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Foreword

The U.S. Department of Energy’s Systems and Modeling for Accelerated Research in Transportation
(SMART) Mobility Consortium is a multiyear, multi-laboratory collaborative, managed by the Energy
Efficient Mobility Systems Program of the Office of Energy Efficiency and Renewable Energy, Vehicle
Technologies Office, dedicated to further understanding the energy implications and opportunities of advanced
mobility technologies and services. The first three-year research phase of SMART Mobility occurred from
2017 through 2019 and included five research pillars: Connected and Automated Vehicles, Mobility Decision
Science, Multi-Modal Freight, Urban Science, and Advanced Fueling Infrastructure. A sixth research thrust
integrated aspects of all five pillars to develop a SMART Mobility Modeling Workflow to evaluate new
transportation technologies and services at scale.

This report summarizes the work of the Advanced Fueling Infrastructure Pillar. This Pillar investigated the
charging infrastructure needs of electric ride-hailing and car-sharing vehicles, automated shuttle buses, and
freight-delivery truck fleets. For information about the other Pillars and about the SMART Mobility Modeling
Workflow, please refer to the relevant Pillar’s Capstone Report.
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Executive Summary

Electrification of Diverse Transportation Modes Prompts New Questions About Charging
Infrastructure

The simultaneous trends of electrification, sharing, and automation inspire visions of a future in which
personal mobility and delivery of goods are cheap, accessible, and efficient.

Since the introduction of modern electric vehicles (EVs) in 2010, sales have been on a steady upward
trajectory, with cumulative sales of 1.3 million electric vehicles in the United States through September 2019.!
Public and private forecasts suggest that EV market share will continue to grow in the long term. The U.S.
Energy Information Administration’s 2019 Annual Energy Outlook projects that annual sales of EVs in the
United States will exceed 1 million vehicles per year by 2030.2

During this same time period, the concept of ride-hailing has risen in popularity. Transportation network
companies (TNCs) such as Uber and Lyft have popularized the practice of private vehicle owners providing
ride-hailing services using their own cars. The number of rides offered by TNCs has increased dramatically;
the ride-hailing company Uber took 5 years to deliver its first billion rides, but delivered its second billion in
the first half of 2016 alone.? By December 2018, Uber had delivered 10 billion trips worldwide.*

In parallel with the rise of shared mobility, the technology (tech) and automotive industries have made
significant investments to develop fully automated, self-driving vehicles. Many established and startup
companies are actively developing and demonstrating self-driving vehicle technology. Waymo was the first
company to launch an automated ride-hailing fleet for paying customers in 2018.> Automakers, shared-
mobility service companies, tech companies, and market analysts are all predicting that automated ride-hailing
vehicles will bring about disruptive market changes.

Transportation electrification and automation in the United States is growing beyond light-duty passenger cars.
An increasing variety of truck manufacturers, transit agencies, shipping companies, and other organizations are
conducting pilot deployments of medium- and heavy-duty electric and automated trucks and buses to transport
people and goods.

The electrification of increasingly diverse transportation modes and vehicle types raises many questions about
how charging infrastructure could evolve to meet the needs of human-driven and automated EVs providing
ride-hailing, car-sharing, automated transit, and freight-delivery services. What is the right kind of charging
infrastructure for each mode? How much is needed? Where should it be located? Benefits of transportation
electrification can only be realized if adequate, cost-effective charging infrastructure is in place to support it.

U.S. Department of Energy’s Systems and Modeling for Accelerated Research in
Transportation (SMART) Mobility Advanced Fueling Infrastructure Pillar

The U.S. Department of Energy (DOE) developed a research agenda to examine the charging infrastructure
needs of human-driven and automated EVs providing ride-hailing, car-sharing, and freight-delivery services
and automated shuttles. This effort was coordinated through the Advanced Fueling Infrastructure (AFI) Pillar,
one of five research pillars in the U.S. DOE’s SMART Mobility Consortium, a multi-year, multi-laboratory
collaborative dedicated to further understanding the energy implications and opportunities of advanced
mobility technologies and services.

Between 2016 and 2019, researchers in the AFI Pillar used sophisticated modeling, simulation, and data
analysis tools to investigate tradeoffs in different charging infrastructure network designs for human-driven
and fully automated ride-hailing EVs, electric car-sharing fleets, automated shuttle buses for fixed-route
transit, and freight-delivery truck fleets. (An example of a present-day EV operating within a TNC fleet in
Sacramento, California is shown in Figure ES-1.) The AFI Pillar also researched the impact of two potentially
game-changing technologies: intelligent management for automated electric vehicle (AEV) fleets and dynamic
wireless power transfer. Finally, the AFI Pillar assessed the potential of charging infrastructure installed to
support ride hailing to influence mobility and energy-consumption trends on a national scale.
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Figure ES-1. Map visualizing the driving and public charging locations (alternating current [AC] Level 2 and direct current
[DC] fast chargers indicated by the blue circles) used by a single ride-hailing EV driver in Sacramento, California

The AFI Pillar organized its activities around five primary research questions:

e  What are the characteristics of potential transportation market segments employing human-driven and
automated EVs that future charging infrastructure will need to serve?

e  What are the cost/benefit tradeoffs inherent with different approaches to designing charging infrastructure
to serve light-duty human-driven and automated electric ride-hailing vehicles?

e  What are the tradeoffs inherent with different approaches to designing charging infrastructure for Class 7/8
electric trucks for freight transport?

e  What is the potential for automated-vehicle charging to create new charging paradigms that improve
automated electric ride-hailing vehicles and transit?

e  What is the benefit to the nation of charging infrastructure deployed to serve ride-hailing EVs?
Key Findings

A recurring theme in the AFI Pillar’s research is that tradeoffs abound. There is no “right” amount of charging
infrastructure because charging needs vary dramatically across and within increasingly diverse segments of the
EV market. Circumstances, interests, and behaviors of individual EV drivers vary dramatically, rendering a
single, ideal charging infrastructure design impossible. For operators of human-driven and automated EV
fleets, decisions related to charging are closely coupled with many other investment and operations decisions,
including the number and type of vehicles they place in their fleet and how vehicles are dispatched. The
conclusions of AFI Pillar research summarize many of the tradeoffs that must be managed and the cost/benefit
relationships that emerge in different approaches to charging infrastructure network design for future electric
mobility.

Understanding New Market Segments for Transportation Electrification

Light-Duty Vehicle Market Segmentation

The AFI Pillar performed behavioral segmentation to study the potential future charging infrastructure needs
of various EV market segments. One of these market segments for which data are available today is human-
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driven ride hailing. For the study of human-driven ride-hailing fleets, real-world TNC and taxi activity data
from RideAustin and Columbus Yellow Cabs (CYC) were analyzed, alongside a national TNC driver survey
from Populus, to shed light on incentives and barriers for electrification. The following are key insights from
the data-analysis efforts:

EVs are not cost competitive for many TNC drivers without financial incentives or less expensive
vehicles.

The majority of TNC drivers in the RideAustin and Populus data were found to drive part time, with
relatively low annual vehicle-miles traveled (VMT). A minority of TNC drivers operate full time (~10%),
with high annual VMT; the average annual VMT for this group was about 30,000 miles. CYC taxicab
drivers, considered full-time drivers, averaged 40,000 miles per year.

