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ABSTRACT

This report analyzes plug-in electric vehicle (PEV) infrastructure needs in California
from 2017 to 2025 in a scenario where the state’s zero-emission vehicle (ZEV)
deployment goals are achieved by light-duty vehicles, primarily in residential use. The
statewide infrastructure needs are evaluated by using the Electric Vehicle Infrastructure
Projection tool, which incorporates representative statewide travel data from the 2010-
2012 California Household Travel Survey. The infrastructure solution presented in this
assessment addresses two primary objectives: (1) enabling travel for battery-electric
vehicles and (2) maximizing the electric vehicle-miles traveled for plug-in hybrid-electric
vehicles. The analysis is performed at the county level for each year between 2017 and
2025 while considering potential technology improvements. The results from this study
present an infrastructure solution that can promote market growth for PEVs to reach
the state’s ZEV goals by 2025. The results show a need for 99,000 to 133,000
destination chargers, including at workplaces and public locations, and 9,000 to 25,000
fast chargers. The results also show a need for home charging solutions at multifamily
dwellings, which are expected to host about 121,000 PEVs by 2025. Therefore, the total
number of chargers needed to support PEVs in California ranges from 229,000 to
279,000. This range does not account for chargers at single-family homes. An
improvement to the scientific literature, this analysis evaluates the significance of
infrastructure reliability and accessibility on the quantification of charger demand.

Keywords: Plug-in electric vehicles, zero-emission vehicles, charging infrastructure,
charger projections, demand assessment
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EXECUTIVE SUMMARY

Transforming California’s transportation system to consist primarily of zero-emission vehicles (ZEVs) that
use low-carbon and renewable fuels is critical to reducing the impacts of climate change and meeting
federal requirements to improve air quality. The transportation sector represents the largest source of air
pollution in California, accounting for nearly 80 percent of the nitrogen oxide emissions and 90 percent of
diesel particulate matter emissions. As of 2015, transportation, including indirect emissions from fossil
fuel production and refining, accounted for nearly half of the greenhouse gas emissions in California.
Specifically, direct fuel combustion emissions from light-duty vehicles accounted for more than one-
quarter (26 percent) of the state’s carbon footprint.

Numerous California energy policies and vehicle regulations have prioritized the drastic reduction of
vehicle emissions to reduce harm to human health and the risk of climate change. Governor Edmund G.
Brown Jr.’s Executive Order B-16-2012 punctuated statewide efforts to electrify the transportation sector,
calling on the California Energy Commission and other state agencies to support benchmarks to achieve,
principally among other goals, 1.5 million ZEVs on California’s roads and to ensure that Californians have
easy access to ZEV infrastructure by 2025. In California, as of the end of 2017, nearly 14,000 public
chargers, including 1,500 direct current fast chargers (DCFC), served 350,000 plug-in electric vehicles. This
report quantifies the current and future charging infrastructure necessary to attain California’s near-term
transportation electrification goals as identified in Executive Order B-48-18 “to spur the construction and
installation of 250,000 electric vehicle chargers, including 10,000 direct current fast chargers.” California’s
government agencies and the private sector will need to exceed these targets in order “to put at least 5
million zero-emission vehicles on California roads by 2030.”

Electric Vehicle Infrastructure Projections Method Overview

Energy Commission staff worked with the National Renewable Energy Laboratory (NREL) to develop the
Electric Vehicle Infrastructure Projection (EVI-Pro) computer simulation tool. The EVI-Pro quantifies the
types of charging infrastructure needed to ensure that plug-in electric vehicle (PEV) drivers can meet their
transportation needs. This study applies EVI-Pro in the context of the continuously evolving California
market, chiefly in succession of the 2014 California Statewide Plug-In Electric Vehicle Infrastructure
Assessment. This 2018 study fundamentally improves upon the 2014 Assessment, which used travel and
charging data from early PEV adopters to predict the quantities of chargers needed in California. The new
study builds upon recent methods that model the behaviors of PEV drivers to predict chargers needed.
The principal specialization of EVI-Pro in quantifying charging needed is the ability to account for sources
of variation and uncertainty in vehicle and charger technologies, user demographics and market adoption
conditions, the shared-use of chargers, and travel and charging preferences while using an electric vehicle.
The following is a high-level summary of the method and analysis of California’s need, focusing on light-
duty vehicles primarily on residential use.

A fundamental element in the EVI-Pro is the simulation of travel behavior of households that are
representative of mainstream drivers, as opposed to that of early PEV adopters. A survey of real-world

behaviors was used to derive origins, destinations, and schedules of mainstream drivers across



California’s 58 counties. The use of a statewide representative sample is essential to quantify the charging
necessary to promote the widespread replacement of conventional fuel vehicles with electric vehicles.

An individual’s charging requirements are subject to the driver’s preferences for convenience and to
reduce cost. To reflect mass-market convenience, the model assumes that drivers will have a low tolerance
for modifying their driving schedules. In other words, drivers are not assumed to remain at a particular
location longer than they would have otherwise to recharge their vehicles. Second, EVI-Pro simulates
drivers as economically rational and with an ability to choose among multiple potential charging locations,
including at home, based on the price of electricity. If drivers that have economical home charging are
price-responsive and motivated to reduce their transportation costs, the total quantity of work and public
charging required to serve a county can be reduced. For example, pricing nonresidential chargers can
avoid a substitution effect where drivers charge for free at work who would otherwise charge at home at a
low cost. This substitution among charger locations may block other users without home charging and
increase the number and associated costs of work and public charging. Conservatively, EVI-Pro assumes
that drivers will require their vehicle to maintain a predefined level of travel range, as a proxy to reduce
“range anxiety,” or the concern that driving with a battery of a certain range would be insufficient to
complete a given trip. The aggregation, or collection, of driving simulations determines the number of
vehicles that require chargers of varying power levels, among three types of locations: at home, at work, or
at public locations.

