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Abstract

This report examines early users’ experiences pliig-in hybrid vehicles (PHEVS). At the time this
study was conducted in winter and spring of 200¥:¥s were not yet commercialized. Still, Americans
were becoming aware of PHEVs and 25 to 30 vehmaserted from hybrid electric vehicles (HEVS) to
PHEVs were on the road. In interviews with 23 drsvef these vehicles we explored how they used and
recharged their vehicles. We also discussed teeommendations for future PHEV designs, and
investigated how they think about PHEVSs, including benefits and drawbacks they perceive. While
today’'s PHEV drivers may not represent either nie@asn American car buyers now or future buyers of
PHEVs, their behavior and viewpoints offer cluesw@thow PHEVs will be received and used by other
consumers and may shape both the PHEV technoloffem®d in the future and the reasons why future
consumers value PHEVSs.

Keywords

Plug-in Hybrid Vehicles, Consumers, Markets



1. Introduction

This report examines early users’ experiences pliily-in hybrid vehicles (PHEVS). At the time
this study was conducted in winter and spring @720PHEVs were not yet commercialized, still
Americans were becoming aware of the vehicles &nith 30 vehicles that had been converted
from hybrid electric vehicles (HEVS) to PHEVs wene the road. In interviews with 23 early
drivers of these vehicles we explored how theyamkrecharged their vehicles. We also
discussed their recommendations for future PHENgdes and investigated how they think
about PHEVSs, including the benefits and drawbabky perceive in the new vehicles. While
today’s PHEV drivers may not represent either regagn American car buyers now or future
buyers of PHEVS, their behavior and viewpoints off@es about how PHEVs will be received
and used by other consumers and may shape boRHE¥ technologies offered in the future
and the reasons why future consumers value PHEVSs.

Since so few people have experience with PHEVsyriiammdamental questions exist regarding
how drivers will use and recharge PHEVs. The géahis study was to conduct a general
exploration of important issues from the perspectif/the vehicle drivers. At the time of our
interviews, respondents were still evaluating tiectionality and interpreting the symbolic
meaning of the vehicles. We looked for early intlaras of what meanings were being associated
with PHEVs and the features of PHEVs to which thesanings were being attached. As
development of PHEV technology continues and thecles are commercialized, the meanings
attached to these vehicles will become better ddfamd more widely held.

This report begins with a short summary of PHEWtedogy. It then discusses four main
findings from the interviews of drivers of Priugkat have been converted to PHEV operation:
1) response to the specific vehicles in this sty specifically all-electric driving, 2) the role

of driver instrumentation, 3) recharging behaviorg 4) the perceptions of electricity as a
transportation “fuel.” To provide additional insighto PHEV drivers we include detailed stories
based on three of these interviews. The storiepragented in a more literary style and provide
insight into some of the meanings PHEV users atid¢h their vehicles. These stories present
the thoughts, ideas, and beliefs of the storyteliet necessarily the conclusions of this report.

1.1. Background

Like currently commercialized HEVs, PHEVs use a pavain that combines an electric motor
with an internal combustion engine (ICE). Howewemventional HEVs are charge-sustaining:
while driving they maintain their batteries at agbly constant state of charge (SOC: a
percentage of the electric capacity of the battemyl recharging occurs only from on-board
electricity generation by the heat engine fueleditbyhis case, gasoline and the recapture of
kinetic energy through regenerative braking. Intcast, PHEVs can operate in either charge-
sustaining or charge-depleting mode. As the narggesis, in charge-depleting mode the vehicle
depletes the battery’'s SOC. While PHEV designsveay considerably, one design is to operate
first in charge-depleting mode, then switch to geasustaining mode once the battery SOC
reaches a design minimum. Typically, PHEVs progdeater amounts of on-board energy
storage than HEVs by incorporating more onboardteéity storage, e.g., larger batteries. This
larger battery size creates the possibility fopldising substantive amounts of fuel for the heat
engine with electricity from the electrical powerdy Many PHEV designs also provide all-
electric operation for some limited distance, knagrthe all-electric range (AER). Some authors



have distinguished PHEV designs their AER. A PHEMB0 example, is a PHEV with 20 miles
of AER.! However, all-electric operation is not essentalPHEVS.