A total cost of ownership (TCO) study for TNC drivers quantified the cost competitiveness of EVs for
TNC drivers with primarily financial motivations. This study showed that battery electric vehicles (BEVs)
with 250 miles of range (referred to as BEV250s) have the lowest TCO for vehicles driven at least 42,000
miles per year, compared to equivalent internal-combustion-engine vehicles (ICEVs), hybrid electric
vehicles (HEVs), and BEV150s, assuming current vehicle prices, access to home charging at $0.13 per
kWh, gasoline cost of $3.00 per gallon, and opportunity cost of public charging of $15 per hour. HEVs are
the lowest-cost option when vehicles are driven between 12,000 and 42,000 miles annually. The annual
VMT threshold above which BEV250s become the lowest-cost option decreases as the cost of vehicle
purchase goes down or BEV purchase incentives are introduced.

Home charging obviates most of the need for public direct-current fast charging (DCFC), but there are
mixed reports on TNC driver access to home charging.

Most full-time TNC driving days in the RideAustin and CYC data could be accomplished with a BEV250
and overnight charging, as data the AFI Pillar collected from a small number of EV TNC drivers showed.
For more than three months, these drivers conducted approximately 65% of their charging events at home,
8% at DCFC stations, and the remaining 27% using public Level 2 charging units. All but one driver had
access to charging at home. The driver that could not charge at home was responsible for most of the
public Level 2 charging and conducted most of that overnight.

Two other data sources suggest that home charging access will be less prevalent in a larger sample of
drivers. Approximately 40% of TNC driver respondents to the Populus survey reported living in an
apartment (see Figure ES-2), where installing and accessing charging stations may be problematic. Maven
reported that more than 95% of Maven Gig TNC drivers did not have access to home charging.®

TNC Driver Share by Tenancy, Residence Type, and Income
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Figure ES-2. Populus survey results for TNC driver share by residence type, tenure, and income

TNC drivers have different motivations, and not all are financially motivated.
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TNC driver respondents to the Populus survey reported many motivations for why they drive for a TNC,
such as being between jobs or preferring flexible hours. Interestingly, nearly a quarter of drivers report
nonfinancial reasons as their primary motivation (e.g. to keep busy, to meet new people).

These findings highlight stark differences in charging needs between segments. For some TNC drivers,
accessible, fast, public charging infrastructure at minimal cost is a top priority. Others have considerably
more flexibility in their charging choices.

Freight-Trucking Industry Segmentation

The AFI Pillar also studied the freight industry to determine the charging needs of electric trucks used for
shipping goods. This is an important area of study because widespread truck electrification has the potential to
significantly reduce petroleum consumption and cost; trucks moving freight account for 25% of all fuel
consumed by U.S. transportation, and fuel accounts for 20% of operation costs for freight companies.”
However, the freight industry is complex, and numerous business models would require varying degrees of
charging infrastructure or changes to operations in order to adopt electric trucks, because the range of these
trucks will be limited compared to conventional diesel trucks. The Pillar analyzed predominant industry
segments and examined the nature of trucking operations, owner-operator interests, and regulations that govern
operations in each segment. Results of this analysis led to the following findings.

e C(lass 7 and § heavy-duty trucks account for 86% of all miles driven by medium- and heavy-duty trucks
transporting freight in the U.S., so electrification of these heavy trucks has much higher potential for
energy consumption reductions.

e Class 7 and 8 trucks in for-hire/truckload and for-hire/less-than-truckload motor-carrier segments often do
not consistently drive the same routes or stop at the same locations, making charging infrastructure siting
difficult. Private carriers transport their own company’s cargo and operate exclusively between their own
terminals, so installing charging infrastructure at their own facilities may be more practical.

e Electric-truck operations must also be conducted within the confines of regulation, including the
maximum allowable time drivers can continuously operate their trucks. The relatively long times that
charging requires, even with high-power chargers, may be highly problematic for trucking companies that
strive to maximize miles driven within regulated shift lengths.

o The variety and complexity of operations in the freight-trucking industry make it challenging to discern
the fleets and applications in which electric trucks are beneficial, what kind of charging infrastructure is
needed for electrification to be feasible, and who bears the costs and receives the benefits of charging
infrastructure investment. Charging infrastructure costs must be weighed against the cost of operational
changes, such as routing and dispatching changes. New tools are needed to help trucking companies
holistically manage complex decisions surrounding electrification and charging infrastructure.

Charging Network Design Tradeoffs

The AFI Pillar used multiple modeling tools and analytical methods to design charging networks and simulate
their use by EVs in specific case studies. This provided a means to examine the cost/benefit tradeoffs inherent
with different approaches to charging infrastructure to serve human-driven and automated electric vehicles.
These studies varied multiple charging infrastructure parameters, such as the number, location, and power level
of charging stations, to determine the effect on EV use and cost. The AFI Pillar studied charging network
design tradeoffs for three cases: ride-hailing vehicles, car-sharing fleets, and heavy-duty trucking for freight
delivery. The following are the key findings from this research.

Charging Network Design to Support Electric Ride-hailing Vehicles

e  Overcoming barriers to home or depot charging for TNC and taxi drivers is a powerful enabler for ride-
hailing electrification.

EVI-Pro simulation results based on real-world TNC and taxi data in Columbus, Ohio, and Austin, Texas,
confirmed that the feasibility of fleet electrification is strongly correlated to charging infrastructure access.
Simulations were conducted with full-time ride-hailing drivers operating BEV250s with the capacity to
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charge at up to 50 kW, following historical driving patterns of full-time drivers in vehicles powered by
internal combustion engines.

Successful charging solutions were identified for 96% of vehicle-days (where a vehicle-day is a 24-hr
period of travel for a single vehicle) when drivers had access to overnight residential or depot charging.
However, only 40% of vehicle-days could be successfully completed without consistent access to
overnight charging, even with plentiful DCFC opportunities. Results indicate that overnight charging
access significantly increases the feasibility of electrification for full-time TNC and taxi fleets. Drivers
without home charging access, whose simulated charging activity is shown in the map on the right in
Figure ES-3, will need to use public DCFC frequently. If they cannot charge at power levels above 50 kW,
their daily driving distance will be limited relative to how they have historically driven conventional gas-
powered vehicles because some of the time that might be spent driving will be displaced by time spent
charging.

Figure ES-3. Heatmaps of simulated DCFC demand in Columbus, Ohio from electric taxi fleet with access to overnight
charging (at left) and without (at right).

e Placing DCFC stations at locations where ride-hailing EV demand will be highest is more economical in
the long run for the charging network provider than locations where installation is the cheapest. Not only
are the overall economics of charging station ownership improved with high utilization, but the effect of
uncertainty in installation cost for different locations is also greatly diminished.

The AFI Pillar partnered with AEP Ohio, an electric utility serving Columbus, Ohio, to estimate the cost to
install 50-kW DCFC stations at 12 locations in Columbus. The Pillar also simulated the use of those
stations by personal-use and ride-hailing EV drivers and calculated operating costs. The study showed that
the cost and use of public DCFC stations vary tremendously by location.

Utilization of 12 DCFC stations by simulated EVs varied from 2 to 48 charging sessions per day. The
largest, most expensive charging station was estimated to have total monthly capital and operating
expenses of up to $6,400 per month while the smallest charging station that was the cheapest to install
would cost as little as $1,100 per month (excluding real estate costs).

The effect of variation in fixed, upfront capital and installation costs diminishes as fixed costs are
amortized across a greater number of charging sessions. The largest, most expensive charging station was
also the most active, resulting in a normalized cost of $4.45 per session; small, inexpensive, poorly utilized
stations would see costs of up to $42 per session.

