit service.
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The agency operates 98 blocks, each defined as a sequence of consecutive routes assigned to

a single vehicle for daily operations. Table 1 provides a detailed overview of these blocks,

including their total driving distances and the routes serviced within each block.

Table 1: Summary of blocks.

Block 1D Total Distance (miles) Routesin the Block
630363 23.7 64, 63
630263 23.7 64, 63
4144 25.8 4
4164 25.8 4
270927 27.8 28, 23
630563 27.9 64, 63
630663 28.7 64, 63
270727 29.6 23,28
271027 29.6 23,28
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Block 1D Total Distance (miles) Routesin the Block
340134 31.3 34
260826 34.2 31, 32

4094 34.3 4

4114 34.3 4

4124 34.3 4

4134 34.3 4
630163 37.2 64, 63
630463 37.2 64, 63
340234 37.6 34
421142 38.9 44,42, 45, 46

4044 42.8 4

4064 42.8 4
260726 434 26, 29
270227 434 28, 23
300630 46.4 30, 22, 33
421042 47.2 44,42, 45, 46
620362 48.4 62

4024 51.5 4
300730 54.2 33, 30, 22
260426 65.1 29, 26
271427 81.3 28, 23
260926 83.9 31, 32

4174 85.8 4

4154 94.4 4
260226 103.0 31, 32
260126 115.0 32,31
620462 115.2 62
260326 116.3 32,31
260626 117.3 31, 32, 26
620262 121.8 62
270427 126.1 23,28
1042104 129.0 104
1043104 129.0 104
1041104 129.0 104
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Block 1D Total Distance (miles) Routesin the Block
4074 137.3 4
4034 137.3 4
4054 137.3 4
4014 137.3 4
6016 139.9 67,6
6066 139.9 67,6
6056 139.9 6, 67
6096 139.9 6, 67
270327 140.0 28, 23
270627 141.7 23,28
270127 143.3 28, 23
610461 145.8 61, 65
4084 145.9 4
300530 147.5 33, 30, 22
5025 152.5 5, 66
5015 153.5 5, 66
5075 155.3 66, 5
610261 156.0 65, 61
420342 157.7 42,45, 46, 44
420942 161.1 3
420742 161.3 3
5055 162.4 5, 66
5095 166.8 5, 66
610161 167.0 61, 65
610361 167.0 61, 65
420142 172.8 46, 44, 42, 45
300130 174.7 30, 22, 33
6036 177.3 6
271227 178.0 27,25
260526 180.8 26, 29
620162 182.8 62
4104 197.4 4
430143 203.1 47,43, 68
300330 204.9 22,33, 30
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Block 1D Total Distance (miles) Routesin the Block
270527 207.4 23,28
270827 208.1 23,28

6046 209.2 67,6
300430 212.7 22,33, 30
420642 214.5 3,45
420842 214.5 3,45

5045 226.3 66, 5
300230 226.9 30, 22, 33

5035 2334 5, 66

5085 233.8 5, 66
271327 233.8 25, 27, 28
271127 235.7 27,25, 28

6026 238.2 6, 67

5065 239.7 66, 5

6076 2451 6

6086 245.1 6
420542 252.3 45, 46, 44,42, 3
430243 270.8 43, 68, 47
420442 275.2 44,42, 45, 46
430343 276.1 68, 43, 47
420242 285.6 42,45, 46, 44

Selected Electrification Characteristics

The selected electric bus range is 120.0 miles, and buses consume 2.50 kWh per mile of
travel. The selected stationary charging system is wireless, with a power output of 350 kW.
Buses require 30 seconds to start charging after stopping. In addition, dynamic in-motion
wireless charging is available, providing 80.0 kW of charging power.

Results

With the selected bus and charger configuration, a total of 98 blocks can be successfully
electrified. To achieve the electrification of the feasible blocks, it will be necessary to install 12
stationary charging stations. In addition to the stationary chargers, 1.30 miles of dynamic
wireless charging track will be required. The spatial distribution of these chargers is presented
in Figure 2. Furthermore, Figure 3 illustrates the arrangement of chargers along the transit
routes.
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Figure 2: Spatial distribution of chargers.
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Figure 3: Arrangement of chargers along transit routes.
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For each block, Table 2 presents the sequential travel distances of its routes, the time gaps
between consecutive routes, and the bus range both before and after traversing each route.

Table 2: Detailed block information.

Block 1D Information Values
unte travel distances 50,51, 4.2 4.3,5.0
[mile]

630363 | Stop time [min] 3.0,0.0,3.0,0.0
Bus remaining range 120.0, 115.0, 115.0, 109.9, 109.9, 105.7, 105.7, 101.4,
[mile] 101.4, 96.3
unte travel distances 51,42 43,50,5.1
[mile]

630263 | Stop time [min] 0.0, 3.0, 0.0, 3.0
Bus remaining range 120.0, 114.9, 114.9, 110.7, 110.7, 106.4, 106.4, 101.4,
[mile] 101.4, 96.3
unte travel distances 8.6, 8.5, 8.6
[mile]

4144 Stop time [min] 2.0,4.0
Bus remaining range 120.0, 111.4, 116.0, 107.5, 116.8, 108.2
[mile]
unte travel distances 8.6, 8.5, 8.6
[mile]
4164 Stop time [min] 2.0,4.0

Bus remaining range 120.0, 111.4, 116.0, 107.5, 116.8, 108.2
[mile]
unte travel distances 27.3.4,7.8,7.8,2.7, 3.4
[mile]

270927 | Stop time [min] 0.0, 3.0, 3.0, 3.0, 0.0
Bus remaining range 120.0, 117.3,117.3, 113.9, 120.0, 112.2, 112.2, 104.5,
[mile] 111.5, 108.9, 108.9, 105.5
unte travel distances 51 4.2 43,50,5.1,4.2
[mile]

630563 | Stop time [min] 0.0, 3.0,0.0,3.0,0.0
Bus remaining range 120.0, 114.9, 114.9, 110.7, 110.7, 106.4, 106.4, 101.4,
[mile] 101.4, 96.3, 96.3, 92.1
unte travel distances 50,51, 4.2 43,5.0,5.1
[mile]

630663 | Stop time [min] 3.0,0.0,3.0,0.0,3.0
Bus remaining range 120.0, 115.0, 115.0, 109.9, 109.9, 105.7, 105.7, 101.4,
[mile] 101.4, 96.3, 96.3, 91.3
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Block 1D

Information

Values

Route travel distances
[mile]

78,2.7,34,78,7.8

270727 | Stop time [min] 3.0,0.0, 3.0, 3.0
Bus remaining range 120.0, 112.4, 119.4, 116.7, 116.7, 113.3, 120.0, 112.2,
[mile] 112.2,104.5
unte travel distances 78,7.8,2.7,3.4,7.8
[mile]
271027 | Stop time [min] 3.0,3.0,0.0,3.0
Bus remaining range 120.0, 112.2,112.2,104.5, 111.5, 108.9, 108.9, 105.5,
[mile] 112.5, 104.6
Route travel distances | 5 3 3 33 3033 3.0,3.3,3.0,3.3, 3.0
[mile]
340134 Stop time [min] 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0
BuS remaining range 120.0, 116.7, 120.0, 117.0, 117.0, 113.7, 120.0, 117.0,
] grang 117.0, 113.7, 120.0, 117.0, 117.0, 113.7, 120.0, 117.0,
117.0, 113.7, 120.0, 117.0
Route travel distances | 3 4 57 55 47 34.37,5.2, 47
[mile]
260826 | Stop time [min] 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0
Bus remaining range 120.0, 116.6, 116.6, 112.9, 119.9, 114.7, 114.7, 109.9,
[mile] 116.9, 113.5, 113.5, 109.8, 116.8, 111.6, 111.6, 106.8
unte travel distances 8.5 8.6, 8.5, 8.6
[mile]
4094 Stop time [min] 2.0,4.0,2.0
[E:;‘ife;ema'”'”g range 120.0, 111.5, 116.1, 107.5, 116.8, 108.3, 113.0, 104.4
unte travel distances 8.5 8.6, 8.5, 8.6
[mile]
4114 Stop time [min] 2.0,4.0,2.0
[E:]:Jifeaema'”'”g range 120.0, 111.5, 116.1, 107.5, 116.8, 108.3, 113.0, 104.4
unte travel distances 8.6, 8.5, 8.6, 8.5
[mile]
4124 Stop time [min] 2.0,4.0,2.0
E‘ife;ema'”'”g range 120.0, 111.4, 116.0, 107.5, 116.8, 108.2, 112.9, 104.4
unte travel distances 8.6, 8.5, 8.6, 8.5
[mile]
4134 Stop time [min] 2.0,4.0,2.0

Bus remaining range
[mile]

120.0, 111.4, 116.0, 107.5, 116.8, 108.2, 112.9, 104.4
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Block 1D

Information

Values

Route travel distances
[mile]

51,42,43,5.0,51,42,43,5.0

630163 | Stop time [min] 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0
Bus remaining range 120.0, 114.9, 114.9, 110.7, 110.7, 106.4, 106.4, 101.4,
[mile] 101.4, 96.3, 96.3, 92.1, 92.1, 87.8, 87.8, 82.8
Route travel distances | g 5 43 50 51,42, 4.3, 50
[mile]

630463 | Stop time [min] 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0
Bus remaining range 120.0, 114.9, 114.9, 110.7, 110.7, 106.4, 106.4, 101.4,
[mile] 101.4, 96.3, 96.3, 92.1, 92.1, 87.8, 87.8, 82.8
[Ff;’l:‘;f travel distances | 3 33 30,3.3,3.0,33,30,33, 30,33, 3.0,3.3

340234 Stop time [min] 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0
BuS remaining range 120.0, 117.0, 117.0, 113.7, 120.0, 117.0, 117.0, 113.7,
] grang 120.0, 117.0, 117.0, 113.7, 120.0, 117.0, 117.0, 113.7,

120.0, 117.0, 117.0, 113.7, 120.0, 117.0, 117.0, 113.7

Route travel distances | 4 4 39 46 61,42 3.9, 6.2, 58
[mile]

421142 | Stop time [min] 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0
Bus remaining range 120.0, 115.6, 115.6, 111.8, 118.8, 114.2, 114.2, 108.1,
[mile] 115.1, 111.0, 111.0, 107.1, 114.1, 107.9, 107.9, 102.1
unte travel distances 8.5, 8.6, 8.5, 8.6, 8.5
[mile]

4044 Stop time [min] 2.0,4.0,2.0,4.0
Bus remaining range 120.0, 111.5, 116.1, 107.5, 116.8, 108.3, 113.0, 104.4,
[mile] 113.7, 105.2
unte travel distances 8.5, 8.6, 8.5, 8.6, 8.5
[mile]
4064 Stop time [min] 2.0,4.0,2.0,4.0

Bus remaining range 120.0, 111.5, 116.1, 107.5, 116.8, 108.3, 113.0, 104.4,
[mile] 113.7, 105.2
[Rn:)i:];]e travel distances | 5 5 31 42 4.3,30,3.1,42 4.3,30,3.1,4.2

260726 Stop time [min] 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0
Bus remaining range 120.0, 115.7, 115.7, 112.9, 119.9, 116.8, 116.8, 112.6,
[mile] 9 9 119.6, 115.4, 115.4, 112.5, 119.5, 116.4, 116.4, 112.2,

119.2, 115.0, 115.0, 112.1, 119.1, 116.1, 116.1, 111.9

Route travel distances |, 7 5 4 7 78 27.34,7.8,7.8
[mile]

270227 | Stop time [min] 0.0, 3.0, 3.0, 3.0, 0.0, 3.0, 3.0

Bus remaining range
[mile]

120.0, 117.3, 117.3, 113.9, 120.0, 112.2, 112.2, 104.5,
111.5, 108.9, 108.9, 105.5, 112.5, 104.6, 104.6, 97.0
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Block 1D

Information

Values

Route travel distances
[mile]