Input Assumptions

Four major categories of inputs are needed to complete the driving and charging simulations. These
categories include vehicle attributes, charger attributes, county-level household travel data, and the
composition of the vehicle fleet (or PEV sales). This approach was used by the U.S. Department of Energy
and NREL in their National Plug-In Electric Vehicle Infrastructure Analysis released in 2017. The analysis
calculated charger-per-1,000 PEV ratios with various technology and market scenarios, many of which
differ from assumptions summarized below. Stakeholders are encouraged to refer to this report as the
primary reference for California-specific infrastructure planning.

The principal vehicle technology assumption is the electric range of battery-electric vehicles (BEVs) and
plug-in hybrid electric vehicles (PHEVs), which increase each year consistent with the California Air
Resource Board’s (CARB) technical review of vehicle battery technologies under the Advanced Clean Cars
Program. The principal charger technology assumption is average dispenser power capacity, which varies
by charger type and the capability of a vehicle to receive the power into the battery. For simplicity, all
BEVs and no PHEVs are assumed capable of DC fast charging. Charge power increases each year linearly
between ranges assessed by the Energy Commission. As noted earlier, location-based driver preferences to
charge their vehicles are input into the model; price signals are set relative to one another in the order of

residential, workplace, and public charging to reflect the cost of infrastructure.

The 2010-2012 California Household Travel Survey features 24-hour daily travel profiles representative of
mainstream driving behaviors at the county level. In EVI-Pro, the availability for a simulated driver to
charge at home is based on information on the driver’s type of residence. Without detailed information
about the availability of parking, all vehicles associated with single-family homes and multiunit dwellings
with more than five units were assumed to have access to a residential charger.



Assumptions of the composition of the PEV fleet are derived from an interpolation between the actual
shares of BEVs and PHEVs adopted as of 2017 and CARB’s assumptions of the plug-in share of ZEV
adoption defined in the Clean Technologies and Fuels Scenario by 2025. The ratio of the two PEV types
adopted was held constant for the planning period under a linear growth assumption for the overall fleet
(as seen on Figure ES.1). Vehicles were geographically distributed among the 58 counties in California with
the assumption that the adoption rates of electric vehicles by county would converge toward the purchase
rates of all new vehicles, as identified by 2012-2016 vehicle registration data from IHS Markit. As a result,
by 2025 about 90 percent of the PEVs were distributed to the counties identified within the four largest
metropolitan planning regions of California (Southern California, the San Francisco Bay Area, San Diego
County, and the larger Sacramento area).

Figure ES.1: Shares of PEVs Input for the Default Scenario, 2017-2025
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Analysis and Results

The number of chargers needed in a given county is based on the location and time when a charger is
necessary to satisfy a driver’s travel schedule. Therefore, EVI-Pro outputs electricity demand and the
quantity of sessions at homes, workplaces, and in public. Both outputs are resolved hourly for each
county and then aggregated for the entire state.

Weekday charging demand creates a more dynamic electricity demand profile compared to weekend
charging demand. As seen on Figure ES.2, two peaks for the weekday load coincide with vehicles arriving
at work in the morning and returning home during the evening. By 2025, workplace chargers demand
more than 200 megawatts (MW) at the peak time of around 9 a.m., and residential chargers demand
almost 900 MW at 8 p.m. In contrast, peak demands above 120 MW associated with both public Level 2



and fast chargers occur on the weekends.' Fast chargers peak before 11 a.m., and public Level 2 chargers
peak after 1 p.m. By 2025, during weekdays, the aggregate demand from all charging types represents an
increase of roughly 500 MW between 4 p.m. and 7 p.m., with a maximum demand of nearly 1,000 MW
before 8 p.m. The subhourly electricity load shape for DC fast chargers is more volatile than other
charging types, as indicated by statewide fast charging load more than doubling to peak demand within
one

hour. All types of charging loads will need to be integrated efficiently with the grid to prevent additional
ramping generators and stress on distribution infrastructure.

Figure ES.2: PEV Charging Load Profiles in 2025
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To quantify the number of chargers, EVI-Pro calculates two outputs for each type of nonresidential
location and charging power level. The first output is the total number of vehicle charging events over a
24-hour period. This charging session quantity is the basis for the “high estimate” of charging needed. The
quantity of total sessions is divided by two to reflect the likelihood that a public charger is shared with at
least one other vehicle, and a charging station operator’s economic incentive to best use a public asset. In
contrast with Level 2 chargers, this 2:1 sharing ratio in the high estimate is a very conservative proxy for
the use of a fast charger. Higher sharing ratios for fast chargers were not used because of the limited
sharing potential in some rural counties and the desire for consistent application of the method statewide.

The second output is the maximum number of vehicles that need to charge at any time over a given day.
This peak vehicle quantity is the basis for the “low estimate” of charging needed insofar as it represents
the minimum quantity of chargers that must be available to meet drivers’ simultaneous need to charge.
This minimum quantity is scaled to account for the total quantity of charging sessions over a day, in case
that sessions needed at times other than during the peak time are sufficiently far away from each other
and inhibit drivers’ ability to share chargers.