Therefore, in the cases where DCFC networks require payment per use, charging station providers can
more effectively balance cost and revenue by prioritizing placement of chargers at sites that are expected
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to experience higher utilization, rather than sites where installation cost will be lowest. Such sites are
likely to include urban cores, transit hubs, and airports. Note that the cost of real estate was not included in
this study and can add substantially to the overall cost of a charging station; however, site-specific real
estate cost is more easily estimated than installation cost.

e To expand the capacity for human-driven and AEV ride-hailing fleets to serve more passengers, increasing
the size of the DCFC network serving the vehicles, increasing charging power, or increasing vehicle EV
range are each similarly cost-effective, but there is a point of diminished returns at which additional
chargers do not yield additional fleet productivity, in terms of passenger-miles traveled (PMT).

A case study of charging infrastructure to support AEV and human-driven ride hailing in the San
Francisco Bay Area in California examined how varying vehicle range, fleet size, charge power, and
number and locations of charging stations affects ride-hailing fleet utility, in terms of cost per PMT. To
facilitate this study, multiple charging networks of varying size and concentration were developed for the
simulation, as shown in Figure ES-4.

Compared to a reference case of 50-kW chargers, 100-mile range BEVs, and sparse charging
infrastructure coverage, investments to increase charger power, vehicle range, and infrastructure density
are all roughly equally cost-effective means of increasing the amount of travel demand served by an
electric ride-hailing fleet, with increases in charging power offering slightly more benefit. In a hybrid ride-
hailing fleet with both AEVs and human drivers, charging infrastructure can make a substantial difference
in the ability of the overall fleet to serve customer demand, especially for low-range BEVs. With a fleet of
100-mile BEVs, adding approximately 4,200 50-kW DCFC plugs to a sparse charging network (at a cost
of approximately $0.01/passenger-mile — a 14% increase from the base cost of $0.06/passenger-mile) can
increase the number of passenger-miles served by 90%. Alternatively, increasing the power of the chargers
in the sparse charging network from 50-kW to 100-kW (for the same number of charging stations and
plugs) can increase total passenger-miles served by 108%, at an additional cost of $0.005/passenger-mile —
a 7% increase.

The amount of available charging infrastructure and charging-power capacity influence the ability of an
AEYV fleet to serve passengers. An electric ride-hailing fleet of inexpensive, low-range EVs (BEV100s)
with access to widespread, 50-kW charging infrastructure (1 plug per 7 vehicles) can serve 150 passenger
miles per vehicle in a day. Expanding the charging network to 1 plug per 3 vehicles reduces queuing time
and allows the fleet to serve 180 passenger miles per vehicle per day. However, adding more charging
infrastructure beyond this point cannot cost-effectively increase passenger miles served by the fleet
because charging time, not queuing time, becomes the bottleneck. EV range or charging power must be
increased to alleviate this constraint. The same size fleet of BEV200s with access to widespread, 100-kW
charging infrastructure (1 plug per 7 vehicles) can cost-effectively serve 230 passenger miles per vehicle
per day. Increasing the range of the vehicles in the fleet to BEV300s captures 250 passenger miles per
vehicle per day. Adding more plugs does not increase passenger miles served.

The cost to the fleet per passenger mile served is the same for each of these cases. Therefore, fleet
management should define a target for passenger miles they wish to serve and then choose the least
expensive charging infrastructure and vehicle designs that meets that target.

10
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Figure ES-4. Spatial distribution of simulated charging stations in the San Francisco Bay Area by network type. Note:
“depot” means charging stations that are dedicated to the AEV fleet, “Sparse,” “Rich-10%,” “Rich-20%,” and “Rich-100%"
are DCFC networks of differing sizes used in simulation scenarios.

Charging Network Design to Support Electric Vehicles in Free-floating Car-sharing Fleets

For free-floating car-sharing vehicles and, potentially, for other commercial EVs operating in a small
geographic area, increasing charging power above 50 kW will have a much greater effect on minimizing
charging-trip downtime than would adding additional charging stations. This is because charging time is
usually the dominant factor in the total downtime of a charging trip. In the scenario studied, increasing the
number of charging stations from six to 26 only reduced total downtime due to charging by 4%, whereas
doubling the charging power of the six charging stations could reduce downtime due to charging by 36%.

A simulation of a free-floating car-sharing fleet of electric vehicles in Seattle, Washington (see Figure ES-5),
showed that optimizing the number and location of charging stations can significantly reduce the time and
miles required for vehicles to reach charging stations between periods of customer use. However, adding many
charging stations reduces the total downtime required for charging by just a small fraction. The time spent
charging at 50-kW DCFC stations is a much larger component of the total time vehicles are out of service for

11
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charging than the time spent traveling to a station. In this case, it is more effective to invest in technology that
decreases charging time, rather than increasing the number of DCFC stations.

It is important to note that this finding applies when fleet managers are concerned about maximizing vehicles’
time in service and minimizing the number of trips taken for charging. It may not be necessary to minimize
downtime for charging if vehicles can be pulled out of service for charging during periods of low demand. This
latter approach shifts the focus from faster charging to more sophisticated fleet management.

Figure ES-5. Optimal locations of ten new charging stations (blue stars) to serve a free-floating electric car-sharing fleet,
based on historical trip information.

Charging Network Design to Support Electric Trucks for Freight Delivery

Electrification of Class 7 and 8 heavy-duty trucks used to transport freight may require substantially higher
charging power than 350 kW and/or changes to fleet operations, even in hub-and-spoke regional operations
with primary trip lengths of less than 200 miles.

In a case study of a private, regional-haul, hub-and-spoke motor carrier based in Dallas, Texas, truck-fleet
operation was modeled with high-power fast chargers at the central distribution center and at the loading docks
of all destinations. Real-world data describing the operation of this fleet indicated that drivers often chain trips
together, resulting in an overall distance traveled before returning home that often exceeded 500 miles.
Modeling found that even when employing trucks with 500 miles of EV range and 350-kW chargers during
loading, unloading, and other typical dwell times, some trucks did not have sufficient range to complete their
routes. This suggests that freight-trucking fleets of this type will need to adjust their operations to
accommodate electrification. Fleets may need to lengthen dwell times to allow for sufficient charging, take
time to charge at public charging stations, and/or limit electric trucks to specific routes. These complexities
add real costs to fleet operations that must be balanced with the cost of increasing EV range and charging
power to realize the financial benefits of electrification. All of these factors may limit the utility of electric
trucks relative to their conventional counterparts, which could reduce resale value and put pressure on the
business case for heavy-truck electrification.

12
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Exploring New Paradigms Created by Automated-Vehicle Charging

Charging Decision Making for Automated Ride-hailing Fleets

AEVs in commercial ride-hailing fleets must have the intelligence and awareness needed to decide when and
where to charge. These decisions need to be made as part of an overall fleet-management approach that
dispatches vehicles to pick up passengers and repositions idle vehicles to better serve future passengers. The
AFI Pillar developed heuristic and system-optimization approaches for repositioning and charging decisions
and simulated the operation of a fleet of ride-hailing AEVs in New York City to compare the performance of
the two approaches. The following are key findings from this research:

o Increasing the sophistication of AEV ride-hailing vehicle management allows AEV fleets to downsize and
balance the cost of operations with the benefits of serving more passengers.