59,58,7.7,75,3.4,45,59,5.8

300630 | Stop time [min] 0.0, 3.0, 2.0, 3.0, 0.0, 3.0, 0.0
Bus remaining range 120.0, 114.1, 114.1, 108.5, 115.5, 107.8, 112.4, 105.2,
[mile] 112.2,108.8, 108.8, 104.3, 111.3, 105.4, 105.4, 99.8
Route travel distances |/ 4 59 46 61,4.2,39,6.2 58, 4.4,3.9
[mile]
421042 Stop time [min] 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0
BuS remaining range 120.0, 115.6, 115.6, 111.8, 118.8, 114.2, 114.2, 108.1,
] g rang 115.1, 111.0, 111.0, 107.1, 114.1, 107.9, 107.9, 102.1,
109.1, 104.7, 104.7, 100.8
Route travel distances 3.4,35,3.4,35,3.4,35,34,35,34,35,34,35, 34,
[mile] 3.5
Stop time [min] 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,0.0, 3.0,0.0
620362 120.0, 119.2, 119.2, 115.7, 120.0, 119.2, 119.2, 115.7,
Bus remaining range 120.0, 119.2, 119.2, 115.7, 120.0, 119.2, 119.2, 115.7,
[mile] 120.0, 119.2, 119.2, 115.7, 120.0, 119.2, 119.2, 115.7,
120.0, 119.2, 119.2, 115.7
unte travel distances 8.5, 8.6, 8.5, 8.6, 8.5, 8.6
[mile]
4024 Stop time [min] 2.0,4.0,2.0,4.0,2.0
Bus remaining range 120.0, 111.5, 116.1, 107.5, 116.8, 108.3, 113.0, 104.4,
[mile] 113.7, 105.2, 109.8, 101.2
Route travel distances | 5 4 5 59 58 7.7,75,3.4,45,59,58
[mile]
300730 Stop time [min] 0.0, 3.0, 0.0, 3.0, 2.0, 3.0, 0.0, 3.0, 0.0
BUS remaining range 120.0, 116.6, 116.6, 112.1, 119.1, 113.3, 113.3, 107.6,
] g rang 114.6, 106.9, 111.6, 104.3, 111.3, 107.9, 107.9, 103.4,
110.4, 104.6, 104.6, 98.9
Route travel distances 3.1,42,43,3.0,3.1,4.2,4.3,3.0,3.1,4.2,4.3, 3.0, 3.1,
[mile] 4.2,43,30,3.1,4.2
Stop time [min] 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
P 3.0,0.0, 3.0, 0.0
260426 120.0, 116.9, 116.9, 112.7, 119.7, 115.5, 115.5, 112.6,
BUs remaining range 119.6, 116.6, 116.6, 112.4, 119.4, 115.1, 115.1, 112.2,
[mile] 9 9 119.2, 116.2, 116.2,112.0, 119.0, 114.7, 114.7, 111.9,
118.9, 115.8, 115.8, 111.6, 118.6, 114.3, 114.3, 111.5,
118.5, 115.4, 115.4, 111.2
Route travel distances |, 7 3, 78 78 85 85,85,85, 8.5, 85,85
[mile]
271497 Stop time [min] 0.0, 3.0, 3.0, 3.0, 3.0, 3.0,3.0,3.0,3.0, 3.0

Bus remaining range
[mile]

120.0, 117.3, 117.3, 113.9, 120.0, 112.2, 112.2, 104.5,
1115, 103.0, 110.0, 101.7, 108.7, 100.2, 107.2, 98.8,
105.8, 97.3, 104.3, 95.9, 102.9, 94.5
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Block 1D

Information

Values

Route travel distances
[mile]

3.4,37,52,47,34,37,52,47,52,47,5.2,4.7,5.2,
4.7,52,4.7,52,4.7

Stop time [min]

0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
3.0,0.0,3.0,0.0

260926 120.0, 116.6, 116.6, 112.9, 119.9, 114.7, 114.7, 109.9,
BUS remaining range 116.9, 113.5, 113.5, 109.8, 116.8, 111.6, 111.6, 106.8,
[mile] 9 9 113.8, 108.6, 108.6, 103.9, 110.9, 105.7, 105.7, 100.9,
107.9, 102.7, 102.7, 98.0, 105.0, 99.8, 99.8, 95.0, 102.0,
96.8, 96.8, 92.1
Route travel distances | g ¢ o5 g6 g5 8.6 8.5,8.6,8.5, 8.6, 8.5
[mile]
4174 Stop time [min] 2.0,4.0,6.0,4.0,4.0,4.0,4.0,4.0,4.0
BUS remaining range 120.0, 111.4, 116.0, 107.5, 116.8, 108.2, 120.0, 111.5,
[mile] 9 9 120.0, 111.4, 120.0, 111.5, 120.0, 111.4, 120.0, 111.5,
120.0, 111.4, 120.0, 111.5
Route travel distances | g ¢ o5 g6 g5 8.6 8.5,8.6, 8.5, 8.6, 8.5, 8.6
[mile]
4154 Stop time [min] 2.0,4.0,0.0,4.0,4.0,4.0,4.0,4.0,4.0,4.0
BUS remaining range 120.0, 111.4, 116.0, 107.5, 116.8, 108.2, 108.2, 99.7,
[mile] 9 9 109.0, 100.4, 109.7, 101.2, 110.5, 101.9, 111.2, 102.7,
112.0, 103.4, 112.7, 104.2, 113.5, 104.9
Route travel distances 3.7,5.2,6.7,3.4,3.7,5.2,4.7,3.4,3.7,5.2,4.7,3.4, 3.7,
[mile] 52,47,3.4,3.7,5.2,4.7,3.4,3.7,5.2,6.7
Stop time [min] 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
P 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0
260226 120.0, 116.3, 120.0, 114.8, 114.8, 108.1, 115.1, 111.7,
111.7, 108.0, 115.0, 109.8, 109.8, 105.0, 112.0, 108.6,
Bus remaining range 108.6, 104.9, 111.9, 106.7, 106.7, 101.9, 108.9, 105.5,
[mile] 105.5, 101.8, 108.8, 103.6, 103.6, 98.9, 105.9, 102.4,
102.4, 98.7, 105.7, 100.5, 100.5, 95.8, 102.8, 99.4, 99.4,
95.6, 102.6, 97.4, 97.4, 90.8
Route travel distances 47,34,3.7,7.2,6.7,3.4,3.7,5.2,4.7,3.4,3.7,5.2, 4.7,
[mile] 3.4,3.7,5.2,47,3.4,3.7,5.2,4.7,3.4,3.7,7.2,6.7
Stop time [min] 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
P 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,0.0,3.0,0.0
260126 120.0, 115.3, 120.0, 116.6, 116.6, 112.9, 119.9, 112.7,

Bus remaining range
[mile]

112.7, 106.0, 113.0, 109.6, 109.6, 105.9, 112.9, 107.7,
107.7, 103.0, 110.0, 106.5, 106.5, 102.8, 109.8, 104.6,
104.6, 99.9, 106.9, 103.5, 103.5, 99.7, 106.7, 101.5,
101.5, 96.8, 103.8, 100.4, 100.4, 96.7, 103.7, 98.4, 98.4,
93.7, 100.7, 97.3, 97.3, 93.6, 100.6, 93.4, 93.4, 86.8
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Block ID

Information

Values

620462

Route travel distances
[mile]

3.4,35,34,35,34,35,34,35,34,35,34,35,34,
3.5,34,35,34,35,34,35,34,3.5,30, 35, 3.0, 35,
3.0,35,3.0,35,3.0,35,3.0,35

Stop time [min]

0.0,3.0,0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 8.0, 0.0, 3.0, 0.0,
3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 4.0, 0.0, 3.0,
0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0

Bus remaining range
[mile]

120.0, 119.2, 119.2, 115.7, 120.0, 119.2, 119.2, 115.7,
120.0, 119.2, 119.2, 115.7, 120.0, 119.2, 119.2, 115.7,
120.0, 119.2, 119.2, 115.7, 120.0, 119.3, 119.3, 115.8,
120.0, 119.3, 119.3, 115.8, 120.0, 119.3, 119.3, 115.8,
120.0, 119.3, 119.3, 115.8, 120.0, 119.3, 119.3, 115.8,
120.0, 119.3, 119.3, 115.8, 120.0, 119.3, 119.3, 115.8,
120.0, 119.3, 119.3, 115.8, 120.0, 119.3, 119.3, 115.8,
120.0, 119.3, 119.3, 115.8, 120.0, 119.3, 119.3, 115.8,
120.0, 119.3, 119.3, 115.8

260326

Route travel distances
[mile]

52,47,34,37,7.2,47,34,3.7,52,4.7,3.4,3.7,5.2,
4.7,3.4,3.7,52,4.7,3.4,3.7,5.2,4.7,3.4,3.7,7.2, 4.7

Stop time [min]

0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0

Bus remaining range
[mile]

120.0, 114.8, 114.8, 110.0, 117.0, 113.6, 113.6, 109.9,
116.9, 109.8, 109.8, 105.0, 112.0, 108.6, 108.6, 104.9,
111.9, 106.7, 106.7, 101.9, 108.9, 105.5, 105.5, 101.8,
108.8, 103.6, 103.6, 98.9, 105.9, 102.4, 102.4, 98.7,
105.7, 100.5, 100.5, 95.8, 102.8, 99.4, 99.4, 95.6, 102.6,
97.4,97.4,92.7,99.7, 96.3, 96.3, 92.6, 99.6, 92.4, 92 4,
87.7

260626

Route travel distances
[mile]

3.4,37,52,4.7,3.4,3.7,52,4.7,3.4,3.7,4.3, 3.0, 3.4,
3.7,43,3.0,34,3.7,43,3.0,34,3.7,4.3,3.0,3.4,3.7,
4.3,3.0,34,37,43

Stop time [min]

0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
3.0,0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
0.0,3.0,0.0,3.0

Bus remaining range
[mile]

120.0, 116.6, 116.6, 112.9, 119.9, 114.7, 114.7, 109.9,
116.9, 113.5, 113.5, 109.8, 116.8, 111.6, 111.6, 106.8,
113.8,110.4, 110.4, 106.7, 113.7, 109.4, 109.4, 106.6,
113.6, 110.2, 110.2, 106.4, 113.4, 109.2, 109.2, 106.3,
113.3, 109.9, 109.9, 106.2, 113.2, 108.9, 108.9, 106.1,
113.1, 109.7, 109.7, 105.9, 112.9, 108.7, 108.7, 105.8,
112.8,109.4, 109.4, 105.7, 112.7, 108.4, 108.4, 105.6,
112.6,109.1, 109.1, 105.4, 112.4, 108.2
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Block 1D

Information

Values

Route travel distances
[mile]

3.4,35,34,35,34,35,34,35,34,35,34,35,34,
3.5,34,35,34,35,34,35,34,3.5,30, 35, 3.0, 35,
3.0,35,3.0,35,3.0,35,3.0,35,3.0,35

Stop time [min]

0.0,3.0,0.0,3.0,0.0, 3.0,0.0, 3.0, 0.0, 3.0, 0.0, 13.0, 0.0,
3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 5.0, 0.0, 3.0,
0.0,3.0,0.0,3.0,0.0,3.0,0.0,3.0,0.0