PHEYV designs that provide AER contrast to the “Oksii operation of currently commercialized
HEVs in which power from both the electricity arakgline systems are more or less
continuously combined to provide propulsion. Thigtahce is determined by size of the battery,
the SOC threshold between charge-depleting andjefsarstaining modes, the size of the electric
motor, power electronics, and energy and power deseesulting from driving conditions, e.g.,
acceleration, distance, payload, etc. The disttnaseled before the design minimum SOC is
reached is one measure of all-electric range (AER).

Other definitions have been proposed. For exanm@eCalifornia Air Resources Board [1]
defined AER as the distance traveled by the PHEdrbehe first instance of the ICE starting,
regardless of battery SOC or operating mode. laresss CARB—an air quality agency—is
primarily interested in whether and how long a PHia&Y operate as a “pure electric” or zero-
emission vehicle. Alternatively, Gonder and Simpgjrargue that the distance traveled before
the vehicle switches from charge-depleting to ceangstaining operation—regardless of
whether the vehicle can operate in an electric-omge at all—is a more “appropriate”
definition of AER. That is, their definition is kd to the size of the “electric storage system”
relative to the energy and power demands of anycpéar vehicle, not the vehicle’s repertoire of
operating modes, i.e., all-electric, all-ICE, oefdling both. They argue that their definition
better captures petroleum displacement effectdHE\s. Such a definition better serves the
institutional mission of the US Department of Energ

The distinction between PHEV designs that fac#itAER and those that operate in a blended
mode introduces yet another bit of terminology affdcts measurement of an important
potential benefit of hybridizing automobility, i,éboosted range” and fuel economy. In the US,
automotive fuel economy for conventional vehiclesieasured according to codified standards
and conditions as miles per gallon (MPG)—and imhjicgallons of gasoline or gasoline
equivalent. The question for PHEVs is how to mea$uel economy for a vehicle that uses two
distinct “fuels” and may use them in different poojoons depending not only on vehicle design,
but drivers’ driving and refueling/recharging belwais. The phrase “boosted range” was used by
some of our interviewees to describe the distanee which a PHEV operating in blended mode
provides substantial increases in fuel economyefieat engine, i.e., not counting electricity
from the grid. Boosted range lasts until the bgtteaches its design minimum SOC and the
vehicle switches from charge-depleting to chargeasning operation. To provide an example,
many of the people interviewed for this study répdrapproximately double the gasoline-only
fuel economy of a stock (non-PHEV) Prius during teested range of their converted PHEV
Prius. At the end of boosted range, the vehiclasoiine-only fuel economy declines to that of a
stock Prius, as the vehicle in effect revertedgerating as a stock Prius. For a given vehicle,
maximum boosted range will be a function of driveanditions and driver behavior.

PHEVs are not only a recent development. As reddrteNorbye and Dunne [3], prototypes
were developed four decades ago. The U.S. Confirsisauthorized funding for federal
research into hybrid electric vehicles in genanal976. They were the subject of technology

! past studies by EPRI [4] label a plug-in hybrigctiic vehicle with a 20-mile AER as an HEV20 rathe
than a PHEV20. Other studies use the terminologig“gonnected hybrid electric vehicle.” This stugses
the PHEV acronym and includes all-electric rangmiles where applicable, e.g., PHEV20 refers to a
PHEV with 20 miles of AER.



research and development and market research 98ts and early 2000s, and have been the
subject of much recent work by academics, eledtiities, the USDOE'’s system of national
laboratories, environmental and energy NGOs, battevelopers, and automobile
manufacturers. For examples and reviews of thimtyiof inquiry into PHEVs see the following
(the list is intended to be illustrative, not comipensive): Turrentine and Kurani [5], Plotlkah

al. [6], EPRI [4, 7, 8], Markel and Simpson [9], Gon@®ad Simpson [2], Winkedt al.[10],

Kliesch and Langer [11], Frank [12], Burke [13]nither-Meyeret al.[14]. In the past few years,
pro-PHEV organizations, for-profit HEV-to-PHEV caerters, and automaker PHEV research
and development programs have been initiated, agnaduDaimlerChrysler's PHEV Sprinter van,
GM’s Volt design exercise, and Toyota’s prototypeggn Prius. Plug-in Partners
(http://www.pluginpartners.org/) is seeking “softlers” for PHEVs to demonstrate potential
demand; as of April 2007, they claim to have reggel such pledges from cities, counties, state
agencies, electric utilities, and businesses. T¥#hlCongress passed H.R. 6, The Energy Policy
Act of 2005. It calls on the Secretary of Energgstablish a program to “improve technologies
for the commercialization of...a plug-in hybrid/fié&e fuel vehicle” (Sec. 706(b)(2)), elaborated
later in the Act to “include research, developmeetnonstration, and commercial application
of...plug-in hybrid systems (Subtitle A, Sec. 91123(4)(ii)). As of March 2007 approximately
one dozen bills promoting or funding research agph hybrid vehicles had been introduced in
the 118" Congress. Enthusiastic reviews of PHEVs have appaan the op-ed pages of major
newspapers (see for example, Woolsey [15]).