A simulation of an AEV ride-hailing fleet in New York City, New York, experimented with different
approaches for managing AEVs while they are idle between fares. The purpose of this research was to
determine the potential for system-wide performance gains by introducing intelligent fleet-management
strategies, including autonomous charging decision making. Results show that mathematical optimization
allows the fleet to reduce zero-occupancy VMT, serve more ride-hailing requests, and better manage the
utilization rate of charging infrastructure relative to fleet management using simple heuristics.

e Repositioning idle vehicles properly can effectively increase the number of passenger ride requests
satisfied, but it increases fleet operating costs because overall zero-occupancy vehicle miles (i.e.,
deadheading) increase. Optimization-based fleet management can balance these two competing priorities
at the fleet level (see Figure ES-6). Additionally, fleet managers should carefully select key performance
indicators so that fleet-management strategies are appropriately focused and avoid perverse incentives.

o A well-designed strategy for managing idle vehicles can improve AEV fleet operational efficiency by
systematically directing AEVs to upcoming ride-hailing requests and reducing time spent driving to and
dwelling at charging stations. Compared to a simple heuristic approach, an optimization-based approach
can help satisfy considerably more travel requests and reduce zero-occupancy VMT.

Average Zero-Occupancy Miles per Vehicle per Day
200

HEEE No Reposition
Il Heuristic

Emm Optimization
150
: * * * *
: hlll

500 1000 1500 2000 2500 3000 3500 4000

Number of AEVs

Miles Traveled

5]
o

Figure ES-6. The overall average deadhead miles per vehicle per day for different fleet sizes.

Dynamic Wireless Charging for Automated Electric Transit

Dynamic wireless power transfer (DWPT) for automated electric transit has significant potential to improve
operational efficiency of transit operations because DWPT can automate the charging process of AEVs and
enable them to charge while driving. Currently, a major focus for automating transit vehicles is with automated
electric shuttles capable of transporting 8—12 passengers. Although this application is currently a small niche

13



ADVANCED FUELING INFRASTRUCTURE CAPSTONE REPORT

case, these vehicles have the potential to significantly decrease operational cost, increase safety, and allow
transit agencies to adopt more flexible route designs. This could prompt these vehicles to become more
mainstream as transit agencies look for ways to become more efficient and increase the level of service they
provide to riders.

A simulation of two automated electric shuttle-bus networks showed that a 5-m long, 100-kW wireless
charging system located at bus stops located about every mile along a fixed route could allow electric 8-12-
passenger shuttle buses to operate continually at low speeds (i.e., up to 15 mph). Increasing the wireless
charging system length to 175 m could allow automated electric shuttles to operate continuously at speeds of
up to 50 mph.

This means driverless shuttle buses can operate with near-zero downtime, which enables fewer buses to
provide increased quality of service, potentially at lower cost, compared to equivalent human-driven shuttle
buses without DWPT. Implementing such a system could potentially reduce the size and cost of vehicle
batteries by more than 50%. Preliminary cost analysis suggests that a DWPT system can be cost competitive
with high-power conductive charging in automated, electric transit applications.

Beyond transit, analysis of DWPT to support highway driving found that a DWPT system capable of providing
up to 250 kW of charging power, installed in 8%—10% of the primary roadways in the United States, is
sufficient to enable continuous, charge-sustaining operation for light-duty vehicles averaging 65 mph. As with
the transit application, DWPT technology allows EVs to have smaller batteries and use narrower state-of-
charge windows, which reduce cost and increase battery life.

Preliminary analysis of DWPT with grid-integration requirements found that DWPT systems will need voltage
and reactive power control or will need to be integrated with energy storage and/or renewable energy systems
to dampen transients in power flow from the grid and prevent grid-stability problems.

National Impact of Charging Infrastructure for Electric Ride-Hailing Vehicles

The AFI Pillar quantified national energy impacts of ride-hailing EVs as a function of different levels of
charging infrastructure support and ride-hailing demand. Consumer adoption modeling determined that
increasing charging infrastructure availability for ride-hailing EVs induces EV adoption among personal-use
vehicle owners. Also, increased ride-hailing demand creates faster vehicle turnover because full-time ride-
hailing vehicles, on average, travel more miles per year than vehicles used solely for personal use. With
increased charging availability and demand for ride hailing, the average fuel efficiency of the United States
light-duty vehicle fleet would improve more quickly as EVs and other more efficient vehicles are introduced
into the fleet sooner. Increased VMT by ride-hailing vehicles due to deadheading offsets some of the benefit of
reduced energy consumption resulting from electrification and increased ride hailing.

Scenario analysis shows that high ride-hailing demand and electrified ride-hailing vehicles with charging
infrastructure support could reduce national energy consumption of light-duty vehicles (LDVs) by up to 38%
in 2030 over 2017 levels. Of this reduction, 25% is from increased electrification due to non-infrastructure
factors, 2%—-3% is due to increased infrastructure support, and 10-11% is due to ride hailing and faster fleet
turnover. Petroleum consumption is reduced by up to 51% from 2017 to 2030, of which 33% is from increased
electrification due to non-infrastructure factors, 4%—6% is due to increased infrastructure support, and 12%—
14% is due to faster fleet turnover.

The results show that because of deadheading trips, petroleum-consumption reductions relative to the base case
begin when BEV market penetration (i.e., sales) is higher than 40% and ride-hailing demand is higher than
35% in urban areas in 2030 with optimized charging infrastructure support (green area in Figure ES-7[a]). The
electricity consumption, however, has an opposite trend (Figure ES-7 [b]).
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Figure ES-7. Energy consumption (quads) in 2030 for the case with charging infrastructure growth: (a) gasoline
consumption (quads) and (b) electricity consumption (quads).

Conclusion and Recommendations for Future Work

The AFI Pillar conducted multiple case studies to investigate how charging infrastructure design influences
economics for the charging network provider, the ability of electric mobility providers (ride-hailing EV
drivers, car-sharing fleets, and AEV fleets) to serve customers, and the ability of motor carriers to efficiently
deliver freight. Because many factors important to these relationships will always be case-specific for different
cities, fleets, and drivers, it is difficult to draw generalizable principles from this research. Nevertheless, some
trends are evident in the Pillar’s findings.

¢ Design charging networks around demand. Strategic siting of public charging stations in locations
where ride-hailing drivers need to use them benefits charging providers even if those locations require
expensive installations. Therefore, charging infrastructure planners may consider partnering with TNCs,
automakers, or other organizations who understand ride-hailing vehicle driving behavior.

e Look beyond simply adding more charging stations. Planners should be aware that there is a limit to the
gains afforded to an electric vehicle fleet by increasing the number of available charging stations and
plugs. This is true even if the network becomes widespread and charging stations are optimally sited.
Simulation of a ride-hailing fleet in the San Francisco Bay Area demonstrated that when employing low-
range EVs (i.e., BEV100s) and 50-kW DCFC stations, adding more charging infrastructure cannot cost-
effectively increase the capacity of the fleet in terms of passenger miles per vehicle per day. This is
because charging time becomes the bottleneck limiting vehicle time in service. The value of increasing
charging power beyond 50 kW to reduce downtime for charging was evident for all use cases studied. A
similar effect is achieved by adopting EVs with longer electric driving range to reduce charging frequency.
Case studies suggest that longer EV range should be combined with increased access to charging
infrastructure and/or higher-power charging to provide EVs with comparable utility to their ICEV
counterparts.

o Recognize there is still value in slow charging. Case studies suggest that exploiting times when vehicles
are naturally parked for long periods of time is an alternative to faster charging. This is already
conventional wisdom for personal-use EV drivers, and it is clear from the case study comparing TNC and
taxi drivers with and without access to overnight charging. However, it is less obvious when commercial
fleets that respond to time-varying customer demand can afford to charge vehicles slowly. Electric car-
sharing, ride-hailing, and truck fleet managers that understand when downtime has minimal impact on
their ability to serve customers can exploit this knowledge to charge slowly during those times using less
expensive, low-power charging infrastructure.
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e Optimize AEV fleets through coordinated control. Intelligent fleet management, using optimization
routines to manage repositioning and charging of the fleet, can increase productivity and revenue potential
by increasing the number of ride requests satisfied. At the same time, this approach to fleet management
can decrease wasted driving (empty miles), energy consumption, and cost. It can also enable fleet
downsizing and help AEVs make more effective use of available charging infrastructure.

e Leverage DWPT to keep automated transit vehicles on the road. DWPT technology has the potential
to allow driverless shuttle buses to operate with near-zero downtime, which greatly reduces operating cost
compared to equivalent human-driven shuttle buses without DWPT. Implementing such a system also has
the potential to reduce the size and cost of vehicle batteries by more than 50%. This technology can be
extended to highway vehicles.