By 2025, to support about 1.3 million PEVs, California needs between 99,000 and 133,000 destination
chargers at or near workplaces and in public locations, between 9,000 and 25,000 public DC fast chargers,
and 121,000 chargers at multiunit dwellings (MUDs). The total number of chargers needed to support

1 The term “charger” refers to a connector that can serve a vehicle at the full rated power capacity without any
operational limitations. The rated power capacity is grouped into alternating current Level 1 (1.4 kW), Level 2 (3.6kW -
11.4 kW), and direct current (DC) fast chargers (50 - 105 kW).



PEVs in California ranges from 229,000 to 279,000. This range does not account for chargers at single-
family homes. EVI-Pro results can be compared with actual or planned charger deployments. The quantity
of fast chargers available in California in 2017 was less than the number of chargers calculated by EVI-Pro
necessary to expand the market for battery electric vehicles (that is, the 1,500 existing fast chargers are at
least 25 percent less than the 2,005-5,877 fast chargers listed “as of 2017” in Table ES. 1).

The ranges (as seen on Table ES.1 and Figure ES.3) associated with each charger location are principally
affected by the shape of the hourly electricity demand. Charging locations that experience a sharp
increase in demand within a brief time frame, like workplaces, will have a smaller range in between the
high and low estimates of chargers demanded. The finding regarding the difference in the high and low
estimates, similarly with respect to locations of chargers, also applies geographically. For example, if a
county’s travel is predominantly associated with commutes to and from work, the peak demand
associated with those charging behaviors will manifest themselves in a relatively small variation in total
chargers needed. As seen on Table ES.1, this study considered only Level 2 chargers at workplace and
public locations, as Level 2 chargers represent about 95 percent of existing installations accounted by the
U.S. Department of Energy’s Alternative Fuels Data Center. On the other hand, staff acknowledges that
Level 1 chargers may be feasible for some use cases with long dwell times.

Given the total relative quantities of charger types, more than 80 percent of workplace and public Level 2
charging sessions were demanded by PHEV drivers. This result is primarily affected by the electric range
limitation of the plug-in hybrids and the drivers’ objective to minimize their fueling costs by recharging
with electricity instead of using their conventional engines. Since PHEV drivers’ actual motivations and
charging behaviors will differ from modeled assumptions, this optional use aspect of public charging
contrasts with that of BEV drivers, whose demand for fast charging is essential for completing their travel.
On the other hand, chargers for PHEVs should be seen as essential for reaching the state’s petroleum use
reduction goals.

Table ES.1: Projections for Statewide PEV Charger Demand

Demand for L2 Destination (Workplace and Public) Chargers
(The Default Scenario)
Lower Estimate | Higher Estimate
Total PEVs
(Chargers) (Chargers)
As of 2017 239,328 21,502 28,701
By 2020 645,093 53,173 70,368
By 2025 1,321,371 99,333 133,270
Demand for DC Fast Chargers
(The Default Scenario)
Lower Estimate | Higher Estimate
Total BEVs
(Chargers) (Chargers)
As of 2017 133,386 2,005 5,877
By 2020 356,814 4,881 13,752
By 2025 729,094 9,061 24,967

Source: California Energy Commission and NREL




In the default scenario, charging at home is the foundation for the majority of PEV travel, with more than
90 percent of simulated drivers engaging with either Level 1 or Level 2 charging, while the rest did not use
residential charging under the given parking assumptions. However, given the simulations described,
there are two cautions in interpreting the findings herein. First, due to the wide variation in parking
configurations and the lack of local information about parking availability, the study made simplifying
assumptions about the potential charging at residence types and did not investigate the potential for
sharing at residences. Given this, 10 percent of all residential charging, which corresponds to more than
121,000 vehicles, was completed at multiunit dwellings. Second, the EVI-Pro cost-minimization algorithm
provided a driver with a Level 2 charger only if a Level 1 charger was not technically able to deliver the
driver’s energy requirement during their dwelling times. Further, the study did not incorporate drivers’
value of time, their potential for unexpected trips, or range anxiety. Based on this assessment, staff found
that a minimum of 65,584 PEVs from single-family homes and 6,874 PEVs from multifamily dwellings
could not complete their travel with Level 1 charging at home. This group corresponds to nearly 6 percent
of the overall PEV sample statewide.

Figure ES.3: Ranges for Statewide Charger Demand by 2025
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Finally, a sensitivity analysis of where drivers preferred public Level 2 over public DC fast charging
resulted in a substitution in needed fast chargers in favor of destination chargers. However, the sensitivity
revealed that compared to actual levels of fast charger deployment, this price preference does not reflect
the focus of the charging industry’s investments.

Toward 2030 and Beyond

This report quantifies the amount of charging infrastructure needed to stimulate the growth of the light-
duty plug-in electric vehicle adoptions for mainstream personal travel patterns in California between 2017
and 2025. In addition to existing charging infrastructure demand modeling approaches, this model
specializes in the ability to characterize spatiotemporal effects of demand on the shared use of chargers.
An important conclusion is the assurance to drivers that charging will be visible, accessible, and reliably
maintained—partly through real-time networking technologies. Networked technologies will be critical to
improving the efficiency of charger installations by enabling the shared use of chargers. This has the
potential to increase use and reduce the size of the network necessary to support the growing PEV fleet.
Leveraging smart-charging technologies in combination with greater diversity in charging power and



location- or time-variant prices can enable charging load to be shifted, thereby reducing any new
electricity system costs associated with the charging scenario presented.