120.0, 119.2, 119.2, 115.7, 120.0, 119.2, 119.2, 115.7,

620262 120.0, 119.2, 119.2, 115.7, 120.0, 119.2, 119.2, 115.7,
120.0, 119.2, 119.2, 115.7, 120.0, 119.2, 119.2, 115.7,
BUS remaining range 120.0, 119.3, 119.3, 115.8, 120.0, 119.3, 119.3, 115.8,
[mile] g rang 120.0, 119.3, 119.3, 115.8, 120.0, 119.3, 119.3, 115.8,
120.0, 119.3, 119.3, 115.8, 120.0, 119.3, 119.3, 115.8,
120.0, 119.3, 119.3, 115.8, 120.0, 119.3, 119.3, 115.8,
120.0, 119.3, 119.3, 115.8, 120.0, 119.3, 119.3, 115.8,
120.0, 119.3, 119.3, 115.8, 120.0, 119.3, 119.3, 115.8
Route travel distances 78,27,3.4,7.8,7.8,2.7,3.4,78,7.8,7.8,7.8,2.7, 3.4,
[mile] 78,78,7.8,7.8,2.7,3.4,78,7.8
Stop time [min] 3.0, 0.0, 3.0, 3.0, 3.0, 0.0, 3.0, 3.0, 3.0, 3.0, 3.0, 0.0, 3.0,
P 3.0, 3.0, 3.0, 3.0, 0.0, 3.0, 3.0
270427 120.0, 112.4, 119.4, 116.7, 116.7, 113.3, 120.0, 112.2,
BUS remaining range 112.2,104.5, 111.5, 108.9, 108.9, 105.5, 112.5, 104.6,
] g rang 104.6, 97.0, 104.0, 96.1, 96.1, 88.4, 95.4, 92.8, 92.8,
89.4, 96.4, 88.5, 88.5, 80.9, 87.9, 80.0, 80.0, 72.4, 79.4,
76.7,76.7, 73.3, 80.3, 72.5, 72.5, 64.8
Route travel distances 8.1, 8.0, 8.1, 8.0, 8.1, 8.0, 8.1, 8.0, 8.1, 8.0, 8.1, 8.0, 8.1,
[mile] 8.0, 8.1, 8.0
Stop time [min] 15.0, 14.0, 15.0, 14.0, 15.0, 14.0, 15.0, 14.0, 15.0, 14.0,
1042104 15.0, 14.0, 8.0, 11.0, 8.0
120.0, 111.9, 120.0, 112.0, 112.0, 103.9, 120.0, 112.0,
Bus remaining range 112.0, 103.9, 120.0, 112.0, 112.0, 103.9, 120.0, 112.0,
[mile] 112.0, 103.9, 120.0, 112.0, 112.0, 103.9, 120.0, 112.0,
112.0, 103.9, 120.0, 112.0, 112.0, 103.9, 120.0, 112.0
Route travel distances 8.0,8.1, 8.0, 8.1, 8.0, 8.1, 8.0, 8.1, 8.0, 8.1, 8.0, 8.1, 8.0,
[mile] 8.1,8.0,8.1
Stop time [min] 14.0, 15.0, 14.0, 15.0, 14.0, 15.0, 14.0, 15.0, 14.0, 15.0,
1043104 14.0, 15.0, 11.0, 8.0, 11.0
120.0, 112.0, 112.0, 103.9, 120.0, 112.0, 112.0, 103.9,
Bus remaining range 120.0, 112.0, 112.0, 103.9, 120.0, 112.0, 112.0, 103.9,
[mile] 120.0, 112.0, 112.0, 103.9, 120.0, 112.0, 112.0, 103.9,
120.0, 112.0, 112.0, 103.9, 120.0, 112.0, 112.0, 103.9
Route travel distances 8.0,8.1,8.0,8.1,8.0,8.1, 8.0, 8.1, 8.0, 8.1, 8.0, 8.1, 8.0,
[mile] 8.1,8.0,8.1
Stop time [min] 14.0, 15.0, 14.0, 15.0, 14.0, 15.0, 14.0, 15.0, 14.0, 15.0,
1041104 14.0, 15.0, 14.0, 8.0, 11.0

Bus remaining range
[mile]

120.0, 112.0, 112.0, 103.9, 120.0, 112.0, 112.0, 103.9,
120.0, 112.0, 112.0, 103.9, 120.0, 112.0, 112.0, 103.9,
120.0, 112.0, 112.0, 103.9, 120.0, 112.0, 112.0, 103.9,
120.0, 112.0, 112.0, 103.9, 120.0, 112.0, 112.0, 103.9
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Block 1D

Information

Values

Route travel distances
[mile]

8.5,8.6,8.5,8.6,8)5, 8.6, 85, 8.6, 8.5, 8.6, 8.5, 8.6, 8.5,
8.6,85,8.6

Stop time [min]

2.0,4.0,2.0,4.0,20,4.0,4.0,4.0,4.0,4.0,4.0, 2.0, 4.0,
2.0,4.0

4074
120.0, 111.5, 116.1, 107.5, 116.8, 108.3, 113.0, 104.4,
Bus remaining range 113.7, 105.2, 109.8, 101.2, 110.5, 102.0, 111.3, 102.7,
[mile] 112.0, 103.5, 112.8, 104.2, 113.5, 105.0, 114.4, 105.7,
110.4, 101.9, 111.2, 102.6, 107.2, 98.7, 108.0, 99.4
Route travel distances 8.5, 8.6, 8.5, 8.6, 8.5, 8.6, 8.5, 8.6, 8.5, 8.6, 8.5, 8.6, 8.5,
[mile] 8.6,85,8.6
. . 2.0,4.0,2.0,4.0,4.0,4.0,4.0,4.0,4.0,4.0,4.0,4.0, 1.0,
Stop time [min] 20.40
4034 .
120.0, 111.5, 116.1, 107.5, 116.8, 108.3, 113.0, 104.4,
Bus remaining range 113.7, 105.2, 114.5, 105.9, 115.2, 106.7, 116.0, 107.4,
[mile] 116.7, 108.2, 117.5, 108.9, 118.2, 109.7, 119.0, 110.4,
119.7,111.2, 113.5, 104.9, 109.6, 101.0, 110.4, 101.7
Route travel distances 8.5, 8.6, 8.5, 8.6, 8.5, 8.6, 8.5, 8.6, 8.5, 8.6, 8.5, 8.6, 8.5,
[mile] 8.6, 8.5, 8.6
. . 2.0,4.0,2.0,4.0,3.0,4.0,4.0,4.0,4.0,4.0,4.0,4.0, 2.0,
Stop time [min] 20 4.0
4054 e
120.0, 111.5, 116.1, 107.5, 116.8, 108.3, 113.0, 104.4,
Bus remaining range 113.7, 105.2, 112.2, 103.5, 112.9, 104.3, 113.7, 105.0,
[mile] 114.4, 105.8, 115.2, 106.5, 115.9, 107.4, 116.7, 108.1,
117.4, 108.9, 113.5, 104.9, 109.6, 101.0, 110.4, 101.7
Route travel distances 8.5, 8.6, 8.5, 8.6, 8.5, 8.6, 8.5, 8.6, 8.5, 8.6, 8.5, 8.6, 8.5,
[mile] 8.6, 8.5, 8.6
. . 2.0,4.0,2.0,4.0,2.0,4.0,8.0,4.0,4.0,4.0, 4.0, 4.0, 0.0,
Stop time [min] 20.40
4014 I
120.0, 111.5, 116.1, 107.5, 116.8, 108.3, 113.0, 104.4,
Bus remaining range 113.7, 105.2, 109.8, 101.2, 110.5, 102.0, 120.0, 111.4,
[mile] 120.0, 111.5, 120.0, 111.4, 120.0, 111.5, 120.0, 111.4,
120.0, 111.5, 111.5, 102.8, 107.5, 99.0, 108.3, 99.7
Route travel distances 9.6,4.4,45,95,9.6,4.4,4.5,9.5,9.6,4.4,45, 9.5, 9.6,
[mile] 4.4,45,95,9.6,4.4,45,95
Stop time [min] 3.0, 3.0, 0.0, 15.0, 3.0, 3.0, 0.0, 15.0, 3.0, 3.0, 0.0, 15.0,
3.0, 3.0, 0.0, 15.0, 3.0, 3.0, 0.0
6016

Bus remaining range
[mile]

120.0, 110.4, 117.4, 116.4, 120.0, 115.5, 115.5, 106.0,
106.0, 96.4, 103.4, 102.4, 109.4, 104.9, 104.9, 95.4, 95.4,
85.8,92.8,91.8, 98.8,94.2, 94.2, 84.8, 84.8, 75.2, 82.2,
81.2, 88.2, 83.6, 83.6, 74.1, 74.1, 64.6, 71.6, 70.5, 77.5,
73.0, 73.0, 63.5
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Block 1D

Information

Values

Route travel distances
[mile]

9.6,4.4,45,95,96,44,45,95,9.6,4.4,45,9.5,9.6,
4.4,45,95,96,4.4,45,95

Stop time [min]

3.0,3.0, 0.0, 15.0, 3.0, 3.0, 0.0, 15.0, 3.0, 3.0, 0.0, 15.0,
3.0,3.0,0.0,15.0,3.0,3.0,0.0

6066 120.0, 110.4, 117.4, 116.4, 120.0, 115.5, 115.5, 106.0,
BUS remaining range 106.0, 96.4, 103.4, 102.4, 109.4, 104.9, 104.9, 95.4, 95.4,
[mile] 9 9 85.8, 92.8, 91.8, 98.8, 94.2, 94.2, 84.8, 84.8, 75.2, 82.2,
81.2, 88.2, 83.6, 83.6, 74.1, 74.1, 64.6, 71.6, 70.5, 77.5,
73.0, 73.0, 63.5
Route travel distances 45,95,9.6,4.4,45,9.5,9.6,4.4,45,9.5,9.6,4.4,4.5,
[mile] 9.5,96,44,45,95,9.6,4.4
Stop time [min] 0.0, 15.0, 3.0, 3.0, 0.0, 15.0, 3.0, 3.0, 0.0, 15.0, 3.0, 3.0,
P 0.0, 15.0, 3.0, 3.0, 0.0, 15.0, 3.0
6056 120.0, 115.5, 115.5, 106.0, 106.0, 96.4, 103.4, 102.4,
Bus remaining ranae 109.4, 104.9, 104.9, 95.4, 95.4, 85.8, 92.8, 91.8, 98.8,
] g rang 94.2,94.2, 84.8, 84.8, 75.2, 82.2, 81.2, 88.2, 83.6, 83.6,
74.1,74.1,64.6,71.6, 70.5, 77.5, 73.0, 73.0, 63.5, 63.5,
54.0, 61.0, 59.9
Route travel distances 45,95,96,4.4,45,95,9.6,4.4,45,95,9.6,4.4,45,
[mile] 95,9.6,4.4,45,9.5,9.6,4.4
Stop time [min] 0.0, 15.0, 3.0, 3.0, 0.0, 15.0, 3.0, 3.0, 0.0, 15.0, 3.0, 3.0,
P 0.0, 15.0, 3.0, 3.0, 0.0, 15.0, 3.0
6096 120.0, 115.5, 115.5, 106.0, 106.0, 96.4, 103.4, 102.4,
BUS remaining range 109.4, 104.9, 104.9, 95.4, 95.4, 85.8, 92.8, 91.8, 98.8,
[mile] 9 9 94.2,94.2, 84.8, 84.8, 75.2,82.2, 81.2, 88.2, 83.6, 83.6,
74.1,74.1,64.6, 71.6, 70.5, 77.5, 73.0, 73.0, 63.5, 63.5,
54.0, 61.0, 59.9
Route travel distances 27,34,78,78,2.7,3.4,78,78,2.7,3.4,7.8,7.8,7.8,
[mile] 78,27,3.4,78,78,7.8,7.8,2.7,3.4,7.8,7.8
Stop time [min] 0.0, 3.0, 3.0, 3.0, 0.0, 3.0, 3.0, 3.0, 0.0, 3.0, 3.0, 3.0, 3.0,
P 3.0, 0.0, 3.0, 3.0, 3.0, 3.0, 3.0, 0.0, 3.0, 3.0
270327 120.0, 117.3,117.3, 113.9, 120.0, 112.2, 112.2, 104.5,
111.5, 108.9, 108.9, 105.5, 112.5, 104.6, 104.6, 97.0,
Bus remaining range 104.0, 101.3, 101.3, 97.9, 104.9, 97.1, 97.1, 89.4, 96.4,
[mile] 88.5, 88.5, 80.9, 87.9, 85.2, 85.2, 81.8, 88.8, 81.0, 81.0,
73.3,80.3,72.5,72.5,64.8, 71.8, 69.2, 69.2, 65.8, 72.8,
64.9, 64.9, 57.3
Route travel distances 78,78,2.7,3.4,78,78,7.8,7.8,2.7,3.4,7.8,7.8, 7.8,
[mile] 78,27,34,78,7.8,7.8,78,2.7,3.4,7.8
Stop time [min] 3.0,3.0,0.0, 3.0, 3.0, 3.0, 3.0, 3.0, 0.0, 3.0, 3.0, 3.0, 3.0,
P 3.0,0.0, 3.0, 3.0, 3.0, 3.0, 3.0, 0.0, 3.0
270627