Finally, the effort required to design and deploy charging infrastructure to support electrification of
transportation modes beyond light-duty, personal-use vehicles has the potential for large returns to the nation.
Electrification of ride-hailing for personal mobility and heavy-duty trucking for freight movement has the
potential to significantly reduce U.S. transportation energy consumption.

Additional research is needed to further explore the complex cost/benefit tradeoffs inherent with planning
charging infrastructure for EVs in different market segments. In partnership with industry, future research
should build on the tools developed and findings produced by this research to plan and optimize economically
viable, grid-integrated charging infrastructure to serve personal-use, ride-hailing, transit, and freight vehicles
within and between diverse urban areas.
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1. Introduction

1.1  Electrification of Diverse Transportation Modes Prompts New Questions About
Charging Infrastructure

Since the introduction of modern electric vehicles (EVs) in 2010, charging infrastructure installed in the
United States has been steadily growing to meet the changing needs of a small but growing EV market. ° By
Spring 2019, an estimated 4,446 private and 28,122 public charging stations were installed nationwide,
according to the U.S. Department of Energy’s (DOE’s) Alternative Fuels Data Center (AFDC). * In
conjunction with the building of charging infrastructure, academic, government, and private non-residential
organizations have conducted numerous studies and research projects to understand the charging needs of EV
drivers and to develop new methods for efficiently planning charging infrastructure. .' '2 13- 14 The vast
majority of this work has been focused on developing charging infrastructure to serve privately owned, light-
duty EVs operated for personal use.

During this same time period, shared-mobility services have risen in popularity. Enabled by information
technology, ridesourcing companies now offer inexpensive, flexible, convenient personal transportation as an
alternative to conventional taxi and delivery services. Transportation network companies (TNCs) such as Uber
and Lyft have popularized the practice of private-vehicle owners providing ride-hailing services using their
own cars. The number of rides offered by TNCs has increased dramatically; the ride-hailing company Uber
took 5 years to deliver its first billion rides, but delivered its second billion in the first half of 2016 alone. '° By
December 2018, Uber had delivered 10 billion trips worldwide. '® Car-sharing services have also grown in
popularity in recent years. These commercial services operate their own vehicle fleets and offer various short-
term vehicle rental options to members. Car-sharing companies had nearly 5 million members worldwide in
2014, up from 350,000 in 2006, and are projected to have more than 23 million members globally by 2024. !7

In parallel with the rise of shared mobility, the technology (tech) and automotive industries have made
significant investments to develop fully automated self-driving vehicles. A plethora of established and startup
companies such as Waymo, Cruise, Zoox, Tesla Motors, Uber, Lyft, and Ford Motor Company are actively
developing and demonstrating self-driving vehicle technology. Waymo was the first company to launch an
automated ride-hailing fleet for paying customers; in 2018, its Waymo One service began operating
commercially owned, autonomous vehicles to provide rides for a limited membership of consumers in the
greater Phoenix, Arizona, metropolitan area. .!* Other companies have announced that they will introduce
automated ride-hailing services in other cities soon.!® Automakers, shared-mobility service companies, tech
companies, and market analysts all predict that automated ride-hailing vehicles will bring about disruptive
market changes.?% 2!

Shared and automated mobility are seemingly compelling cases for electrification. Because shared vehicles,
such as TNC ride-hailing vehicles, traditional taxis, and car-sharing fleet vehicles, are typically driven much
farther per year than personal-use vehicles, the high efficiency of EVs can significantly reduce fuel
consumption over the life of a vehicle relative to an equivalent gas-powered vehicle. This equates to lower
lifetime fuel cost and energy impact. These factors, plus the low cost of electricity relative to gasoline and
potential for reduced maintenance on an EV, are often equated with low overall cost of ownership. According
to one report, driving an EV can save full-time ride-hailing drivers more than $2,500 per year compared to a
similar vehicle powered by an internal combustion engine, assuming drivers can charge at home and gasoline
cost of $2.50 per gallon.?? This report will show that those estimates are overly optimistic for many ride-
hailing drivers; nevertheless, the notion of electrification of high-mileage ride-hailing vehicles for financial
benefit is receiving a lot of attention.

The same reasons lead to transportation electrification in the United States growing beyond light-duty
passenger cars. An increasing variety of truck manufacturers, transit agencies, shipping companies, and other
organizations are conducting pilot deployments of medium- and heavy-duty electric trucks and buses to
transport people and goods. For example, UPS and FedEx are operating medium- and heavy-duty electric
delivery vehicles in focused deployments.?® >* 25 Mainstream truck manufacturers like Daimler Trucks North
America and Volvo Trucks and startups Tesla and Nikola have announced plans to produce Class 8 electric
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trucks for short-haul freight transport.?® 27- 28 Public transit agencies around the United States have added
electric transit buses to their fleets.?% 3% 3!

Efforts are also underway to develop automated trucks and buses. To improve safety and reduce operating
cost, numerous truck manufacturers, logistics companies, and startups apply vehicle automation technology to
medium- and heavy-duty trucks for goods delivery.3? 3% At least one manufacturer, Tesla Motors, is
exclusively developing electric, automated trucks.>* As for the movement of people, startups like Local Motors
and EZMile are piloting automated electric shuttles in cities and on campuses in multiple United States regions
in an effort to develop the next generation of public transit.?3 36 37, 38

As the transportation market and vehicle technology change, charging infrastructure technology also advances.
Extreme or ultra-fast charging is now on the market, with charging-power capacity up to 350 kW to charge
long-range EVs in 30 minutes.** Dynamic wireless power transfer (DWPT), also called in-road wireless
charging, could become the automotive equivalent to aviation’s in-flight refueling, eliminating the need to stop
at charging stations. Finally, EVs that can drive themselves can also make decisions about when and where to
charge themselves, relieving drivers of this burden and eliminating range anxiety.

The electrification of increasingly diverse transportation modes and vehicle types raises many questions about
how charging infrastructure should evolve to meet the needs of human-driven and automated EVs providing
ride-hailing, car-sharing, automated transit, and freight-delivery services. What is the right kind of charging
infrastructure for each mode? How much is needed? Where should it be located? After all, benefits of
transportation electrification can only be realized if adequate, cost-effective charging infrastructure is in place
to support it.

1.2 Lessons from Early Electric Shared-Mobility Deployments

The private sector has begun to plan and experiment with charging infrastructure that addresses emerging use
cases for electrification. Early pilots of electric shared mobility have demonstrated that intentionally planned
and well-designed charging infrastructure is critical for the success of a shared electric vehicle fleet.