While the analysis identifies several sources of variance and uncertainty, policy makers and industry
should develop consistent policies statewide and locally that ensure the immediate and steady growth in
the deployment of chargers to close the gaps necessary for enabling widespread adoption, as envisioned
by the 2012 executive order. Consistent with this recommendation, in 2018, CARB updated the Climate
Change Scoping Plan, which calls for 4.2 million ZEVs on the road by 2030 and to “comprehensively
[facilitate] the market-wide transition to electric drive that we need to see materialize as soon as possible.” In
the 2018 State of the State Address and in the subsequent Executive Order B-48-18, Governor Brown set a
target with even greater ambition: to deploy 5 million ZEVs in California by 2030. Thus, the quantities of
chargers identified for installation by 2025 in this projection should be followed with additional analyses
of various infrastructure networks that can serve more than triple the number of PEVs within just five
additional years. Simultaneous to the public and private deployments from 2018 to 2025, staff will
complete subsequent iterations of EVI-Pro analyses to incorporate both actual and refined anticipated
changes to the vehicle and charging technology markets, built environment characteristics, personal and
fleet travel behavior, evolving mobility preferences, and interactions with other policies that affect
transportation electrification.
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CHAPTER 1:
Introduction

This report analyzes plug-in electric vehicle (PEV) infrastructure needs in California from 2017 to 2025 in
a scenario where the state’s zero-emission vehicle (ZEV) deployment goals are achieved by light-duty
vehicles, primarily in residential use. The statewide infrastructure needs are evaluated by using the
Electric Vehicle Infrastructure Projection (EVI-Pro) computer simulation tool. This modeling tool was
developed by collaboration between the Energy Commission and NREL.? In this report, staff attempted to
address the following question: “How many chargers, by type and location, are needed in California to
ensure that both battery-electric vehicle (BEV) and plug-in hybrid electric vehicle (PHEV) drivers can travel
primarily with electricity by 2025?” The answer to this question may guide large-scale investments and
policy making toward sustainable transportation.

The State of California has initiated several policy actions to support PEV infrastructure planning and
deployment. Assembly Bill 118 (Nufiez, Chapter 750, Statutes of 2007) and Assembly Bill 109 (Nufiez,
Chapter 351, Statutes of 2008) directed the Energy Commission to accelerate the development and
deployment of technologies to transform California’s transportation system. The Alternative and
Renewable Fuel and Vehicle Technology Program (ARFVTP) began in 2009 with $46 million annual funding
to invest in electric drive technology. In 2010, the Commission initiated PEV regional readiness efforts to
support electric vehicle infrastructure planning at the local level.

In 2012, Governor Edmund G. Brown Jr.’s Executive Order B-16-20123 targeted a deployment of 1.5 million
ZEVs by 2025. Under this executive order, several state agencies were directed to ensure that
infrastructure will be ready to support 1 million ZEVs by 2020. With the existing ARFVTP, the Energy
Commission has been leading PEV infrastructure assessment and planning for the State. The Commission
released its first statewide PEV infrastructure assessment in 2014 conducted by NREL.* Based on 2010-
2013 PEV market data, the first assessment provided estimates for Level 1, Level 2, and fast chargers
corresponding to a scenario of 1 million PEVs in California by 2020. In the following years, Governor
Brown and the state Legislature have announced several other major policy actions such as Senate Bill
350: Clean Energy and Pollution Reduction Act (De Ledn, Chapter 547, Statutes of 2015), Senate Bill 32
(Pavley, Chapter 249, Statues of 2016), and, most recently, Executive Order B-48-18,> which further
supported statewide efforts to spur the construction and installation of ZEV infrastructure. These efforts
have been instrumental in the installation of nearly 14,000 public chargers, including 1,500 direct current
fast chargers, and the use of 350,000 plug-in electric vehicles in California by the end of 2017.

2 Agreement 600-15-001.

3 Office of Governor Edmund G. Brown Jr., Executive Order B-16-2012, March 23, 2012,
https://www.gov.ca.gov/news.php?id=17472.

4 Melaina, Marc, and Michael Helwig. (National Renewable Energy Laboratory). 2014. California Statewide Plug-in Electric
Vehicle Infrastructure Assessment. California Energy Commission. Publication Number: CEC-600-2014-003.

5 Office of Governor Edmund G. Brown Jr., Executive Order B-48-18, January 26, 2018,
https://www.gov.ca.gov/2018,/01/26/governor-brown-takes-action-to-increase-zero-emission-vehicles-fund-new-
climate-investments/.



The assessment of PEV infrastructure demand, based on electric vehicle driving and charging behavior,
began on a large scale with the rollout of the Nissan Leaf and the Chevy Volt in 2010. The initial PEV
infrastructure demonstrations, including the EV Project,® deployed an unprecedented number of vehicles
and chargers. Concurrently and subsequently, various studies have been conducted to provide different
approaches for quantifying infrastructure needs. These approaches illustrate need at a location of interest,
with a focus on a specific infrastructure type such as residential, workplace, or public charging. (See
Chapter 2.) Besides the infrastructure type and location, the scientific studies also differ in considerations
for PEV fleet and modeling consumer behavior. Some studies present a more simplistic approach using
“top-down” models. These models attempt to make inferences based on a survey or other big data
applications without modeling specific vehicles or drivers. For instance, the 2014 Statewide Assessment
used a top-down approach, where the EV Project data from early adopters were used to predict consumer
preference for charging infrastructure. In contrast, the studies with a “bottom-up” approach model PEVs
individually, then aggregate energy consumption from these vehicles to show high-level infrastructure
needs. The bottom-up approach aims to characterize behavioral differences among individuals in more
detail. It is especially useful for planning infrastructure for locations where obtaining demand data is
difficult.