Bus remaining range
[mile]

120.0,112.2,112.2, 104.5, 111.5, 108.9, 108.9, 105.5,
112.5, 104.6, 104.6, 97.0, 104.0, 96.1, 96.1, 88.5, 95.5,
92.8, 92.8, 89.4, 96.4, 88.6, 88.6, 80.9, 87.9, 80.1, 80.1,
72.4,79.4,76.7,76.7,73.3, 80.3, 72.5, 72.5, 64.8, 71.8,
64.0, 64.0, 56.3, 63.3, 60.7, 60.7, 57.3, 64.3, 56.4
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Block 1D

Information

Values

Route travel distances
[mile]

34,78,78,2.7,34,78,78,7.8,78,2.7,3.4,7.8,7.8,
78,78,27,34,78,7.8,27,34,78,78,2.7,3.4

Stop time [min]

3.0,3.0, 3.0, 0.0, 3.0, 3.0, 3.0, 3.0, 3.0, 0.0, 3.0, 3.0, 3.0,
3.0,3.0,0.0, 3.0, 3.0, 3.0, 0.0, 3.0, 3.0, 3.0, 0.0

270127 120.0, 116.6, 120.0, 112.2, 112.2, 104.5, 111.5, 108.9,
108.9, 105.5, 112.5, 104.6, 104.6, 97.0, 104.0, 96.1, 96.1,
Bus remaining range 88.5, 95.5, 92.8, 92.8, 89.4, 96.4, 88.6, 88.6, 80.9, 87.9,
[mile] 80.1, 80.1, 72.4, 79.4, 76.7, 76.7, 73.3, 80.3, 72.5, 72.5,
64.9, 71.9, 69.2, 69.2, 65.8, 72.8, 65.0, 65.0, 57.3, 64.3,
61.7,61.7, 58.3
Route travel distances 49,33,76,76,4.9,3.3,7.6,7.6,4.9,3.3,7.6,7.6, 4.9,
[mile] 33,76,76,49,33,7.6,7.6,4.9,3.3,7.6,7.6,4.9
Stop time [min] 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0
610461 120.0, 115.1, 115.1, 111.7, 111.7, 104.1, 111.1, 103.5,
103.5, 98.6, 98.6, 95.2, 95.2, 87.6, 94.6, 87.1, 87.1, 82.1,
Bus remaining range 82.1, 78.8, 78.8, 71.2, 78.2, 70.6, 70.6, 65.6, 65.6, 62.3,
[mile] 62.3,54.7,61.7,54.1,54.1, 49.2, 49.2, 45.8, 45.8, 38.2,
45.2,37.6, 37.6, 32.7, 32.7, 29.4, 29.4, 21.8, 28.8, 21.2,
21.2,16.2
Route travel distances 8.6, 8.5, 8.6, 8.5, 8.6, 8.5, 8.6, 8.5, 8.6, 8.5, 8.6, 8.5, 8.6,
[mile] 8.5, 8.6, 8.5, 8.6
Stop time [min] 4.0,2.0,4.0,2.0,4.0,9.0,4.0,4.0,4.0,4.0,4.0,5.0, 2.0,
4.0,2.0,4.0
4084
120.0, 111.4,120.0, 111.5, 116.1, 107.5, 116.8, 108.3,
Bus remaining range 113.0, 104.4, 113.7,105.2, 120.0, 111.4, 120.0, 111.5,
[mile] 120.0, 111.4, 120.0, 111.5, 120.0, 111.4, 120.0, 111.5,
120.0, 111.4, 116.0, 107.5, 116.8, 108.2, 112.9, 104.4,
113.7, 105.1
Route travel distances 3.4,45,59,58,7.7,75,3.4,45,5.9,5.8,3.4,4.5,5.9,
[mile] 5.8,3.4,45/59,5.8,3.4,45,59,58,7.7,7.5,3.4,45,
5.9,5.8
0.0, 3.0, 0.0, 3.0, 2.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
Stop time [min] 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 2.0, 3.0, 0.0, 3.0,
0.0
300530

Bus remaining range
[mile]

120.0, 116.6, 116.6, 112.1, 119.1, 113.3, 113.3, 107.6,
114.6, 106.9, 111.6, 104.3, 111.3, 107.9, 107.9, 103.4,
110.4, 104.6, 104.6, 98.9, 105.9, 102.5, 102.5, 98.0,
105.0, 99.2, 99.2, 93.5, 100.5, 97.1, 97.1, 92.6, 99.6,
93.8, 93.8, 88.1, 95.1, 91.8, 91.8, 87.2, 94.2, 88.4, 88.4,
82.8, 89.8, 82.0, 86.7, 79.4, 86.4, 83.0, 83.0, 78.5, 85.5,
79.7,79.7,74.0
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Block 1D

Information

Values

Route travel distances
[mile]

8.0, 10.5, 10.6, 8.1, 9.8, 9.7, 8.0, 10.5, 10.6, 8.1, 9.8,
11.2, 8.0, 10.5, 10.6, 8.1

Stop time [min]

3.0,3.0, 3.0, 0.0, 3.0, 6.0, 3.0, 3.0, 3.0, 0.0, 3.0, 6.0, 3.0,
3.0,3.0

5025
120.0, 112.5, 119.5, 108.9, 115.9, 105.9, 112.9, 104.8,
Bus remaining range 104.8, 94.9, 101.9, 92.2, 106.2, 98.7, 105.7, 95.2, 102.2,
[mile] 92.1,99.1, 91.0, 91.0, 81.2, 88.2, 76.9, 90.9, 83.4, 90.4,
79.9, 86.9, 76.8, 83.8, 75.7
Route travel distances 10.6, 8.1, 11.4, 9.7, 8.0, 10.5, 10.6, 8.1, 9.8, 9.7, 8.0,
[mile] 10.5, 10.6, 8.1, 9.8, 9.7
. . 3.0,0.0, 3.0, 6.0, 3.0, 3.0, 3.0, 0.0, 3.0, 6.0, 3.0, 3.0, 3.0,
Stop time [min] 00 3.0
5015 S
120.0, 109.9, 116.9, 108.8, 108.8, 97.4, 104.4, 94.7,
Bus remaining range 108.7, 101.1, 108.1, 97.6, 104.6, 94.6, 101.6, 93.4, 93.4,
[mile] 83.6, 90.6, 80.9, 94.9, 87.4, 94.4, 83.9, 90.9, 80.8, 87.8,
79.7,79.7,69.9, 76.9, 67.2
Route travel distances 11.7,11.4, 8.0, 10.5, 10.6, 8.1, 9.8, 9.7, 8.0, 10.5, 10.6,
[mile] 8.1,9.8,9.7,8.0, 105
. . 0.0, 9.0, 3.0, 3.0, 3.0, 0.0, 3.0, 6.0, 3.0, 3.0, 3.0, 0.0, 3.0,
Stop time [min] 6.0. 3.0
5075 B
120.0, 108.3, 108.3, 96.9, 117.9, 110.4, 117.4, 106.9,
Bus remaining range 113.9, 103.8, 110.8, 102.7, 102.7, 92.9, 99.9, 90.2, 104.2,
[mile] 96.6, 103.6, 93.1, 100.1, 90.1, 97.1, 88.9, 88.9, 79.1,
86.1, 76.4, 90.4, 82.9, 89.9, 79.3
Route travel distances 7.6,49,3.3,76,7.6,4.9,3.3,7.6,7.6,4.9,3.3,7.6, 7.6,
[mile] 49,33,76,7.6,49,3.3,76,7.6,49,3.3,76,7.6,7.6
Stop time [min] 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
3.0,0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 13.0
610261 120.0, 112.4, 112.4, 107.5, 107.5, 104.1, 104.1, 96.5,
103.5, 96.0, 96.0, 91.0, 91.0, 87.7, 87.7, 80.1, 87.1, 79.5,
Bus remaining range 79.5,74.5,74.5,71.2, 71.2, 63.6, 70.6, 63.0, 63.0, 58.1,
[mile] 58.1,54.7,54.7,47.1,54.1, 46.5, 46.5, 41.6, 41.6, 38.3,
38.3, 30.6, 37.6, 30.1, 30.1, 25.1, 25.1, 21.8, 21.8, 14.2,
21.2,13.6, 13.6,6.0
Route travel distances 4.6,6.1,4.2,3.9,84,8.6,4.4,3.9,46,6.1,4.2,3.9,6.2,
[mile] 5.8,4.4,39,4.6,6.1,4.2,3.9,6.2,5.8,4.4,3.9,4.6,6.1,
4.2,3.9,84,8.6
0.0, 3.0, 0.0, 3.0, 3.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
Stop time [min] 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
0.0, 3.0, 3.0
420342

Bus remaining range
[mile]

120.0, 115.4, 115.4, 109.4, 116.4, 112.2, 112.2, 108.3,
115.3,106.9, 113.9, 105.2, 112.2, 107.9, 107.9, 104.0,
111.0, 106.4, 106.4, 100.3, 107.3, 103.2, 103.2, 99.3,
106.3, 100.1, 100.1, 94.3, 101.3, 96.9, 96.9, 93.0, 100.0,
95.5, 95.5, 89.4, 96.4, 92.2, 92.2, 88.3, 95.3, 89.2, 89.2,
83.3, 90.3, 86.0, 86.0, 82.1, 89.1, 84.5, 84.5, 78.5, 85.5,
81.3,81.3,77.4,84.4,76.0, 83.0, 74.3
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Block 1D

Information

Values

Route travel distances
[mile]

12.3,12.5,12.3,125,12.3, 125, 12.3, 12.5, 12.3, 12.5,
12.3,12.5,12.3

Stop time [min]

3.0,3.0, 3.0, 3.0, 3.0, 3.0, 3.0,3.0,3.0,3.0,3.0, 3.0

420942
BUS remaining range 120.0, 107.7, 114.7, 102.4, 109.4, 97.0, 104.0, 91.7, 98.7,
il g rang 86.4, 93.4, 81.1, 88.1, 75.7, 82.7, 70.4, 77.4, 65.1, 72.1,
59.8, 66.8, 54.5, 61.5, 49.2, 56.2, 43.8
Route travel distances 12.5,12.3, 12.5, 12.3, 12.5, 12.3, 12.5, 12.3, 12.5, 12.3,
[mile] 12.5,12.3,125
420742 Stop time [min] 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0
BUS remaining range 120.0, 107.7, 114.7, 102.4, 109.4, 97.1, 104.1, 91.7, 98.7,
il g rang 86.4, 93.4, 81.1, 88.1, 75.8, 82.8, 70.4, 77.4, 65.1, 72.1,
59.8, 66.8, 54.5, 61.5, 49.2, 56.2, 43.9
Route travel distances 10.5, 10.6, 8.1, 9.8, 9.7, 8.0, 10.5, 10.6, 8.1, 9.8, 9.7, 8.0,
[mile] 10.5, 10.6, 8.1, 9.8, 9.7
. . 3.0, 3.0, 0.0, 3.0, 6.0, 3.0, 3.0, 3.0, 0.0, 3.0, 6.0, 3.0, 3.0,
Stop time [min] 30.00 30
5055 I i
120.0, 109.5, 116.5, 106.4, 113.4, 105.3, 105.3, 95.5,
Bus remaining range 102.5, 92.8, 106.8, 99.2, 106.2, 95.7, 102.7, 92.7, 99.7,
[mile] 91.5,91.5, 81.7, 88.7, 79.0, 93.0, 85.5, 92.5, 82.0, 89.0,
78.9, 85.9, 77.8, 77.8, 68.0, 75.0, 65.3
Route travel distances 8.0, 10.5, 10.6, 8.1, 9.8, 9.7, 8.0, 10.5, 10.6, 8.1, 9.8, 9.7,
[mile] 8.0,10.5,10.6,8.1,9.8,6.1
. . 3.0, 3.0, 3.0, 0.0, 3.0, 6.0, 3.0, 3.0, 3.0, 0.0, 3.0, 6.0, 3.0,
Stop time [min] 30.30 00 3.0
5095 St Bt B
120.0, 112.5, 119.5, 108.9, 115.9, 105.9, 112.9, 104.8,
Bus remaining range 104.8, 94.9, 101.9, 92.2, 106.2, 98.7, 105.7, 95.2, 102.2,
[mile] 92.1,99.1, 91.0, 91.0, 81.2, 88.2, 78.5, 92.5, 84.9, 91.9,
81.4,88.4,78.4,85.4,77.2,77.2,67.4,74.4, 68.3
Route travel distances 3.3,76,76,49,33,76,7.6,4.9,3.3,7.6,7.6,4.9, 3.3,
[mile] 7.6,76,49,33,76,7.6,49,3.3,7.6,7.6,4.9, 3.3,7.6,
7.6,7.6
0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
Stop time [min] 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
610161 130