In 2016, the Department of For-Hire Vehicles (DFHV) in Washington, D.C., launched an electric taxi
program, issuing new cab licenses to drivers of first-generation Nissan LEAFs, a battery electric vehicle (BEV)
with a 75-mile electric range (referred to as a BEV75). The DFHV provided a limited number of $10,000
grants to help drivers cover the cost of a new car, but it did not involve itself in charging infrastructure
planning or incentivization. Sparse charging opportunities within D.C. forced drivers to wait in line or travel
outside D.C. to charge during shifts. This led to considerable downtime, lost revenue, and driver frustration.*

Likewise, the New York City Taxi and Limousine Commission Electric Vehicle Pilot program that ran from
2013 to 2015 saw a reduction in service among EVs relative to conventional taxis because of sparse charging
infrastructure. The four participants in the pilot drove BEV75s and had access to only two direct current (DC)
fast chargers in Manhattan. These drivers averaged 15.5 trips per shift versus the industry-wide average of 20
trips per shift, because of the time they spent driving to and waiting at the two charging stations. The Taxi and
Limousine Commission concluded that many more stations would be needed if more taxi fleets adopt EVs.*!

In 2016, Car2go replaced all of its car-sharing EVs in San Diego with conventional vehicles, citing high
expenses due to the lack of charging infrastructure and long charging time.*?

EVgo, one of the leading DC fast charging (DCFC) providers in the United States, entered into an agreement
with shared-mobility company Maven, allowing Maven Gig ride-hailing drivers of Chevrolet Bolt EVs to
charge for free in seven cities. EVgo found that demand for charging by ride-hailing EV drivers was so high
that they were overwhelming the existing network. In 2018, EVgo announced a project with Maven to
construct a charging network dedicated to Maven Gig drivers.*?

Looking forward, Electrify America has cited the importance of planning and deploying infrastructure to
support shared and automated mobility as part of their $300 million Cycle 2 National Zero Emission Vehicle
Investment Plan. This plan focuses investment on DCFC in metro areas, in part to serve shared-mobility
fleets.*
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Lessons learned and perspectives from industry clearly demonstrate that further research is warranted to better
understand the charging infrastructure needs of emerging and future use cases for electrification.

1.3 U.S. Department of Energy’s Systems and Modeling for Accelerated Research in
Transportation (SMART) Mobility Advanced Fueling Infrastructure Pillar

Because of this need, DOE developed a research agenda to examine the charging needs of human-driven and
automated EVs providing ride-hailing, car-sharing, automated transit, and freight-delivery services. This
endeavor became one of five research pillars in DOE’s SMART Mobility Consortium, a multi-year, multi-
laboratory collaborative dedicated to further understanding the energy implications and opportunities of
advanced mobility technologies and services. The SMART Mobility Consortium’s five research pillars are
described as follows:

e Connected and Automated Vehicles (CAVs): Identifying the energy, technology, and usage implications
of connectivity and automation and identifying efficient CAV solutions

e Mobility Decision Science (MDS): Understanding the human role in the mobility system including travel
decision-making and technology adoption in the context of future mobility

e  Multi-Modal Freight (MMF): Evaluating the evolution of freight movement and understanding the impacts
of new modes for long-distance goods transport and last-mile package delivery

e Urban Science (US): Understanding the linkages between transportation networks and the built
environment and identifying the potential to enhance access to economic opportunity

e Advanced Fueling Infrastructure (AFI): Understanding the costs, benefits, and requirements for
fueling/charging infrastructure to support energy-efficient future mobility systems

The SMART Mobility Consortium creates tools and generates knowledge about how future mobility systems
may evolve and identifies ways to improve their mobility energy productivity (MEP). ? The consortium also
identifies R&D gaps that the Energy Efficient Mobility Systems Program may address through its advanced
research portfolio and generates insights that will be shared with mobility stakeholders.

Between 2016 and 2019, researchers in the AFI Pillar used sophisticated modeling, simulation, and data
analysis tools to investigate tradeoffs in different charging infrastructure network designs for human-driven
and fully automated ride-hailing EVs, electric car-sharing fleets, automated shuttle buses for fixed-route
transit, and freight-delivery truck fleets. The AFI Pillar also researched the impact of two potentially game-
changing charging technologies—autonomous fleet management and DWPT—on automated and electrified
fleet efficiency and productivity. Finally, the AFI Pillar assessed the potential of charging infrastructure
installed to support shared mobility to influence mobility and energy-consumption trends on a national scale.

This report shares findings from this research to inform planners of charging infrastructure serving diverse
transportation modes. The information in this report is intended to inform decisions about EVs and charging
infrastructure deployment in shared and commercial fleets, thus lowering investment risk and increasing
transportation efficiency and affordability. Although this report concludes that there is no “right” amount of
charging infrastructure, the results of AFI Pillar research presented herein will highlight the value of different
approaches to charging infrastructure network design to support future electric mobility.

1.4 Overview of Previous Work and Gaps in Literature

Much research to date has focused on understanding the charging behavior of EV drivers and describing the
charging infrastructure required to satisfy their needs. Many behavioral observations discussed in literature and
in the media have been translated into accepted principles that guide charging infrastructure planning
decisions. For example, it is now considered conventional wisdom that most EV charging is done at home and
work. This principle is often visualized with a triangle that represents the proportion of charging conducted at

2 MEP, a multimodal metric created by the SMART Mobility Laboratory Consortium, quantifies the effectiveness of mobility
in a region, while taking energy and affordability aspects into consideration. For more information on MEP, see the Urban
Science Pillar capstone report.
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home, work, and other public locations, as shown in Figure 1-1. The charging pyramid, as it is sometimes
called, is based on conjecture that was validated by studies of charging behavior.*® Figure 1-1 shows the
percent of charging events by location performed by MY 11-13 Nissan LEAF drivers in the EV Project.

AOther- 3%

Work - 32%

Figure 1-1. The "charging pyramid" guides planners to concentrate charging infrastructure installations at residences and
workplaces. This figure shows the percent of charging events by location performed by MY11-13 Nissan Leaf drivers in the
EV Project.46

Other studies have identified that public DCFC may help address the needs of users with limited access to
home charging, but do not eliminate the need for continued installation of better home, apartment, and
workplace charging.4”> 48

However, it is important to recognize that these principles came from studies of privately owned, personal-use
EVs, and they may not be transferrable to new mobility use cases, including electric taxi and TNC drivers who
do not have access to charging at home, automated electric ride-hailing and electric car-sharing fleets, and
medium- and heavy-duty EV cases.*’

Considerable additional research has focused on developing sophisticated methodologies to select charging
station locations to serve various market segments and EV use cases. One study proposed a decision-support
system built on a variant of the maximal covering location problem to optimize charging station locations for
electric taxis.>® Another study presented a data-driven, optimization-based approach to allocate chargers for
BEYV taxis throughout a city with the objective of minimizing the infrastructure investment.>' Two additional
studies used a simulation approach for economic analysis considering possible configurations of numbers of
electric taxis and numbers of charging stations, and the impacts on service quality compared to conventionally
operated taxi fleets when facing increased demand.*? 33

Additional research explored the management of a fleet of autonomous electric ride-hailing vehicles. Using
simulation, the operation of shared, automated electric vehicles (SAEVs) has been examined under various
vehicle range and charging infrastructure scenarios.> 33 36

Unfortunately, the bulk of this research is idealized, and its outcomes are not used in practice. A major reason
for this is that academic research tends to produce ideal, optimal charging infrastructure solutions for specific
cases, without regard to real-world business constraints. Instead, research should provide practitioners
generalizable knowledge that they can apply to understand the effects of cost/benefit tradeoffs that must be
made under highly constrained conditions found in the real world.>” The AFI Pillar made this the goal of its
research.