In this report, several terms are used heavily in describing electric vehicle and charger technologies. Most
importantly, the term “charger” refers to a connector that can serve a vehicle at the full rated power
capacity without any operational limitations. The rated power capacity is grouped into alternating current
Level 1 (L1), Level 2 (L2), and direct current (DC) fast chargers. The assumptions for these power levels are
described in Chapter 4. In addition, the infrastructure quantification approach applies to chargers only
without accounting any other supply equipment such as pedestals or electrical service and grid-related
hardware. The term “PEV” applies to both BEVs and PHEVs. On the other hand, the term ZEV is more
comprehensive - it applies to both PEVs and fuel cell vehicles. Finally, the nonresidential charging demand
for work-related and nonwork-related trips (workplace and public charging) are grouped into a category
called “destination” charging. The designation of parking spaces at workplaces and public locations often
overlaps such that the spaces have hybrid use cases (for example, parking garages serving multiple
commercial locations).

The term “shared use of chargers” refers to the case where a charger serves more than one vehicle per
day. The real-world implication of this concept can be seen in locations with shared parking such as
workplaces, multifamily dwellings, and other public locations. The sharing potential for a charger may be
increased if the use of the charger is well-managed, where usage-based pricing can prevent the case where
a driver remains at a charger while not actively charging, thereby inhibiting another driver’s use. The
reliability of equipment and accessibility of chargers are other important factors in sharing potential. For
example, ensuring that chargers are maintained, enforcing parking ordinances to prevent idling of

vehicles, and choosing locations with high visibility and accessibility can improve sharing potential.

This study evaluates infrastructure needs for vehicles from a residential usage perspective only, and it
quantifies charging infrastructure necessary for stimulating the growth of the electric vehicle market.

Regardless of household demographics and travel behaviors, the infrastructure solution presented in this

6 Idaho National Laboratory. 2015. Plug-in Electric Vehicle and Infrastructure Analysis.
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study addresses two primary objectives: (1) enabling travel for BEVs and (2) maximizing the electric
vehicle-miles traveled (eVMT) for PHEVSs. In doing so, staff considered household travel data representative
of the mainstream market of drivers, instead of restricting travel data to only early PEV adopters. Staff
also considered drivers’ ability to reduce the cost of infrastructure wherein the driver adopts economic
charging behavior. The model incorporates a cost-minimization algorithm where individual PEV drivers
minimize their fuel cost by responding to price signals set for each charger type and location type,

without changing their travel behavior.
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CHAPTER 2:

Literature Review: Understanding the
Uncertainty and Variance in PEV
Infrastructure

The light-duty PEV market is in the early stage, with PEV shares among the entire vehicle stock accounting
for around 1 percent in the leading California metro areas.” While anticipating PEV charging demand is
crucial interest to robust infrastructure planning, it is imperative to acknowledge the variance between the
technology and use of PEVs. Thus, modeling and planning are subject to large uncertainties. In this
chapter, staff analyzes the scientific literature concerning how these studies dealt with variance and
uncertainty in modeling “PEV-driver-charger” systems and quantified future charger demand. In addition,
staff evaluates various dynamics that vary greatly among different geographies and individuals, even
when applying consistent market growth assumptions.

Variance is a metric to measure the spread of a dataset or variable for any given time. On the other hand,
uncertainty refers to the current and limited state of knowledge about future conditions. For instance,
while the PEV market is growing at a fast pace, political, economic, and technological uncertainties will
shape the evolution of the market in the coming years. Infrastructure assessment models, on the other
hand, typically do not forecast market size. The number of PEVs is usually input to the models. The major
sources of variance and uncertainty regarding PEV infrastructure are summarized in Table 1 below. These
categories include PEV technology, PEV market trends, and, finally, consumers’ travel and refueling
behavior.

Table 1: Sources of Variance and Uncertainty on PEV Charging Demand

Area Sources of Variance and Uncertainty
- Battery range
PEV y . g .
- Powertrain efficiency
technology )
- Charging power level
- PEV buyer demographics (i.e., type of residence
PEV market y _ grap ( yp )
trends - PEV fleet mix of BEVs and PHEVs
- Vehicle ownership and innovative mobility trends
Travel and - Range anxiety (or state-of-charge [SOC] tolerance)
charging - PHEVS’ willingness to plug-in
behavior - Pricing and the shared-use of chargers (accessibility and reliability)

Source: California Energy Commission and NREL

Besides the battery chemistry, the “real-world” range of PEVs is affected by a multitude of factors,
including ambient temperature conditions, driver behaviors, and road or traffic attributes. Also, consumer
perceptions such as range anxiety and value of time further affect the “effective” electric range of their

7 U.S. Department of Energy (DOE). September, 2017. National Plug-in Electric Vehicle Infrastructure Analysis.
https://www.nrel.gov/docs/fyl170sti/69031.pdf. Accessed January, 12, 2018.
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vehicles and, in turn, could increase the need for charging infrastructure. On the other hand, technology
development in the realm of charging power level, battery capacity, and vehicle efficiency could lower

charging requirements.

In addition to the number of PEVs on the road, buyer demographics may greatly affect infrastructure
requirements. For instance, most residents of MUDs typically do not have reliable access to specified off-
street parking at their homes. PEV drivers residing at MUDs will thus rely more heavily on public and
workplace charging infrastructure.

Another important dynamic is the PHEV drivers’ willingness to plug in their vehicles. PHEVs are equipped
with an internal combustion engine that allows them to drive on gasoline by choice or once their battery is
empty. PHEV drivers’ willingness to recharge their vehicles outside their home also has a drastic effect on
requirements for nonresidential charging. Consumers’ willingness and ability to share available chargers,
especially at their workplace, could potentially halve the number of chargers required to satisfy workplace
charging needs.