1.2. PHEV Benefits

Charging from the electricity grid allows PHEVsraplace some portion of the gasoline they
would otherwise use with electricity. While the uetion in petroleum consumption for a
particular PHEV depends on how the vehicle is desigand used, Wang [16] estimates a PHEV
may consume nearly 60 percent less gasoline tisamzentional vehicle, and almost 30 percent
less gasoline than a non-pluggable HESince PHEVs use less gasoline, they also emiiow
greenhouse gases (and potentially fewer criterilatamts) from the tailpipe. In fact, some

PHEYV designs with robust all-electric driving cajbi& i.e., the ability to accelerate and cruise
all-electrically in real-world driving, would have tailpipe emissions at all until its onboard
electrical energy storage is discharged to itsguesiinimum.

However, tailpipe emissions are not the only camsition. To fully assess the environmental
impact of PHEVSs, lifecycle emissions (including #missions that result from upstream
electricity generation) must be evaluated. Not ssiqgly, the lifecycle emissions benefits of
PHEVs are dependent on the fuel sources for thatriglty used to recharge them. Recharging
PHEVs with renewable electricity dramatically redsigreenhouse gas and criteria pollutant
emissions, while using electricity from coal yieldss impressive results. Given the complexity
of such analyses, a variety of conclusions have begched; the variation depends on
assumptions, inputs, and nomenclature. In geneoalgh, results from such studies indicate that
PHEVs are likely to reduce greenhouse gas emississiciated with transportation and to
reduce exposure to other regulated emissions fet mmericans. Wang [16] estimated that a
gasoline-powered PHEV using “average” electricionf the U.S. grid would emit 37 percent
fewer greenhouse gases than a conventional vebigieyould increase emissions of nitrogen
oxides (NQ) six percent, particulate matter (R3.5 percent, and sulfur oxides (9®2

percent. Kliesch and Langer [11] estimate largéore) differences in PHEV emissions benefits.

2Wang's [17] model does not assume a specific ABRPHEVSs. Instead, it assumes that a PHEV operates
exclusively on grid electricity for 30 percent tf total miles.



They estimate a PHEV that recharges from the Qaliogrid (in which renewables and nuclear
account for 45 percent of generation) will emit @b80 percent less carbon dioxide (f@nd

SO, and 40 percent less N@han a non-pluggable HEVHowever, if the same PHEV is
charged from the coal-intensive power grid in tlstECentral area of the United States, the same
PHEV emits roughly the same amounts of,@@d NQ, as a non-pluggable HEV, and over three
times the SQ.* EPRI [18, 19] modeled future emissions from coriceral gasoline/diesel
vehicles, HEVs, and PHEVs based on future projastimf automotive emissions and fuel
economy as well as electricity generatiofhe period of analysis, PHEV market penetration
levels, and other assumptions differ between th&@Hd the air quality analysis. In general,
EPRI [18] concludes, “Annual and cumulative GHG ssions are reduced significantly across
each of the nine scenario combinations [created By3 matrix of PHEV market penetration and
electric sector C@intensity assumptions].” Further, PHEVs are modétecreate small national
reductions in emissions of N(@o have small national effects on Sfd PM,,° and reduce the
population-weighted exposure to these pollutanBRE19]). Regarding the last, the modeling
of air quality impacts indicates in the absencarof air quality policies not already assumed by
the analysis, most Americans (61 percent) will fief®m reduced exposure to ground-level
ozone, a smaller group will not, and a small gréae percent) will suffer greater exposure
[19].