1.5 Research Questions Addressed

Considering the gaps in knowledge and dearth of best practices for planning charging infrastructure for human-
driven and automated EVs providing ride-hailing, car-sharing, automated transit, and freight-delivery services,
the AFI Pillar focused its research on answering the following five questions:

1. What are the characteristics of potential future transportation market segments employing human-driven
and automated EVs that charging infrastructure will need to serve?

2. What are the cost/benefit tradeoffs inherent in different approaches to the design of charging infrastructure
to serve light-duty human-driven and automated electric ride-hailing vehicles?
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3. What is needed to understand tradeoffs inherent with different approaches to designing charging
infrastructure for Class 7/8 electric trucks for freight transport?

4. What is the potential for automated-vehicle charging to create new charging paradigms that improve
automated electric ride-hailing vehicles and transit?

5. What is the benefit to the nation of charging infrastructure deployed to serve ride-hailing EVs?

The remaining sections of this report describe the research conducted to answer these questions. Section 2.1
addresses the first research question. Section 2.4 addresses Questions 2 and 3. Sections 2.3 and 2.3.2 address
questions 4 and 5, respectively. Each of these sections describe the methodology, tools, and data used to
conduct simulation and analysis necessary to address the research questions, followed by presentation and
discussion of results. Conclusions are given in Section 3, including a summary of the answers to the five
research questions above.
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2. Research Approach and Results

This section presents the AFI Pillar’s research on the charging needs of new electric transportation modes.
Section 2.1 shares results of market analysis and data-driven behavioral segmentation to describe potential
users of future charging infrastructure. Section 2.2 presents a series of case studies set in different U.S. cities
that explore tradeoffs in planning charging networks to serve different types of vehicles. Section 2.3 discusses
new opportunities created by automated EVs that can drive and charge themselves—namely, intelligent
management of automated electric ride-hailing fleets and dynamic wireless charging of automated electric
transit vehicles. This section culminates in Section 2.3.2 with a discussion on the impacts of charging
infrastructure for electric ride hailing at the national level.

2.1 Understanding New Market Segments for Transportation Electrification

To understand the charging infrastructure needed to support future mobility, scenarios for analysis and
simulation must be developed that describe what the future market might look like. Although it is not possible
to accurately predict the future, factors that motivate consumer behavior can be examined to develop
reasonable potential future scenarios. The three SMART mobility workflow common scenarios discussed in
the SMART Mobility Modeling Workflow Report were created in this way to provide a uniform set of
scenarios for all researchers across the SMART Mobility Laboratory Consortium. To define these scenarios,
the consortium established assumptions for a broad range of behavioral factors, such as traveler preference for
personal-vehicle use versus other modes like ride hailing or transit, consumer adoption of different vehicle
technologies like automation, and propensity of consumers to shop online. The consortium also defined
system-level assumptions consistent with behavioral assumptions, such as freight demand and land use, to
provide necessary inputs for simulation.

Because the AFI Pillar focused on EVs and charging infrastructure to a greater degree than other pillars, it
needed to establish additional scenarios and assumptions. The AFI Pillar performed analysis to add detailed
assumptions to the three common scenarios and to develop additional scenarios for modeling and simulation
that are necessary to address the AFI research questions. To do this, the Pillar had to answer its first question:
What are the characteristics of market segments and EV operators that charging infrastructure will serve in the
future? This section of the report answers this question for light-duty vehicles and for heavy-duty trucks used
to ship freight.

The AFI Pillar sought real-world data from present-day operations as a basis for answering this question and to
inform modeling assumptions and simulation scenario development. Data collected describing the use of
human-driven ride-hailing and heavy-duty freight vehicles are described in this section to help ground the case
studies presented in Section 3.2 in presently observable trends.

211 Light-duty Vehicle Market Segmentation

Key findings

To understand the characteristics of the light-duty EV market that charging infrastructure will need to serve,
the AFI Pillar performed behavioral segmentation analysis of the light-duty EV market, with a focus on
human-driven ride hailing. This segment was chosen because the behaviors, motivations, and circumstances of
drivers in this segment vary tremendously. To better understand these drivers, the Pillar obtained and analyzed
data from Populus, RideAustin, and Columbus Yellow Cabs (CYC). This analysis provided the basis for
scenarios and assumptions used in the AFI Pillar simulation of this segment (described in Section 3.2.1).
Insights produced from this data collection and analysis effort include the following:

e The majority of ride-hailing drivers in RideAustin and Populus data were found to drive part time, with
relatively low VMT. A minority of TNC drivers (~10%) operate full time, with high annual VMT
(~30,000 miles, excluding VMT accumulation for personal travel). CYC taxicab drivers, considered full-
time drivers, averaged 40,000 miles per year.

e  On most days, full-time ride-hailing driving days in RideAustin and CYC data involved driving less than
250 miles. This suggests that if drivers adopt BEVs with 250 miles of range (referred to as BEV250s),
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overnight or taxi depot charging could accommodate almost all of their energy needs. However,
approximately 40% of Populus TNC drivers report living in multi-unit dwellings, where access to
residential charging is often problematic.

e Drivers reported a plethora of motivations for why they drive for a TNC, such as being between jobs or
preferring flexible hours. Nearly a quarter of TNC drivers may choose not to purchase EVs solely for
financial reasons because they reported nonfinancial reasons as their primary motivation (e.g., keep busy,
meet new people).

e In the case in which home charging is $0.13 per kWh, gasoline costs $3.00 per gallon, the opportunity cost
of public charging is $15 per hour, and vehicle costs are representative of current offerings, a BEV250
offers the lowest total cost of ownership for drivers that travel more than 42,000 miles a year, relative to
comparable models of conventional internal combustion engine vehicles (ICEVs), hybrid electric vehicles
(HEVs), and BEVs with 150 miles of range (BEV150s). HEVs offer the lowest overall cost when annual
VMT ranges from 12,000 to 42,000 miles, and ICEVs are the cheapest below 12,000 miles per year. These
findings, when compared to annual VMT statistics from RideAustin and CYC, suggest that many ride-
hailing drivers who are financially motivated may not adopt BEVs.

Introduction

The light-duty EV market can be characterized by three factors: vehicle ownership, use, and degree of
automation. Vehicles can be privately owned (or leased) by individuals or owned (or leased) by commercial
enterprises. Vehicle use is classified in this research according to the extent to which a vehicle is driven to
satisfy the owner’s travel needs versus providing a mobility service to paying customers. The former is
referred to as personal use. In this research, the latter comprises both ride hailing, conducted by conventional
taxicab companies or TNCs, and car sharing provided by commercial enterprises (e.g., ZipCar, car2go,
ReachNow). Of course, light-duty EVs may also be used in other applications, such as company motor pools,
government fleets, or goods delivery, but the AFI Pillar did not consider those cases.

Several different combinations of vehicle ownership and use are prevalent today:

e Privately owned vehicles operated solely for personal use represent the segment that has traditionally
dominated the United States light-duty passenger vehicle market. These are the cars, SUVs, and light
trucks that households own or lease and use daily for commuting, errands, and other personal travel.

e TNC drivers and some taxi drivers own their vehicles and use them for both personal use and shared use;
they provide ride-hailing services for others.