Finally, on the electricity supply side, policies and incentives will have a geographically heterogeneous
impact on infrastructure requirements. Utilities will have a central role in shaping load profiles from
charging through designing time-of-use rate structures. In California, the widespread adoption of solar
energy has led to a major dip in grid load around midday. This so-called “duck-curve” effect may
encourage the deployment of workplace charging, which could absorb this excess energy. Advantageous
pricing or even free charging at certain times or locations will likely affect consumers’ charging decisions.
This study focuses on the charging demand side only and does not deal with variance and uncertainties
on the electricity supply side that could influence charging behavior. Staff summarizes a selected number
of scientific studies regarding PEV infrastructure in Table 2.

From the nine studies reviewed, two approaches to infrastructure planning emerge: (1) quantifying the
need for chargers for predetermined driver travel behavior and (2) quantifying the electric miles achieved
for a given number of chargers supplied. From the PEV users’ perspective, PEV powertrain models,
coupled with real-world or synthetic travel data and electricity price signals, are used by Wang et al.
(2017), Ji et al. (2015), Saxena et al. (2015), and Zhang et al. (2013 and 2015). In contrast, from an
infrastructure supplier’s perspective, Ahn and Yeo (2015), Dong et al. (2014), and Xi et al. (2013)
developed optimization algorithms to minimize installation and operational costs while maximizing
electrified VMT. This literature review did not include micrositing infrastructure models, similar to a
recent study from the Luskin Center (2017),® which have significantly different inputs and outputs. The

micrositing models focus on the street-level traffic and other constraints, such as local grid capacity.

This literature review shows that several dynamics, which may be a significant source of variance and
uncertainty, have been neglected in projecting future PEV charger demand. These dynamics include
parking availability, shared use of chargers, and new mobility paradigms affecting travel and vehicle
ownership patterns). Accounting for these dynamics will be crucial in designing a future-proofed charging
infrastructure network. While not all questions are answered in this report, the focus of the EVI-Pro

8 Luskin Center. 2017. Siting Analysis for Plug-in Electric Vehicle Charging Stations in the City of Santa Monica.
http://innovation.luskin.ucla.edu/content/siting-analysis-plug-electric-vehicle-charging-stations-city-santa-monica.
Accessed January 12, 2018.

13



modeling framework - the assessment of the shared use of chargers - could be used to provide insight

into these issues. (See Chapter 5 for a detailed discussion on EVI-Pro’s contributions to the literature.)

Table 2: Summary and Comparison of the Scientific Literature

Author(s) Infrastructure Geoaranh Fleet Scenario(s) Sources of Variance and
Focus graphy (Range/Battery) Uncertainty Explored
Xi et al. (ngf;;'lgigogn d Columbus Various BEV fleet e Charger type &
(2013) public) L1&L2 Region, Ohio | (BEV73) availability by location
Zhang et al. (wlgflfpt)llgitelognd California Various PEV fleet ) El)f) ?org;tric%pe aavallapilty
(2013) public) L1&L2 (PHEV3S, BEV6O) e  Electricity pricing
Dong et al. ( E;isg'ﬁt'ﬁg & Seattle, WA | Various BEYV fleet ¢ Range anxiety
(2014) P DCFS) region (BEV100) e Daily travel (in miles)
: Various BEV fleet - -
Zh?;glgt) al. Corrllg(r)]rn:Ir)]CFC California (BEV60, BEV100, . Eletftrlcny pricing
p g BEV200) . attery range
Ahn and DCIIDFeCS:tmIZE’I]%?n Daejeon, Various BEV fleet e Battery range
Yeo (2015) f ptanning South Korea | (22 kwh) e Charging power level
or taxis
Travel demand . . -
Saxena et L . Various BEV fleet e Powertrain efficiency
al. (2015) | sausfiedbyll | United States | ;) « Daily travel (in miles)
' charging
250k BEVEO e Battery range
Jietal. Corridor I ’ e PEV fleet mix
(2015) | DCFCplanning | ~C2Morma | 125k BEVISO, 125K o - charger type &
availability by location
California, .
Metcalf et al. Destination Pacific Gas & Various PEV fleet e PEV market size
(2016) DCFC siting Electric (PHEVA0, BEV 100,
: BEV200)
service area
Charging . Various BEV fleet e Battery range
Wang et al. Synthetic U.S. . .
(2017) demand travel data (18kwWh, 24kwh, e Electricity pricing

forecasting

28kWh, 32kWh)

o Dalily travel (in miles)

Source: California Energy Commission and NREL

Xi et al. (2013) used a linear-integer program to simulate the number of L1 (1.4 kilowatts [kW]) and L2 (4

kW) charging stations required at work and public locations, optimizing either to maximize the number of

EVs charged or maximize the energy throughput from the chargers, both under a budget constraint. EV

adoption and travel patterns in the region were predicted using a linear regression model with

sociodemographic and macroeconomic variables in conjunction with 2010 Mid-Ohio Regional Planning

Commission survey data. The available budget is varied under both optimization goals to yield different

bounds for the optimal charging station and plug counts.
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In contrast, Zhang et al. (2013) modeled different L1 and L2 charging scenarios for PHEVs and BEVs,
assuming that a PEV driver’s charging behavior aims to minimize his or her cost. They evaluated various
time-of-use (TOU) charging strategies and charger needs at home, work, and public locations. The authors
used 2009 National Household Travel Survey (NHTS) travel data and existing electricity rates from Pacific
Gas and Electric Company. Smart-charging strategies, responding to TOU rates, were shown to yield
significant savings for PHEV drivers. Sensitivities to battery range, electricity rate structure, and
infrastructure availability at home, work, or public locations are presented.