1.3. The current status of the PHEV “Market”

Although automakers have developed PHEV prototyp@sently no mass-produced PHEYV is
available to consumers. Nonetheless, at the timsesthdy was conducted there were already 25
to 30 light-duty PHEVs on the road in North Amerigdl were modified HEVs (using the

Toyota Prius platform) and were built either byaatiful of conversion companies or by vehicle
owners themselves. These conversions add largerpagcks, either supplementing the
existing HEV battery or replacing it entirely anartiware to allow recharging the battery(ies)
from the electric grid. The extra energy from thadditional battery packs allows the PHEV
conversions to drive longer in all-electric modeder modest power demand. Further, when the
gasoline engine is used, Prius-based PHEV conversilso attain higher gasoline-only fuel
economy (roughly double that of a conventional ®riaince more electricity can be blended in

3 Kliesch and Langer [11] assume a PHEV40 with 5@t higher fuel economy than a comparable HEV.
* Emissions of NQand SQ from electricity generating units larger than 25Ware capped by federal air
quality rules and emitters are allowed to bank itsetross time. These facts require some subitiety
interpreting reports of increased emissions sudh@se presented by Wang [16, 17], Kleisch and &ang
[11], and others. If PHEVs are recharged from tketdcal grid, and if doing so requires more diiedty
than would otherwise have been produced, and ualessarginal electricity required for PHEVS is
generated from sources with no combustion by-prtsddicen more combustion by-products are created.
However, those additional combustion by-productsioabe emitted to the environment outside the
generating unit if the generating unit is alreadyducing as many such emissions as the cap alkomys.
combustion by-products above the cap must be sedyldaptured, neutralized, or otherwise prevented
from being released into the environment. This meatditional costs would be incurred to treat the
combustion by-products N@nd SQ caused by additional electricity generation tcheege PHEVS, not
that more emissions would be released to the emvienit.

® EPRI [18, 19] assumed a mix of PHEV10s, PHEV2@d, RHEVA40s; that HEVs achieved 35 percent
higher fuel economy than gasoline/diesel vehiahet that PHEVs have fuel consumption equivalentto a
HEV—for that portion of the PHEVSs driving that istpowered by grid-electricity.

® The modeled effects in EPRI [19] for these twdytahts are a slight decrease in,%@d a slight
increase in PN,



more frequently than in a standard Priudverall, the Prius-based PHEV conversions included
in this study appear to be averaging between 63&MPG, with brief periods of driving at well
over 100MPG.

These PHEV conversions are expensive: in addibdhe purchase price of the original HEV,
owners spend another $4,000 to $25,000 for cormerSIHEV conversions also lack some of
the assurances that are provided with an OEM vehhile some conversions include
warranties and support, today’s PHEV conversion®at certainly have voided parts of their
original manufacturers’ warranty and to-date noaeehbeen crash-tested in their modified
forms. In addition, questions remain about theeyiék of the additional battery packs since
PHEVs typically discharge batteries more deeplyntlesting HEVs. Due to the high costs and
uncertainties involved in PHEV conversions, few ewgrently owned by private citizens—most
are in the hands of electric utilities, researdiitations, or governments many of which have
previous experience with other types of alternatix® and electric-drive vehicles.

To date, only limited analysis has been conductethe consumer response to PHEVS.
Consumer polling by Synovate [20] claims as mangSpercent of U.S. consumers become
interested in PHEVs once they are made aware detiieology. When consumers are faced
with the prospect of paying more for PHEVs tharytte for conventional vehicles, interest falls
but is still substantial: OPC [21] reported thatg&cent of a sample of U.S. carbuyers in one
study said they would pay a $4,000 premium for £%?2D. An EPRI [4] market research study
concluded that among respondents who were chaizedeas “midsized car buyers,” 53 percent
preferred a PHEV20 to a conventional vehicle e¥éhne price premium for the PHEV was
roughly $3,000. However, as the price differencsvben a PHEV and a conventional model
increased, consumer interest declined: 16 perdeheee same respondents were interested in an
HEV20 that cost $9,000 more than its conventiooahl:erparf‘.