Bus remaining range
[mile]

120.0, 116.7, 116.7, 109.0, 116.0, 108.5, 108.5, 103.5,
103.5, 100.2, 100.2, 92.6, 99.6, 92.0, 92.0, 87.1, 87.1,
83.7,83.7,76.1, 83.1, 75.5, 75.5, 70.6, 70.6, 67.2, 67.2,
59.6, 66.6, 59.1, 59.1, 54.1, 54.1, 50.8, 50.8, 43.2, 50.2,
42.6, 42.6, 37.6, 37.6, 34.3, 34.3, 26.7, 33.7, 26.1, 26.1,
21.2,21.2,17.8,17.8,10.2,17.2,9.7,9.7, 2.0
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Block 1D

Information

Values

610361

Route travel distances
[mile]

33,76,76,49,33,76,7.6,4.9,3.3,7.6,7.6,4.9, 3.3,
76,76,49,33,76,7.6,4.9,33,7.6,7.6,4.9, 3.3, 7.6,
7.6,7.6

Stop time [min]

0.0,3.0,0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
13.0

Bus remaining range
[mile]

120.0, 116.7, 116.7, 109.0, 116.0, 108.5, 108.5, 103.5,
103.5, 100.2, 100.2, 92.6, 99.6, 92.0, 92.0, 87.1, 87.1,
83.7,83.7,76.1, 83.1, 75.5, 75.5, 70.6, 70.6, 67.2, 67.2,
59.6, 66.6, 59.1, 59.1, 54.1, 54.1, 50.8, 50.8, 43.2, 50.2,
42.6, 42.6, 37.6, 37.6, 34.3, 34.3, 26.7, 33.7, 26.1, 26.1,
21.2,21.2,17.8,17.8,10.2,17.2,9.7,9.7, 2.0

420142

Route travel distances
[mile]

6.2,58,4.4,3.9,46,6.1,4.2,3.9,6.2,58,4.4,3.9,4.6,
6.1,4.2,3.9,6.2,58,44,3.9,46,6.1,4.2,3.9,6.2,5.8,
44,39,46,6.1,4.2,3.9,84,8.6

Stop time [min]

0.0,3.0,0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 3.0

Bus remaining range
[mile]

120.0, 113.8, 113.8, 108.0, 115.0, 110.7, 110.7, 106.8,
113.8, 109.2, 109.2, 103.1, 110.1, 106.0, 106.0, 102.1,
109.1, 102.9, 102.9, 97.1, 104.1, 99.7, 99.7, 95.9, 102.9,
98.3, 98.3,92.2,99.2,95.1, 95.1, 91.1, 98.1, 92.0, 92.0,
86.2, 93.2, 88.8, 88.8, 84.9, 91.9, 87.3, 87.3, 81.3, 88.3,
84.1, 84.1, 80.2, 87.2, 81.0, 81.0, 75.2, 82.2, 77.9, 77.9,
74.0,81.0,76.4,76.4,70.4,77.4,73.2, 73.2, 69.3, 76.3,
67.9, 74.9, 66.2

300130

Route travel distances
[mile]

58,77,75,34,49,59,58,7.7,75,7.7,75,7.7,7.5,
7.7,75,77,75,7.7,75,3.4,45,59,5.8,7.7,7.5, 3.4,
4.5

Stop time [min]

3.0, 2.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
0.0, 3.0, 0.0, 3.0, 2.0, 3.0, 0.0, 3.0, 0.0, 3.0, 2.0, 3.0, 0.0

Bus remaining range
[mile]

120.0, 114.4, 120.0, 112.3, 116.9, 109.6, 116.6, 113.3,
113.3,108.3, 115.3, 109.5, 109.5, 103.8, 110.8, 103.1,
103.1, 95.8, 102.8, 95.1, 95.1, 87.7, 94.7, 87.0, 87.0,
79.7,86.7, 79.0, 79.0, 71.6, 78.6, 70.9, 70.9, 63.6, 70.6,
62.9, 67.5, 60.2, 67.2, 63.9, 63.9, 59.4, 66.4, 60.5, 60.5,
54.9, 61.9, 54.1, 58.8, 51.5, 58.5, 55.2, 55.2, 50.7

6036

Route travel distances
[mile]

13.9, 13.3, 13.9, 13.3, 13.9, 13.3, 13.9, 13.3, 13.9, 13.3,
13.9, 13.3,13.9

Stop time [min]

3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0

Bus remaining range
[mile]

120.0, 106.1, 113.1, 102.6, 109.6, 95.7, 102.7, 92.3, 99.3,
85.4,92.4,81.9, 88.9, 75.0, 82.0, 71.6, 78.6, 64.6, 71.6,
61.2, 68.2,54.3, 61.3, 50.9, 57.9, 43.9
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Block ID

Information

Values

271227

Route travel distances
[mile]

56,56,43,42,56,5.6,4.3,4.2,5.6,56,4.3,4.2,5.6,
5.6,43,42,56,56,4.3,4.2,5.6,5.6,4.3,4.2,5.6, 5.6,
4.3,4.2,5.6,5.6,4.3,4.2,5.6,5.6,4.3,4.2

Stop time [min]

0.0,3.0,0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
0.0,3.0,0.0,3.0,0.0,3.0,0.0,3.0,0.0

Bus remaining range
[mile]

120.0, 114.4, 114.4,108.7, 115.7, 111.4, 111 .4, 107.2,
114.2, 108.6, 108.6, 103.0, 110.0, 105.7, 105.7, 101.5,
108.5, 102.8, 102.8, 97.2, 104.2, 99.9, 99.9, 95.7, 102.7,
97.0, 97.0,91.4,98.4,94.1, 94.1, 89.9, 96.9, 91.3, 91.3,
85.6, 92.6, 88.3, 88.3, 84.1, 91.1, 85.5, 85.5, 79.9, 86.9,
82.6, 82.6, 78.4,85.4,79.7, 79.7, 74.1, 81.1, 76.8, 76.8,
72.6, 79.6, 73.9, 73.9, 68.3, 75.3, 71.0, 71.0, 66.8, 73.8,
68.2, 68.2, 62.5, 69.5, 65.2, 65.2, 61.0

260526

Route travel distances
[mile]

4.3,3.0,3.1,4.2,43,3.0,3.1,4.2,43,3.0,3.1,4.2,4.3,
3.0,31,42,43,3.0,31,4.2,43,3.0,3.1,4.2,4.3, 3.0,
3.1,42,43,3.0,31,4.2,43,3.0,3.1,4.2,43,3.0, 3.1,
42,43,3.0,31,4.2,43,3.0,3.1,42,43,3.0

Stop time [min]

0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
3.0,0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0

Bus remaining range
[mile]

120.0, 115.7, 115.7, 112.9, 119.9, 116.8, 116.8, 112.6,
119.6, 115.4, 115.4, 112.5, 119.5, 116.4, 116.4, 112.2,
119.2, 115.0, 115.0, 112.1, 119.1, 116.1, 116.1, 111.9,
118.9, 114.6, 114.6, 111.7, 118.7, 115.7, 115.7, 111.5,
118.5,114.2,114.2, 111.3, 118.3, 115.3, 115.3, 111.1,
118.1, 113.8, 113.8, 111.0, 118.0, 114.9, 114.9, 110.7,
117.7,113.5, 1135, 110.6, 117.6, 114.5, 114.5, 110.3,
117.3,113.1, 113.1, 110.2, 117.2, 114.1, 114.1, 109.9,
116.9, 112.7, 112.7, 109.8, 116.8, 113.8, 113.8, 109.6,
116.6, 112.3, 112.3, 109.4, 116.4, 113.4, 113.4, 109.2,
116.2,111.9, 111.9, 109.1, 116.1, 113.0, 113.0, 108.8,
115.8,111.5, 1115, 108.7, 115.7, 112.6, 112.6, 108.4,
115.4,111.2,111.2, 108.3

108

Page 19



Block ID

Information

Values

620162

Route travel distances
[mile]

3.4,35,34,35,34,35,34,35,34,35,34,35,34,
3.5,34,35,34,35,34,35,34,3.5,34,35,34,35,
3.0,35,3.0,35,3.0,35,3.0,35,3.0,35, 3.0, 3.5, 3.0,
2.8,2.6,2.8,26,28,26,28,26,28, 2.6, 2.8, 2.6, 2.8,
2.6,2.8,2.6,28,26,238

Stop time [min]

0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
8.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
0.0, 3.0,0.0,3.0,0.0

Bus remaining range
[mile]

120.0, 119.2, 119.2, 115.7, 120.0, 119.2, 119.2, 115.7,
120.0, 119.2, 119.2, 115.7, 120.0, 119.2, 119.2, 115.7,
120.0, 119.2, 119.2, 115.7, 120.0, 119.2, 119.2, 115.7,
120.0, 119.2, 119.2, 115.7, 120.0, 119.3, 119.3, 115.8,
120.0, 119.3, 119.3, 115.8, 120.0, 119.3, 119.3, 115.8,
120.0, 119.3, 119.3, 115.8, 120.0, 119.3, 119.3, 115.8,
120.0, 119.3, 119.3, 115.8, 120.0, 119.3, 119.3, 115.8,
120.0, 119.3, 119.3, 115.8, 120.0, 119.3, 119.3, 115.8,
120.0, 119.3, 119.3, 115.8, 120.0, 119.3, 119.3, 115.8,
120.0, 119.3, 119.3, 115.8, 120.0, 119.3, 119.3, 116.5,
116.5, 116.2, 116.2, 113.4, 113.4, 113.1, 113.1, 110.3,
110.3, 109.9, 109.9, 107.2, 107.2, 106.8, 106.8, 104.1,
104.1, 103.7, 103.7, 100.9, 100.9, 100.6, 100.6, 97.8,
97.8,97.5,97.5,94.7,94.7,94.4,94 .4, 91.6, 91.6, 91.2,
91.2, 88.5

4104

Route travel distances
[mile]

8.6, 8.5, 8.6, 8.5, 8.6, 8.5, 8.6, 8.5, 8.6, 8.5, 8.6, 8.5, 8.6,
8.5,8.6,85,8.6,85,8.6,85,8.6,85,8.6

Stop time [min]

4.0,2.0,4.0,2.0,4.0,9.0,4.0,4.0,4.0,4.0,4.0,6.0, 2.0,
4.0,2.0,5.0,4.0,4.0,4.0,4.0,4.0,4.0

Bus remaining range
[mile]

120.0, 111.4, 120.0, 111.5, 116.1, 107.5, 116.8, 108.3,
113.0, 104.4, 113.7, 105.2, 120.0, 111.4, 120.0, 111.5,
120.0, 111.4, 120.0, 111.5, 120.0, 111.4, 120.0, 111.5,
120.0, 111.4, 116.0, 107.5, 116.8, 108.2, 112.9, 104.4,
116.0, 107.4, 116.7, 108.2, 117.5, 108.9, 118.2, 109.7,
119.0, 110.4, 119.7, 111.2, 120.0, 111.4
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Block ID