Dong et al. (2014) optimized the locations for a given number of chargers using genetic programming (an
algorithm that mimics natural selection) under budget constraints. An activity-based assessment for
driving and charging behavior aimed to quantify the effect of public charging infrastructure on range
anxiety. Considering a case study of the Seattle region, the authors illustrated the effects of different
levels of investment on infrastructure deployment and the corresponding reduction in range-constrained
trips.

Zhang et al. (2015) estimated the demand for interregional corridor DC fast charging stations through a
set-cover problem and analyzed the use of these stations for various charging strategies. The candidate
sites for DCFC were selected from a pool of 3,000 freeway exits and highway intersections in California.
Different charging scenarios were investigated: random and late-charging increase the grid demand in the
afternoon, while early reserve strategies with dynamic pricing evenly distribute charging throughout the
day. Sensitivity to battery range is also evaluated.

Ahn and Yeo (2015) derived optimal public DCFC density by minimizing a cost function (the sum of
additional trip cost, cost of delay time, installation, and operating cost of charging stations) for a given
unit area. Real-world taxi trajectory data from Daejeon in South Korea was used to generate an optimal
map of charging station density to serve 90-mile range electric taxis in that city. The authors investigated
the following variances for different sizes of a BEV fleet: charging station density, numbers of plugs per
station, peak-time charging demand, charging power levels, and electric range.

Saxena et al. (2015) built an EV powertrain model to estimate the fraction of typical U.S. driving days -
from NHTS data - that can be accommodated with L1 charging at home only or at home and workplaces.
They ran sensitivity analyses for the following sources of variance: unexpected trips beyond normal daily
driving, ancillary loads such as air conditioners, battery degradation over time, and effects of road grade
and elevation. While the distinction between weekday and weekend travel patterns is made in this
analysis, charging availability at MUDs wasn’t studied, and only one PEV type was simulated, with a sub-
100-mile range (24 kilowatt-hour [kWh] battery).

Jietal. (2015) projected fast charging demand for connecting major California metropolitan areas by
aggregating charge windows derived from long-distance travel data from the 2012 California Household
Travel Survey. Charger utility was assessed for two fleet scenarios. The present-day scenario
corresponded to the PEV adoption rate from the Clean Vehicle Rebate Project (CVRP) data and DCFC
availability from the Alternative Fuels Data Center (AFDC), while the future scenario projected 500,000
BEVs in California. The authors evaluated the effects of different battery range and availability of
workplace charging on DCFC corridor charging demand.
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In another study, Metcalf et al. (2016) provided the prioritized DCFC site locations for PG&E’s service
territory based on highest unmet PEV charging need. Their macrositing model used data including
household travel and existing charging networks. The model considered two PEV adoption scenarios by
2025. As a significant improvement to the siting models, the authors considered the available transformer
capacity for the sited locations to reduce installation costs and improve site host acceptance. The
transformer capacity, which is a very important factor, was often neglected in other infrastructure siting
models.
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CHAPTER 3:
Method: The Electric Vehicle Infrastructure
Projections (EVI-Pro)

EVI-Pro used a “bottom-up” approach to estimate PEV charging requirements with the conceptual flow of
information visualized below in Figure 3.1. The primary processing steps in EVI-Pro included 1)
conducting individual PEV driving/charging simulations over real-world 24-hour driving days, 2)
spatiotemporal post processing of individual charging events to derive charger-to-PEV ratios, and 3)
scaling charger to PEV ratios per a PEV stock goal or projection. This approach was recently used by U.S.
Department of Energy (DOE)/NREL in their National Plug-In Electric Vehicle Infrastructure Analysis” for
calculating charger-per-1000 PEV ratios with various technology and market scenarios, many of which
differ from assumptions employed in this report. Thus, the DOE/NREL report is not interchangeable with
this analysis. Stakeholders are encouraged to refer to this report as the primary reference for California-
specific infrastructure planning.

Figure 3.1: Inputs/outputs and data flow in EVI-Pro
/

patial/Temporal Post Processi

N

Source: California Energy Commission and NREL Staff

The fundamental element of EVI-Pro simulations is 24-hour daily driving schedules from real-world
vehicles. While these driving schedules are typically sourced from gasoline vehicles, EVI-Pro simulated
each driving day as if it were attempted in a PEV. By applying real-world travel data from gasoline vehicles
to simulated PEVs, EVI-Pro attempted to estimate charging solutions that enable future PEVs to serve as a
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direct replacement for the gasoline vehicles that represent the present-day majority of the light-duty
vehicle fleet.

Charging solutions to complete days of driving were estimated by identifying charging opportunities that
were consumer-oriented for both convenience and cost. Convenience is achieved by simulating charging
events as occurring only during dwell times present in the original travel data. The EVI-Pro method implies
that the mainstream PEV drivers will have a low tolerance for altering travel behavior regularly to
accommodate charging their vehicle. When the price of charging is equivalent for two or more locations,
EVI-Pro assumes that consumers prefer to charge at locations with long dwell times. This approach
implied a greater energy transfer per charging event and helped minimize the number of charging events
per day. Simulated consumers in EVI-Pro were modeled as being economically efficient, preferring to
charge their vehicles at locations that help minimize charging costs. Simulated consumers were provided
with charging cost ($/kWh) information and the energy needed to complete their next trip, so each
simulated PEV driver could decide whether a charging event was needed at their location. Once feasible
charging solutions were identified, the model iterated through driving/charging events until the battery
SOC at the start and end of the simulated day were consistent.