However, measures of current consumer interesHia\F3 should be interpreted cautiously.
Notably, none of the consumers in the studies @teme were PHEV owners. Further, many of
the basic assumptions of past studies are not siggploy evidence from HEV buyers. Studies by
Kurani et al.[22] and Heffnelet al.[23] of HEV buyers suggest few have compared tH&Y

to a conventional vehicle during the shopping psscand almost none calculated the price
difference between the HEV and an “equivalent” @ntional model. If PHEV buyers behave in
the same way, data on consumers’ willingness-tofpal?HEV technology derived from the
assumption that people are simply comparing poasagrin otherwise identical vehicles may not
be useful in predicting demand. Hoeffler [24] natest asking consumers to predict their interest
in a radically new product that does not yet eixishe marketplace can be a challenging process,
and the demand forecasts that result are notoyiaatcurate. Since consumers have no

" Since PHEVs use two fuels (electricity and gasglicalculating their fuel economy is differentrfro
calculating fuel economy for a conventional gaslrehicle. Gonder and Simpson [2] note there are
different methods for performing this calculatiéior PHEVS, they propose using the term “fuel ecoyfom
to refer only to gasoline consumption. They alsmremend presenting the PHEV fuel economy in
conjunction with an electricity consumption figufer example: 50 MPG, 8.4 Wh/mi). In this repohet
term “fuel economy” is used to refer only to gaselconsumption since many drivers talked about and
measured their energy use in this way. Since oméyrespondent also provided electricity consumption
data, total energy consumption is not discussehlisireport using the method Gonder and Simpson
propose. However, the reader should recognizeufebf electricity from the electrical grid, noorin
onboard generation, is implicit in the fuel economynbers presented here.

& Notably, this price sensitivity does not make PHElifferent from any other type of vehicle: in stht
preference survey work, respondents are sensdipeidce differences for all kinds of vehicles.



experience with PHEVS, it is unlikely that many gaedict whether they will buy one until they
become more familiar with the new technology and tieey might utilize it.

2. Study Design

2.1. Interviews

As PHEVs are not yet widely commercialized, the BR” in this study are all conversions of
Toyota’s Prius HEV. In addition, most of these cersions are owned by an organization such
as an electric utility, local government, or nowfirgroup that allows its employees to use the
vehicle. Therefore, the interviews focused on regpats’ use of a PHEV conversion and their
perceptions of its advantages and disadvantagesgd#l of these interviews was to conduct a
general exploration of important issues from thiespective of the user and to examine a broad
set of topics of which the symbolic meaning of PHENas a part. Since PHEVs are so new,
drivers are still evaluating both the functionabityd symbolic meaning of the vehicles. We did
not expect to find well-defined meaning attache®iEVs, but instead looked for early
indications of what meanings might be associateéd RHEVs and what features of PHEVs
might be perceived as symbolic.

The following topics were discussed the interviews:

1. Participant Backgroundinformation on participant’'s demographics,
occupation, current personal vehicle, and expeeiavith electric-drive vehicles

2. PHEV Use:Description of where, when, and how participamdia PHEV as
well as discussion of these driving experiences

3. PHEV Refueling/RechargingDescription of when, where, and how participari$uand

charges PHEV, as well as participant’s reactiothérecharging process

4. PHEV Benefits/DrawbacksDiscussion of how participant thinks about PHEV,
how he/she thinks others view PHEV, and the benafid drawbacks he/she
associates with the vehicle

In late fall 2006, using information provided byt@&alifornia Cars Initiative and by PHEV
conversion users themselves, we identified a psipalaf 25 PHEV conversions in North
America. A request for participation was sent tovahicle owners; 15 agreed to participate.
Data were then collected through semi-structuréghwews conducted primarily in winter and
spring 2007. Since several of the vehicles had rti@e one driver, a total of 23 interviews were
conducted from the sample of 15 vehicles. The viegr participants were located in various
cities nationwide. Three-quarters of the intervievese conducted in-person, and the remaining
interviews were by telephone. In general, intengdasted between 30 minutes and 2 hours.
Although not all interviews were audio recordesge@chers prepared a summary of each
interview that was similar to a transcription.

The objective of analyzing an individual intervievas to draw out themes that were important to
the respondent, including any symbolic meaningseh@erged. We used selective transcription,
as described by Strauss and Corbin [25], in whieltnanscribed only the information from the
interviews that we considered most relevant. Inanalysis of interview content we applied
McCracken’s [26] method of analytic category dismgv Researchers first identify a “useful
utterance” which McCracken describes as an “entyywiato assumptions and beliefs.” These
utterances form the basis for observations thabtiugerest to the researcher. As observations



are examined and linked together, patterns anddgb@amerge for a particular household. These
themes become the basis for establishing impovemtle functions and symbolic meanings.