Information

Values

430143

Route travel distances
[mile]

3.2,29,38,5.7,54,36,3.2,2.9,38,57,54,3.6,3.2,
2.9,38,57,54,36,3.2,2.9,3.8,5.7,54,3.6,3.2,2.9,
3.8,5.7,5.4,36,3.2,29,38,5.7,54,3.6,3.2,2.9, 3.8,
5.7,54,36,3.2,29,38,57,54,3.6,3.2,2.9

Stop time [min]

0.0, 3.0, 0.0, 5.0, 0.0, 3.0, 0.0, 3.0, 0.0, 5.0, 0.0, 3.0, 0.0,
3.0,0.0,5.0, 0.0, 3.0, 0.0, 3.0, 0.0, 5.0, 0.0, 3.0, 0.0, 3.0,
0.0, 5.0, 0.0, 3.0, 0.0, 3.0, 0.0, 5.0, 0.0, 3.0, 0.0, 3.0, 0.0,
5.0, 0.0, 3.0, 0.0, 3.0, 0.0, 5.0, 0.0, 3.0, 0.0

Bus remaining range
[mile]

120.0, 116.8, 116.8, 113.9, 120.0, 116.2, 116.2, 110.5,
120.0, 114.6, 114.6, 111.0, 118.0, 114.8, 114.8, 111.9,
118.9, 115.1, 115.1, 109.4, 120.0, 114.6, 114.6, 111.0,
118.0, 114.8, 114.8, 111.9, 118.9, 115.1, 115.1, 109.4,
120.0, 114.6, 114.6, 111.0, 118.0, 114.8, 114.8, 111.9,
118.9, 115.1, 115.1, 109.4, 120.0, 114.6, 114.6, 111.0,
118.0, 114.8, 114.8, 111.9, 118.9, 115.1, 115.1, 109.4,
120.0, 114.6, 114.6, 111.0, 118.0, 114.8, 114.8, 111.9,
118.9, 115.1, 115.1, 109.4, 120.0, 114.6, 114.6, 111.0,
118.0, 114.8, 114.8, 111.9, 118.9, 115.1, 115.1, 109.4,
120.0, 114.6, 114.6, 111.0, 118.0, 114.8, 114.8, 111.9,
118.9, 115.1, 115.1, 109.4, 120.0, 114.6, 114.6, 111.0,
118.0, 114.8, 114.8, 111.9

300330

Route travel distances
[mile]

75,3.4,45,/59,58,7.7,75,3.4,45,5.9,5.8, 34,45,
59,58,34,45,59,58,7.7,75,3.4,45,5.9,5.8, 7.7,
75,34,45,59,58,7.7,75,34,45,59,58

Stop time [min]

3.0, 0.0, 3.0, 0.0, 3.0, 2.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 2.0, 3.0, 0.0, 3.0, 0.0, 3.0, 2.0,
3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 18.0, 0.0, 3.0, 0.0

Bus remaining range
[mile]

120.0, 112.7, 119.7, 116.4, 116.4, 111.8, 118.8, 113.0,
113.0, 107.4, 114.4, 106.6, 111.3, 104.0, 111.0, 107.6,
107.6, 103.1, 110.1, 104.3, 104.3, 98.6, 105.6, 102.2,
102.2, 97.7,104.7, 98.9, 98.9, 93.2, 100.2, 96.9, 96.9,
92.4,99.4, 93.5, 935, 87.9, 94.9, 87.1, 91.8, 84.5, 91.5,
88.1, 88.1, 83.6, 90.6, 84.8, 84.8, 79.2, 86.2, 78.4, 83.1,
75.8,82.8,79.4,79.4,74.9, 81.9,76.1, 76.1, 70.4, 77 .4,
69.7,69.7, 62.4, 104.4, 101.0, 101.0, 96.5, 103.5, 97.7,
97.7,92.0

270527

Route travel distances
[mile]

7.8,2.7,34,78,78,2.7,3.4,78,7.8,7.8,7.8,2.7, 3.4,
7.8,78,7.8,78,2.7,3.4,78,7.8,2.7,3.4,7.8,7.8, 8.5,
8.5,85,85,85,85,85

Stop time [min]

3.0,0.0, 3.0, 3.0, 3.0, 0.0, 3.0, 3.0, 3.0, 3.0, 3.0, 0.0, 3.0,
3.0,3.0, 3.0, 3.0, 0.0, 3.0, 3.0, 3.0, 0.0, 3.0, 3.0, 3.0, 3.0,
3.0,3.0,3.0,3.0,3.0

Bus remaining range
[mile]

120.0, 112.4, 119.4, 116.7, 116.7, 113.3, 120.0, 112.2,
112.2,104.5, 111.5, 108.9, 108.9, 105.5, 112.5, 104.6,
104.6, 97.0, 104.0, 96.1, 96.1, 88.4, 95.4, 92.8, 92.8,
89.4, 96.4, 88.5, 88.5, 80.9, 87.9, 80.0, 80.0, 72.4, 79.4,
76.7,76.7,73.3, 80.3, 72.5, 72.5, 64.8, 71.8, 69.2, 69.2,
65.8, 72.8, 64.9, 64.9, 57.3, 64.3, 55.8, 62.8, 54.4, 61.4,
52.9,59.9, 51.6, 58.6, 50.1, 57.1, 48.7, 55.7, 47.2
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Block ID

Information

Values

270827

Route travel distances
[mile]

78,78,27,34,78,7.8,27,3.4,78,7.8,7.8,7.8,2.7,
34,78,78,78,7.8,2.7,3.4,7.8,7.8,2.7,3.4,85, 85,
8.5,85,85,85,85,85

Stop time [min]

3.0,3.0,0.0, 3.0, 3.0, 3.0, 0.0, 3.0, 3.0, 3.0, 3.0, 3.0, 0.0,
3.0,3.0, 3.0, 3.0, 3.0, 0.0, 3.0, 3.0, 3.0, 0.0, 3.0, 3.0, 3.0,
3.0,3.0,3.0,3.0,3.0

Bus remaining range
[mile]

120.0, 112.2, 112.2, 104.5, 111.5, 108.9, 108.9, 105.5,
112.5, 104.6, 104.6, 97.0, 104.0, 101.3, 101.3, 97.9,

104.9,97.1, 97.1, 89.4, 96.4, 88.6, 88.6, 80.9, 87.9, 85.2,

85.2, 81.8, 88.8, 81.0, 81.0, 73.3, 80.3, 72.5, 72.5, 64.8,
71.8,69.2, 69.2, 65.8, 72.8, 64.9, 64.9, 57.3, 64.3, 61.6,
61.6, 58.2, 65.2, 56.7, 63.7, 55.4, 62.4, 53.9, 60.9, 52.5,
59.5,51.0, 58.0, 49.7, 56.7, 48.2, 55.2, 46.8

6046

Route travel distances
[mile]

9.5,96,44,45/95,9.6,4.4,45,9.5,96,4.4,45,95,
9.6,4.4,45,95,9.6,4.4,45,78,7.9,44,45,7.8,7.9,
44,45,78,7.9,4.4

Stop time [min]

15.0, 3.0, 3.0, 0.0, 15.0, 3.0, 3.0, 0.0, 15.0, 3.0, 3.0, 0.0,
15.0, 3.0, 3.0, 0.0, 15.0, 3.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
18.0, 0.0, 3.0, 0.0, 18.0, 0.0

Bus remaining range
[mile]

120.0, 110.5, 110.5, 100.9, 107.9, 106.9, 113.9, 109.4,
109.4, 99.9, 99.9, 90.3, 97.3, 96.3, 103.3, 98.8, 98.8,
89.3, 89.3, 79.7, 86.7, 85.7, 92.7, 88.2, 88.2, 78.7, 78.7,
69.1, 76.1, 75.1, 82.1, 77.5, 77.5, 68.0, 68.0, 58.5, 65.5,
64.4,71.4,66.9, 66.9, 59.2, 59.2, 51.2, 51.2, 50.2, 57.2,
52.7,52.7,44.9, 44.9, 37.0, 37.0, 35.9, 42.9, 38.4, 38.4,
30.6, 30.6, 22.7, 22.7, 21.7

300430

Route travel distances
[mile]

75,34,45,/59/58,7.7,75,3.4,45,5.9,5.8, 34,45,
59,58,34,45,59,58,34,45,59,58,7.7,7.5, 3.4,
45,59,58,7.7,75,3.4,45,5.9,58,7.7,7.5,3.4,4.5

Stop time [min]

3.0,0.0, 3.0, 0.0, 3.0, 2.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 2.0, 3.0, 0.0,
3.0,0.0, 3.0, 0.0, 5.0, 0.0, 3.0, 0.0, 3.0, 0.0, 18.0, 0.0

Bus remaining range
[mile]

120.0,112.7, 119.7, 116.4, 116.4, 111.8, 118.8, 113.0,
113.0, 107.4, 114.4, 106.6, 111.3, 104.0, 111.0, 107.6,
107.6, 103.1, 110.1, 104.3, 104.3, 98.6, 105.6, 102.2,
102.2, 97.7, 104.7, 98.9, 98.9, 93.2, 100.2, 96.9, 96.9,
92.4,99.4, 93.5, 935, 87.8, 94.8, 91.5, 91.5, 87.0, 94.0,
88.1, 88.1, 82.5, 89.5, 81.7, 86.4, 79.1, 86.1, 82.8, 82.8,
78.3, 85.3,79.4, 79.4, 73.8, 80.8, 73.0, 73.0, 65.7, 77.4,
74.0,74.0, 69.5, 76.5, 70.7, 70.7, 65.0, 72.0, 64.3, 64.3,
57.0, 99.0, 95.6, 95.6, 91.1
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Block 1D

Information

Values

Route travel distances
[mile]

12.3,12.5,12.3,125,12.3, 125, 12.3, 12.5, 12.3, 12.5,
12.3,12.5,12.3,4.2,3.9,12.5,12.3,4.2, 3.9, 12.5

Stop time [min]

3.0,3.0,3.0,3.0,3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 18.0,
0.0, 18.0, 3.0, 18.0, 0.0, 18.0

420642 120.0, 107.7, 114.7, 102.4, 109.4, 97.0, 104.0, 91.7, 98.7,
BUS remaining range 86.4,93.4,81.1,88.1, 75.7,82.7, 70.4, 77.4,65.1, 72.1,
[mile] 9 9 59.8, 66.8, 54.5, 61.5, 49.2, 56.2, 43.8, 85.8, 81.7, 81.7,
77.7,119.7,107.4, 114.4, 102.1, 120.0, 115.8, 115.8,
111.9, 120.0, 107.7
Route travel distances 12.5,12.3,12.5,12.3,12.5,12.3,12.5, 12.3, 12.5, 12.3,
[mile] 12.5,12.3,4.2,3.9,12.5,12.3,4.2,3.9,12.5,12.3
Stop time [min] 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 18.0, 0.0,
P 18.0, 3.0, 18.0, 0.0, 18.0, 3.0
420842 120.0, 107.7, 114.7, 102.4, 109.4, 97.1, 104.1, 91.7, 98.7,
BUS remaining range 86.4, 93.4,81.1, 88.1, 75.8, 82.8, 70.4, 77.4,65.1, 72.1,
] g rang 59.8, 66.8, 54.5, 61.5, 49.2, 91.2, 87.0, 87.0, 83.1, 120.0,
107.7,114.7, 102.4, 120.0, 115.8, 115.8, 111.9, 120.0,
107.7, 114.7, 102.4
Route travel distances 9.7, 8.0, 10.5, 10.6, 8.1, 9.8, 9.7, 8.0, 10.5, 10.6, 8.1, 9.8,
. 9.7, 8.0, 10.5, 10.6, 10.5, 10.6, 10.5, 10.6, 10.5, 10.6,
[mile]
10.5
Stop time [min] 6.0, 3.0, 3.0, 3.0, 0.0, 3.0, 6.0, 3.0, 3.0, 3.0, 0.0, 3.0, 6.0,
P 3.0, 3.0, 18.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0
5045 120.0, 110.3, 120.0, 112.5, 119.5, 108.9, 115.9, 105.9,
112.9, 104.8, 104.8, 94.9, 101.9, 92.2, 106.2, 98.7, 105.7,
Bus remaining range 95.2,102.2,92.1, 99.1, 91.0, 91.0, 81.2, 88.2, 78.5, 92.5,
[mile] 84.9, 91.9, 81.4, 88.4, 78.4, 120.0, 109.5, 116.5, 106.4,
113.4, 102.8, 109.8, 99.7, 106.7, 96.2, 103.2, 93.1, 100.1,
89.6
Route travel distances 59,58,7.7,75,3.4,45,59,58,7.7,75,7.7,7.5, 7.7,
[mile] 75, 77,75, 7.7,75,3.4,49,59,5.8,7.7,7.5,3.4,4.5,
59,58,7.7,75,3.4,45,59,58,7.7,7.5
0.0, 3.0, 2.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
Stop time [min] 3.0, 0.0, 3.0, 2.0, 3.0, 0.0, 3.0, 0.0, 3.0, 2.0, 3.0, 0.0, 3.0,
0.0, 3.0, 0.0, 18.0, 0.0, 3.0, 0.0, 3.0, 0.0
300230 120.0, 114.1, 114.1, 108.5, 115.5, 107.8, 112.4, 105.2,