¢ Many commercially owned vehicles are operated solely for sequential shared use. These are fleet-owned
taxis, limousines, and other livery vehicles that provide ride-hailing and limo services. Traditional rental
cars and car-sharing (i.e., short-term rental) vehicles also fall into this category.

Drivers and fleets employ EVs in each of these categories today and greater EV adoption is generally
anticipated in each category in the future.

The final factor, automation, is defined as the degree to which vehicles can drive themselves. For simplicity,
the AFI Pillar differentiated the levels of automation based on whether a human driver is required to operate a
vehicle.

The three factors that characterize the light-duty EV market are visualized in Figure 2-1, with distinct
combinations of the three factors shown as one of six panels. These panels represent six distinct market
segments.
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@ Privately owned, automated EVs operated solely for personal use
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@ Commercially owned, automated EVs operated solely for shared use

Figure 2-1. Characterization of the light-duty EV market

Most research to date into charging infrastructure needs has been focused on Segment 1 (privately owned,
human-driven EVs operated solely for personal use). Because of the opportunities presented by the
combination of ride hailing and electrification, the AFI Pillar chose to focus its efforts on Segment 2, hereafter
described as human-driven ride hailing; Segment 3, with focus on free-floating car-sharing services; and
Segment 6, consisting of fully automated, self-driving vehicles that are dedicated to providing ride-hailing
services. Vehicles in Segment 6, colloquially referred to as “robotaxis,” will be referred to in this report as
automated electric vehicles (AEVs) for ride-hailing.

With market segments defined, methods for characterizing EV owner-operator interests and vehicle use within
each segment were chosen to more fully define modeling scenarios and assumptions. The remainder of this
section describes the approach to and results of research to characterize the human-driven ride-hailing segment
because this segment is the most heterogeneous. Analysis of factors influencing the use and operation of free-
floating car-sharing services and AEV ride-hailing fleets is found in Sections 3.2.2 and 3.3.1, respectively.

Research Approach

Ride-hailing drivers who own or lease their own EVs have varying motivations, interests, and opportunities. In
fact, the TNC business model was intentionally designed to provide flexible employment opportunities
amenable to people in a variety of circumstances, from professional drivers to part-time “gig” workers.
Therefore, the AFI Pillar used behavioral segmentation to characterize ride-hailing EV driving and charging.

Behavioral segmentation is a market research technique that groups consumers, product users, organizations,
or other entities according to their behavior, rather than by demographic descriptions. Grouping individuals or
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entities with similar behavior allows researchers to more easily infer how each group may select or use a
product (such as an EV) or service (such as EV charging). Once groups are established, researchers can assess
the size or significance of each group and select the group or groups of interest for further research.

Behavioral segmentation requires data. The AFI Pillar obtained data to characterize the human-driven ride-
hailing segment by examining three aspects of behavior: (1) driving behavior, (2) charging behavior, and (3)
the likelihood of EV adoption based on financial interests, in terms of TCO. The following three sections
describe the data the Pillar collected or generated in each of these three areas.

Driving Behavior of Ride-hailing Drivers

To understand TNC driver behaviors and motivations, the AFI Pillar purchased data from a survey of TNC
drivers from Populus, a company that conducts recurring travel surveys in major metropolitan areas. The
Populus TNC Driver Survey contains responses from more than 1,000 drivers in 10 cities® to questions related
to TNC driver motivations for driving, frequency of driving, and housing/demographic data (relevant for
residential EV charging potential). Most respondents drove conventional internal-combustion-engine vehicles,
with a small minority of drivers using HEVs and plug-in electric vehicles (PHEVs).

The Populus TNC Driver Survey represents a subset of responses from a general population survey, filtered to
only individuals reporting to have recently driven for a TNC. Given a lack of demographic data on the overall
population of present-day TNC drivers, the AFI Pillar did not have the means to determine how representative
the Populus sample is of the broader TNC driver community. For this reason, only summaries of raw-response
data were calculated and presented in this report.

The AFI Pillar also acquired and analyzed two data sets collected by electronic data loggers in non-EV TNC
fleets. One data set came from RideAustin, a ride-hailing firm based in Austin, Texas, which publicly released
data describing approximately 1.5 million ride-hailing trips collected from June 2016 through April 2017 (a
period of 10 months) in Austin.’® A heatmap visualizing the density of RideAustin passenger drop-off
locations in the greater Austin metropolitan area is shown in Figure 2-2. All colored dots on this map represent
passenger drop-off locations, with more frequent drop-off locations depicted with a brighter color. For
reference, the dark line bisecting the concentration of bright orange and yellow in the center of the image is the
Colorado River that flow through the center of Austin. The map shows that most passengers’ destinations were
in the urban center, but RideAustin vehicles served passengers traveling to destinations across the entire metro
area.

Figure 2-2. Map visualizing RideAustin passenger drop-off locations in Austin, Texas. More frequent drop-off locations are
depicted with a brighter color. The concentration of bright orange and yellow in the center of the image indicates that most
passenger destinations were in the urban center, but RideAustin vehicles served passengers traveling to destinations
across the entire metro area.

b The Populus survey was conducted in Washington, D.C.; San Francisco, CA; Los Angeles, CA; Austin, TX; Chicago, IL; Seattle, WA; Denver, CO;

Atlanta, GA; New York City, NY; and Boston, MA
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Because the ride-hailing market segment also includes conventional taxis, and traditional taxi companies
continue to represent an important mobility option for travelers, the AFI Pillar also obtained data from a taxi
fleet. Columbus Yellow Cabs (CYC) shared a private data set containing 13 months of real-world taxi data,
including approximately 840,000 ride-hailing trips taken in Columbus, Ohio, from April 2017 through April
2018. CYC served rides requested through a ride-hailing app, as well as through conventional line-of-sight
hailing and phone reservations.

The supplied data consisted of 70 million unique global positioning system (GPS) data points describing the
location of each CYC taxicab as it drove. An additional field from the taxi’s meter allowed researchers to
distinguish a paid trip with passengers from vehicle travel with no passengers, sometimes referred to as driving
empty or deadheading. The geographic extent of the GPS data from CYC is visualized in a map of the greater
Columbus metropolitan area in Figure 2-3. In this map, lines of any color represent sections of road traveled by
at least one CYC vehicle. More frequently traveled road sections are shown in a brighter color. As may be
expected, CYC cabs drove most in the urban center and on interstates, with fewer trips traveling on arterial
roadways outside of the city.

Figure 2-3. Map visualizing the density of CYC trips in Columbus, Ohio. More frequently traveled road sections are shown in
a brighter color.

Data from CYC described the travel of 170 unique taxicabs, with 146 unique fleet vehicles active per month,
on average, over the 13-month data-collection period. Average annual operation amounted to 280 days of use
per year per vehicle and 154 miles per day driven. In total, 35,112 unique vehicle-days were present within the
data set. A vehicle-day describes all driving and standing or parking events by a single vehicle over a 24-hour
period. A vehicle-day was counted for each vehicle with one or more trips during the day.

Charging Behavior of Electric Ride-hailing Drivers

Because the Populus survey, RideAustin, and CYC data samples included very few EV drivers, additional data
sources were needed to understand ride-hailing EV drivers’ charging behavior and preferences. Past
observation of behavior of privately owned, personal-use EV drivers showed that charging habits vary between
drivers and is not easily predictable.>® Therefore, characterizing ride-hailing EV drivers’ charging behavior
must be a data-driven p