In addition to the objective of minimizing cost, simulated consumers were also subject to constraints on
battery SOC. For each simulated driving day in EVI-Pro, BEVs were required to maintain battery state of
charge above a predefined level, defined by users as a reasonable proxy for minimizing range anxiety. This
minimum state-of-charge level may decrease gradually as the electric range of BEVs increases. Since PHEVs
can operate with a depleted battery in charge sustaining mode, EVI-Pro did not place a constraint on the
minimum allowable state of charge for PHEVs but instead attempted to maximize eVMT and minimize
gasoline consumption. The authors performed the EVI-Pro driving/charging simulations only for vehicles
that had participated in the California Household Travel Survey (CHTS) that is completed every 10 years.’
The number of PEVs input by EVI-Pro users may be different than the number of CHTS vehicle-days
simulated. In this case, EVI-Pro scaled charger-to-PEV ratios (derived from simulation of CHTS vehicle-
days) concerning the number and type of PEVs defined by users. The charger-to-PEV ratios tended to vary
by location type (home, work, public) and by region (county) and were sensitive to model inputs.

While the driving and charging simulations determined the number of vehicles that used each charger
type, the amount of infrastructure required to satisfy charging demand depended on the spatial/temporal
coincidence of charging. For example, consider a fixed number of charging events at public L2 chargers. If
these charging events happened at the same location and were uniformly distributed throughout the day,
a minimal amount of infrastructure could meet the demand (corresponding to the high utilization of a
small number of chargers). Conversely, if the same number of charging events occurred in isolated
locations at the same time, a much larger amount of infrastructure was required (corresponding to the low

use of a large number of chargers).

EVI-Pro provided two important outputs used in quantifying charger demand. First was the sum of all
charging events for a 24-hour period from all simulated vehicles with distinguishing each location type

9 California Department of Transportation (Caltrans). 2013. 2010-2012 California Household Travel Survey Final Report
Appendix.
http://www.dot.ca.gov/hq/tpp/offices/omsp/statewide_travel_analysis/files/CHTS_Final_Report_June_2013.pdf.
Accessed January 12, 2018.
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(residential, work, public). Each charging event was associated with a unique vehicle to prevent double
counting in identifying the potential charger needs. The second important output was the sum of charging
events occurring during peak-demand time (weekday or weekend) for each location type. The participants
in CHTS were asked to provide one day-long trip information assigned randomly for a weekday or a
weekend. All outputs described above were calculated separately for typical driver behaviors on weekdays
and weekends. The charger estimates in results were not based on the average of weekday and weekend
simulations. The results were based on weekday or weekend trips, depending on which day has the higher
charging demand for a particular location type.

The Energy Commission staff used a 2:1 PEV-to-charger ratio to derive the high estimate for
nonresidential charger counts. In this case, the total daily charging events for each location type were
divided by two. This 2:1 sharing ratio used in the high estimates should be seen as a conservative proxy
for the use of a fast charger, particularly when compared to a Level 2 charger, but higher ratios were not
used due to two factors: 1) the convergence with the minimum quantity of chargers needed (mostly in
rural areas) and 2) the geospatial uncertainty as to whether drivers were in practice willing to travel to use
fast chargers, if they were not sufficiently distributed.

The low estimate is equal to the 10th percentile between the peak-time total charging events and the high
estimate. Therefore, the low estimates are obtained by scaling the peak charging demand up using the
daily total number of charging sessions. The Energy Commission’s approach for low estimates intends to
account for the case when the charging events during nonpeak times occur at geographically distant
locations, inhibiting shared use. Thus, additional chargers beyond those required to meet peak demand
may be needed. The mathematical model for the higher estimate (H.E.) and lower estimate (L.E.) of charger
counts are provided below:

144
_ Yp=1C.E.j

H.E.; ===

(H.E.;— C.EY))
10

i = location type (residential, work or public)

j= type of day (weekday or weekend)

CE. = Total Charging Events occurring within any 10-minute time interval

k= time interval (up to 24x6 for a 24 hour period [by increments of 10-minutes])

C.Er = Total Charging Events occurred during the 10-minute time interval associated with
peak demand
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The Input Selections. The four groups of input data necessary for an EVI-Pro simulation included t (1)
PEV attributes, (2) infrastructure attributes, (3) travel data, and (4) PEV fleet projections.

Input 1: PEV attributes. The vehicle attributes that can be specified in EVI-Pro included the electric
range (in miles), vehicle drive efficiency (watt-hours per mile), minimum range tolerance (in miles),
onboard charger efficiency, and maximum AC charging power. In this assessment, some of these inputs
were assumed constant, while others were assumed to change over time (annually). The assumptions on
PEV attributes are provided in Chapter 4.

Input 2: Infrastructure attributes. The authors segmented charging infrastructure by location type as
home (single-unit or multiunit dwelling), workplace, and public (any destination not classified as either a
home or work destination). For each location type, up to three charging power levels may be available
depending on the scenario provided by users. For all simulated charging opportunities, a minimum dwell
time for the driver to consider plugging in (at all location types, including home) can also be specified by
users, though simulated consumers may not plug in at every opportunity, depending on their daily
charging needs. The inputs for fuel pricing were also included under the infrastructure attributes. Staff
developed scenarios where attributes of new chargers evolve annually and described in Chapter 4. While
charger technologies improve annually, during this eight-year planning horizon for simplicity, staff did
not consider decay rates to characterize the actual useful lifetime of equipment (for example, warranty,

durability, malfunction, theft).

Input 3: Travel data. Driving and charging simulations were conducted in EVI-Pro using 