Bus remaining range
[mile]

112.2,108.8, 108.8, 104.3, 111.3, 105.4, 105.4, 99.8,
106.8, 99.1, 99.1, 91.7, 98.7, 91.0, 91.0, 83.7, 90.7, 83.0,
83.0, 75.6, 82.6, 74.9, 74.9, 67.6, 74.6, 66.9, 71.5, 64.2,
71.2,67.9,67.9, 62.9, 69.9, 64.1, 64.1, 58.4, 65.4, 57.7,
62.4,55.1, 62.1, 58.7, 58.7, 54.2, 61.2, 55.4, 55.4, 49.7,
56.7, 49.0, 49.0, 41.7, 83.7, 80.3, 80.3, 75.8, 82.8, 77.0,
77.0,71.3,78.3,70.6, 70.6, 63.3
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Information

Values

5035

Route travel distances
[mile]

10.6, 8.1,9.8,9.7, 8.0, 10.5, 10.6, 8.1, 9.8, 9.7, 8.0, 10.5,
10.6,8.1,9.8,9.7, 74,74, 74,74, 74,74, 7.4,7.4,7.4,
74,74

Stop time [min]

3.0,0.0, 3.0, 6.0, 3.0, 3.0, 3.0, 0.0, 3.0, 6.0, 3.0, 3.0, 3.0,
0.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0

Bus remaining range
[mile]

120.0, 109.9, 116.9, 108.8, 108.8, 99.0, 106.0, 96.3,
110.3, 102.8, 109.8, 99.2, 106.2, 96.2, 103.2, 95.1, 95.1,
85.2,92.2, 82.5, 96.5, 89.0, 96.0, 85.5, 92.5, 82.4, 89.4,
81.3,81.3,71.5, 78.5, 68.8, 75.8, 68.4, 75.4, 68.0, 75.0,
67.6, 74.6,67.1, 74.1, 66.7, 73.7, 66.3, 73.3, 65.9, 72.9,
65.5,72.5,65.1,72.1,64.7, 71.7, 64.3

5085

Route travel distances
[mile]

8.1,9.8,9.7, 8.0, 10.5, 10.6, 8.1, 9.8, 9.7, 8.0, 10.5, 10.6,
8.1,9.8,9.7, 8.0, 10.5, 10.6, 10.5, 10.6, 10.5, 10.6, 10.5,
10.6

Stop time [min]

0.0, 3.0, 6.0, 3.0, 3.0, 3.0, 0.0, 3.0, 6.0, 3.0, 3.0, 3.0, 0.0,
3.0, 6.0, 3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0

Bus remaining range
[mile]

120.0, 111.9, 111.9, 102.1, 109.1, 99.3, 113.3, 105.8,
112.8,102.3, 109.3, 99.2, 106.2, 98.1, 98.1, 88.3, 95.3,
85.6, 99.6, 92.0, 99.0, 88.5, 95.5, 85.5, 92.5, 84.3, 84.3,
74.5, 81.5, 71.8, 85.8, 78.3, 85.3, 74.8, 81.8, 71.6, 78.6,
68.1, 75.1, 65.0, 72.0, 61.5, 68.5, 58.4, 65.4, 54.8, 61.8,
51.7

271327

Route travel distances
[mile]

4.2,5.6,5.6,4.3,4.2,5.6,5.6,4.3,4.2,56,5.6,4.3,4.2,
5.6,5.6,4.3,4.2,56,56,4.3,42,5.6,5.6,4.3,4.2,5.6,
5.6,43,42,56,56,4.3,4.2,5.6,5.6,4.3,4.2,2.7,3.4,
5.6,5.6,4.3,4.2,2.7,34,56,5.6,4.3,4.2

Stop time [min]

3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
0.0,3.0,0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0

Bus remaining range
[mile]

120.0, 115.8, 120.0, 114.4, 114.4, 108.7, 115.7, 111.4,
111.4,107.2, 114.2, 108.6, 108.6, 103.0, 110.0, 105.7,
105.7, 101.5, 108.5, 102.8, 102.8, 97.2, 104.2, 99.9, 99.9,
95.7,102.7, 97.0, 97.0, 91.4, 98.4, 94.1, 94.1, 89.9, 96.9,
91.3, 91.3, 85.6, 92.6, 88.3, 88.3, 84.1, 91.1, 85.5, 85.5,
79.9, 86.9, 82.6, 82.6, 78.4, 85.4, 79.7, 79.7, 74.1, 81.1,
76.8, 76.8, 72.6, 79.6, 73.9, 73.9, 68.3, 75.3, 71.0, 71.0,
66.8, 73.8, 68.2, 68.2, 62.5, 69.5, 65.2, 65.2, 61.0, 68.0,
65.4, 65.4, 62.0, 69.0, 63.3, 63.3, 57.7, 64.7, 60.4, 60.4,
56.2, 63.2, 60.5, 60.5, 57.1, 64.1, 58.5, 58.5, 52.9, 59.9,
55.6, 55.6,51.4
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Information

Values

271127

Route travel distances
[mile]

56,43,42,56,56,4.3,4.2,5.6,5.6,4.3,4.2,5.6, 5.6,
43,4.2,5.6,56,4.3,42,56,5.6,4.3,4.2,5.6,5.6,4.3,
4.2,5.6,5.6,4.3,4.2,5.6,5.6,4.3,4.2,2.7,3.4,5.6, 5.6,
4.3,4.2,2.7,3.4,5.6,5.6,4.3,4.2,2.7,3.4,5.6

Stop time [min]

3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0

Bus remaining range
[mile]

120.0, 114.4,120.0, 115.7, 115.7, 111.5, 118.5, 112.9,
112.9,107.2, 114.2, 109.9, 109.9, 105.7, 112.7, 107.1,
107.1, 101.5, 108.5, 104.2, 104.2, 99.9, 106.9, 101.3,
101.3, 95.7, 102.7, 98.4, 98.4, 94.2, 101.2, 95.5, 95.5,
89.9, 96.9, 92.6, 92.6, 88.4, 95.4, 89.8, 89.8, 84.1, 91.1,
86.8, 86.8, 82.6, 89.6, 84.0, 84.0, 78.4, 85.4, 81.1, 81.1,
76.8, 83.8, 78.2, 78.2, 72.6, 79.6, 75.3, 75.3, 71.1, 78.1,
72.4,72.4,66.8, 73.8, 69.5, 69.5, 65.3, 72.3, 69.6, 69.6,
66.2, 73.2, 67.6, 67.6, 62.0, 69.0, 64.7, 64.7, 60.5, 67.5,
64.8, 64.8, 61.4, 68.4, 62.8, 62.8, 57.1, 64.1, 59.9, 59.9,
55.6, 62.6, 60.0, 60.0, 56.6, 63.6, 57.9

6026

Route travel distances
[mile]

13.3,13.9, 13.3, 13.9, 13.3, 13.9, 13.3, 13.9, 13.3, 13.9,
13.3,13.9,13.3,4.5,7.8,7.9,4.4,45,7.8,7.9,4.4,45,
7.8

Stop time [min]

3.0,3.0,3.0,3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0,
0.0, 18.0, 0.0, 3.0, 0.0, 18.0, 0.0, 3.0, 0.0

Bus remaining range
[mile]

120.0, 109.6, 116.6, 102.6, 109.6, 99.2, 106.2, 92.3, 99.3,
88.9, 95.9, 81.9, 88.9, 78.5, 85.5, 71.6, 78.6, 68.1, 75.1,
61.2, 68.2, 57.8, 64.8, 50.9, 57.9, 47.4, 54.4, 49.9, 49.9,
42.2,42.2,34.2,34.2,33.2,40.2, 35.6, 35.6, 27.9, 27.9,
19.9,19.9, 18.9, 25.9, 21.4, 21.4, 13.6

5065

Route travel distances
[mile]

9.8,9.7, 8.0, 10.5, 10.6, 8.1, 9.8, 9.7, 8.0, 10.5, 10.6, 8.1,
11.7,11.4, 8.0, 10.5, 10.6, 10.5, 10.6, 10.5, 10.6, 10.5,
10.6, 10.5

Stop time [min]

3.0, 6.0, 3.0, 3.0, 3.0, 0.0, 3.0, 6.0, 3.0, 3.0, 3.0, 0.0, 0.0,
9.0, 3.0, 3.0, 18.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0

Bus remaining range
[mile]

120.0, 110.2, 117.2, 107.5, 120.0, 112.5, 119.5, 108.9,
115.9, 105.9, 112.9, 104.8, 104.8, 94.9, 101.9, 92.2,
106.2, 98.7, 105.7, 95.2, 102.2, 92.1, 99.1, 91.0, 91.0,
79.3,79.3,67.9, 88.9, 81.4, 88.4, 77.9, 84.9, 74.8, 116.8,
106.3, 113.3, 103.2, 110.2, 99.7, 106.7, 96.5, 103.5, 93.0,
100.0, 89.9, 96.9, 86.4

6076

Route travel distances
[mile]

13.3,13.9, 13.3, 13.9, 13.3, 13.9, 13.3, 13.9, 13.3, 13.9,
13.3,13.9, 13.3, 13.9, 13.3, 13.9, 13.3, 13.9

Stop time [min]

3.0,3.0,3.0,3.0,3.0,3.0,3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0,
3.0,3.0,3.0,3.0

Bus remaining range
[mile]

120.0, 109.6, 116.6, 102.6, 109.6, 99.2, 106.2, 92.3, 99.3,
88.9, 95.9, 81.9, 88.9, 78.5, 85.5, 71.6, 78.6, 68.1, 75.1,
61.2, 68.2, 57.8, 64.8, 50.9, 57.9, 47.4, 54.4, 40.5, 47.5,
37.1,44.1, 30.1, 37.1, 26.7, 33.7, 19.8
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Block 1D

Information

Values

6086

Route travel distances
[mile]

13.9, 13.3, 13.9, 13.3, 13.9, 13.3, 13.9, 13.3, 13.9, 13.3,
13.9, 13.3, 13.9, 13.3, 13.9, 13.3, 13.9, 13.3

Stop time [min]

3.0,3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0, 3.0,
3.0,3.0,3.0,3.0

Bus remaining range
[mile]

120.0, 106.1, 113.1, 102.6, 109.6, 95.7, 102.7, 92.3, 99.3,
85.4,92.4,81.9, 88.9, 75.0, 82.0, 71.6, 78.6, 64.6, 71.6,
61.2, 68.2,54.3, 61.3, 50.9, 57.9, 43.9, 50.9, 40.5, 47.5,
33.6, 40.6, 30.1, 37.1, 23.2, 30.2, 19.8

420542

Route travel distances
[mile]

4.2,39,6.2,5.8,4.4,39,46,6.1,4.2,3.9,6.2,5.8,4.4,
3.9,46,6.1,4.2,3.9,6.2,58,4.4,3.9,4.6,6.1,4.2, 3.9,
6.2,5.8,4.4,3.9,46,6.1,4.2,3.9,6.2,5.8,4.4, 3.9, 4.6,
6.1,12.5,12.3,4.2, 3.9, 12.5,12.3

Stop time [min]

0.0,3.0,0.0,3.0,0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
18.0, 3.0, 18.0, 0.0, 18.0, 3.0

Bus remaining range
[mile]

120.0, 115.8, 115.8, 111.9, 118.9, 112.8, 112.8, 106.9,
113.9, 109.6, 109.6, 105.7, 112.7, 108.1, 108.1, 102.1,
109.1, 104.9, 104.9, 101.0, 108.0, 101.8, 101.8, 96.0,
103.0, 98.7, 98.7, 94.8, 101.8, 97.2, 97.2, 91.1, 98.1,
94.0, 94.0, 90.1, 97.1, 90.9, 90.9, 85.1, 92.1, 87.7, 87.7,
83.9, 90.9, 86.3, 86.3, 80.2, 87.2, 83.1, 83.1, 79.1, 86.1,
80.0, 80.0, 74.1, 81.1, 76.8, 76.8, 72.9, 79.9, 75.3, 75.3,
69.3,76.3,72.1, 72.1, 68.2, 75.2, 69.0, 69.0, 63.2, 70.2,
65.9, 65.9, 62.0, 69.0, 64.4, 64.4, 58.3, 100.3, 88.0, 95.0,
82.7,120.0, 115.8, 115.8, 111.9, 120.0, 107.7, 114.7,
102.4
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Block ID

Information

Values

430243

Route travel distances
[mile]

3.8,5.7,54,36,3.2,29,38,5.7,54,36, 3.2,2.9, 3.8,
5.7,54,36,3.2,29,38,57,54,3.6,3.2,2.9,3.8,5.7,
54,36,32,29,38,57,54,36,3.2,29,63.8,5.7,5.4,
3.6,3.2,29,38,57,54,36,3.2,29,3.8,5.7,5.4, 3.6,
3.2,29,38,57,54,36,32,29,38,5.7,54,3.6,3.2,
2.9

Stop time [min]

0.0, 5.0, 0.0, 3.0, 0.0, 3.0, 0.0, 5.0, 0.0, 3.0, 0.0, 3.0, 0.0,
5.0, 0.0, 3.0, 0.0, 3.0, 0.0, 5.0, 0.0, 3.0, 0.0, 3.0, 0.0, 5.0,
0.0,3.0, 0.0, 3.0, 0.0, 5.0, 0.0, 3.0, 0.0, 3.0, 0.0, 5.0, 0.0,
3.0,0.0, 3.0, 0.0, 5.0, 0.0, 3.0, 0.0, 3.0, 15.0, 5.0, 15.0,
3.0, 0.0, 3.0, 15.0, 5.0, 15.0, 3.0, 0.0, 3.0, 15.0, 5.0, 15.0,
3.0,0.0

Bus remaining range
[mile]

120.0, 116.2, 116.2, 110.5, 120.0, 114.6, 114.6, 111.0,
118.0, 114.8, 114.8, 111.9, 118.9, 115.1, 115.1, 109.4,
120.0, 114.6, 114.6, 111.0, 118.0, 114.8, 114.8, 111.9,
118.9, 115.1, 115.1, 109.4, 120.0, 114.6, 114.6, 111.0,
118.0, 114.8, 114.8, 111.9, 118.9, 115.1, 115.1, 109.4,
120.0, 114.6, 114.6, 111.0, 118.0, 114.8, 114.8, 111.9,
118.9, 115.1, 115.1, 109.4, 120.0, 114.6, 114.6, 111.0,
118.0, 114.8, 114.8, 111.9, 118.9, 115.1, 115.1, 109.4,
120.0, 114.6, 114.6, 111.0, 118.0, 114.8, 114.8, 111.9,
118.9, 115.1, 115.1, 109.4, 120.0, 114.6, 114.6, 111.0,
118.0, 114.8, 114.8, 111.9, 118.9, 115.1, 115.1, 109.4,
120.0, 114.6, 114.6, 111.0, 118.0, 114.8, 114.8, 111.9,
118.9, 115.1, 120.0, 114.3, 120.0, 114.6, 120.0, 116.4,
120.0, 116.8, 116.8, 113.9, 120.0, 116.2, 120.0, 114.3,
120.0, 114.6, 120.0, 116.4, 120.0, 116.8, 116.8, 113.9,
120.0, 116.2, 120.0, 114.3, 120.0, 114.6, 120.0, 116.4,
120.0, 116.8, 116.8, 113.9

420442

Route travel distances
[mile]

4.4,39,46,6.1,4.2,3.9,6.2,5.8,4.4,3.9,4.6,6.1,4.2,
3.9,6.2,58,44,39,46,6.1,4.2,3.9,6.2,5.8,4.4, 3.9,
46,6.1,4.2,3.9,6.2,5.8,4.4,3.9,46,6.1,4.2,3.9,6.2,
5.8,44,39,46,6.1,6.2,58,4.4,3.9,4.6,6.1,6.2,5.8,
4.4,39,46,6.1

Stop time [min]

0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
0.0,3.0,0.0

Bus remaining range
[mile]

120.0, 115.6, 115.6, 111.8, 118.8, 114.2, 114.2, 108.1,
115.1, 111.0, 111.0, 107.1, 114.1, 107.9, 107.9, 102.1,
109.1, 104.7, 104.7, 100.8, 107.8, 103.3, 103.3, 97.2,
104.2, 100.0, 100.0, 96.1, 103.1, 97.0, 97.0, 91.1, 98.1,
93.8, 93.8, 89.9, 96.9, 92.3, 92.3, 86.3, 93.3, 89.1, 89.1,
85.2,92.2, 86.0, 86.0, 80.2, 87.2, 82.9, 82.9, 79.0, 86.0,
81.4,81.4,75.3,82.3,78.2,78.2,74.3,81.3, 75.1, 75.1,
69.3, 76.3, 71.9, 71.9, 68.0, 75.0, 70.5, 70.5, 64.4, 71.4,
67.2,67.2,63.3, 70.3, 64.2, 64.2, 58.3, 65.3, 61.0, 61.0,
57.1, 64.1, 59.5, 59.5, 53.5, 60.5, 54.3, 54.3, 48.5, 55.5,
51.1,51.1,47.3,54.3, 49.7, 49.7, 43.6, 50.6, 44.4, 44.4,
38.6, 45.6, 41.3, 41.3, 37.4, 44.4, 39.8, 39.8, 33.8
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Block ID

Information

Values

430343

Route travel distances
[mile]

54,36,3.2,29,38,57,54,36,3.2,29,3.8,5.7,54,
3.6,3.2,29,38,57,54,36,3.2,2.9,38, 57,54, 3.6,
3.2,29,38,5.7,54,36,32,29,38,5.7,5.4,3.6,3.2,
2.9,38,57,54,36,3.2,29,38,5.7,54,3.6,3.2, 2.9,
3.8,5.7,54,36,3.2,29,38,57,54,3.6,3.2, 2.9, 3.8,
57,54

Stop time [min]

0.0, 3.0, 0.0, 3.0, 0.0, 5.0, 0.0, 3.0, 0.0, 3.0, 0.0, 5.0, 0.0,
3.0, 0.0, 3.0, 0.0, 5.0, 0.0, 3.0, 0.0, 3.0, 0.0, 5.0, 0.0, 3.0,
0.0,3.0,0.0,5.0, 0.0, 3.0, 0.0, 3.0, 0.0, 5.0, 0.0, 3.0, 0.0,
3.0,0.0,5.0, 0.0, 3.0, 0.0, 3.0, 0.0, 5.0, 0.0, 3.0, 0.0, 3.0,
15.0, 5.0, 15.0, 3.0, 0.0, 3.0, 15.0, 5.0, 15.0, 3.0, 0.0, 3.0,
15.0, 5.0

Bus remaining range
[mile]

120.0, 114.6, 114.6, 111.0, 118.0, 114.8, 114.8, 111.9,
118.9, 115.1, 115.1, 109.4, 120.0, 114.6, 114.6, 111.0,
118.0, 114.8, 114.8, 111.9, 118.9, 115.1, 115.1, 109.4,
120.0, 114.6, 114.6, 111.0, 118.0, 114.8, 114.8, 111.9,
118.9, 115.1, 115.1, 109.4, 120.0, 114.6, 114.6, 111.0,
118.0, 114.8, 114.8, 111.9, 118.9, 115.1, 115.1, 109.4,
120.0, 114.6, 114.6, 111.0, 118.0, 114.8, 114.8, 111.9,
118.9, 115.1, 115.1, 109.4, 120.0, 114.6, 114.6, 111.0,
118.0,114.8, 114.8, 111.9, 118.9, 115.1, 115.1, 109.4,
120.0, 114.6, 114.6, 111.0, 118.0, 114.8, 114.8, 111.9,
118.9, 115.1, 115.1, 109.4, 120.0, 114.6, 114.6, 111.0,
118.0, 114.8, 114.8, 111.9, 118.9, 115.1, 115.1, 109.4,
120.0, 114.6, 114.6, 111.0, 118.0, 114.8, 114.8, 111.9,
118.9, 115.1, 120.0, 114.3, 120.0, 114.6, 120.0, 116.4,
120.0, 116.8, 116.8, 113.9, 120.0, 116.2, 120.0, 114.3,
120.0, 114.6, 120.0, 116.4, 120.0, 116.8, 116.8, 113.9,
120.0, 116.2, 120.0, 114.3, 120.0, 114.6

420242

Route travel distances
[mile]

7.8,42,39,84,86,4.4,39,46,6.1,4.2,3.9,6.2,5.8,
4.4,39,46,6.1,4.2,3.9,6.2,5.8,4.4,3.9,4.6,6.1,4.2,
3.9,6.2,58,44,39,46,6.1,4.2,3.9,6.2,5.8,4.4,3.9,
46,6.1,6.2,5.8,4.4,3.9,4.6,6.1,6.2,5.8, 4.4,3.9, 4.6,
6.1,6.2,58,4.4

Stop time [min]

3.0, 0.0, 3.0, 3.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0,
0.0,3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0, 3.0, 0.0,
3.0,0.0, 3.0

Bus remaining range
[mile]

120.0,112.2, 119.2, 115.1, 115.1, 111.1, 118.1, 109.7,
116.7,108.1, 115.1, 110.7, 110.7, 106.8, 113.8, 109.3,
109.3, 103.2, 110.2, 106.0, 106.0, 102.1, 109.1, 102.9,
102.9, 97.1, 104.1, 99.8, 99.8, 95.9, 102.9, 98.3, 98.3,
92.3,99.3,95.1, 95.1, 91.2, 98.2, 92.0, 92.0, 86.2, 93.2,
88.8, 88.8, 85.0, 92.0, 87.4, 87.4, 81.3, 88.3, 84.2, 84.2,
80.3, 87.3,81.1,81.1, 75.3,82.3, 77.9, 77.9, 74.0, 81.0,
76.5,76.5, 70.4,77.4,73.2, 73.2,69.3, 76.3, 70.2, 70.2,
64.3,71.3, 67.0, 67.0, 63.1, 70.1, 65.5, 65.5, 59.5, 66.5,
60.3, 60.3, 54.5, 61.5, 57.1, 57.1, 53.3, 60.3, 55.7, 55.7,
49.6, 56.6, 50.4, 50.4, 44.6, 51.6, 47.3, 47.3, 43.4, 50.4,
45.8, 45.8, 39.8, 46.8, 40.6, 40.6, 34.8, 41.8, 37.4
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