2.2. Sample Vehicles

A summary of the 15 PHEV conversions owned by #happe (or their institutions) interviewed
for this study appears below in Table 1. All vebgivere conversions of the Generation |l
Toyota Prius (model years 2004 or 2005) in ondneffbllowing configurations:

1. EnergyCSProfessional conversion by California-based Ep€&jEdrive systems;
includes 8.5 kilowatt-hour (kWh) lithium-ion batygpack that replaces stock battery

2. Hymotion Professional conversion by Ontario-based Hymgtinciudes five kwh
lithium-polymer battery pack installed in addititmstock battery

3. IndependentA variety of owner-performed conversions; confafions include six kWh
nickel-metal-hydride (Ni-MH) pack added in addititmstock battery, or 2.5 to 3.5 kWh
lead-acid (Pb-A) pack added to stock battery uSialfCars PRIUS+ or Manzanita Micro
PiPrius design

Table 1: PHEVs in the Sample

Vehicle Number| Conversion Date Converter Primary Vehicle Use Location
1 September 2004 Independent Personal Vehicle CA
2 March 2005 EnergyCS Performance Testing CA
3 March 2005 EnergyCS Personal Vehicle CA
4 March 2006 Independent Performance Testing CT
5 March 2006 EnergyCS Fleet Vehicle CA
6 March 2006 EnergyCS Personal Vehicle CA
7 April 2006 EnergyCS Performance Testing CA
8 April 2006 Independent Personal Vehicle WA
9 May 2006 EnergyCS Personal Vehicle CA
10 August 2006 Hymotion Fleet Vehicle MN
11 August 2006 EnergyCS Performance Testing CA
12 August 2006 EnergyCS Fleet Vehicle CA
13 October 2006 Independent Personal Vehicle WA
14 November 2006 Independent Personal Vehicle IL
15 November 2006 Hymotion Fleet Vehicle VA

At the time of this study, 80 percent of the sanyakicles had been operated as PHEVs for less
than 12 months. Vehicles were mainly located onest Coast: 60 percent were based in
California. Two vehicles were located in the Midityesd two others were in the Eastern U.S.
Figure 1 classifies the vehicles in the samplewgear type. One interesting aspect of this
sample is that three vehicles were owned by privatiziduals who performed and funded
conversions themselves. The remaining 12 PHEV asiomes were owned by institutions
including city, county, and regional governmentsctic utilities, PHEV converters and battery
developers, and non-profit groups focused on eneffigiency and PHEV promotion. With a
single exception, either EnergyCS or Hymotion cotedkthe institutionally owned vehicles.



Nonprofit Utility
13% 13%

Converter/Component
Manufacturer
20%

Individual
20%

Local Government
34%

Fiaure 1: Ownership of PHEV Conversion

PHEV use varied depending upon the owner. Tabigtd the primary use of each vehicle.
Personal vehicles could be owned either by an iddat or an institution, but were used mainly
by one person for his/her daily driving needs,udahg personal travel to and from home. With
one exception, drivers of personal vehicles hazhgtknowledge of PHEVs and tended to be
PHEV advocates. Fleet vehicles, in contrast, weneeal by institutions and were used by a
larger number and variety of drivers. A particaver may have used a fleet-owned PHEV
conversion on a daily, weekly, or monthly basigytimay have driven the car once or several
times. These vehicles were assigned to employedsrfgporary use like any other vehicle in the
organization fleet. Drivers of fleet vehicle PHEWnwersions had various levels of awareness
about PHEV technology: some were very knowledgeabiée others were new to the
technology. In some cases, drivers of fleet velft¢tE=V conversions were not told that they
were using a PHEV. Finally, a set of vehicles i3 8ample was used primarily to collect vehicle
and battery performance data. These PHEV conversiene driven primarily on specific test
loops according to established procedures. Drioktsese PHEVs were trained before using the
vehicles and tended to have high levels of techeixertise.

While Table 1 lists a primary purpose for each gkhimost vehicles served additional
functions. For example, PHEVs that were used pilyngor performance testing also served as
fleet vehicles; in some cases, employees eventtase vehicles home to test them during their
commutes. Most personal vehicles and fleet vehiek® also subjected to some performance
testing. Since PHEV technology is so new, virtuallPHEV owners were interested in
collecting basic metrics such as fuel economy. Hanethe differing primary purposes of the
vehicles illustrate the wide variety of driverstthae using today’'s PHEV conversions. Some of
these individuals have deep technical knowledgesact strong belief in PHEVs that they paid
for conversions with their own money. Others hattkelknowledge of PHEVS, and their first
exposure to these vehicles came when climbingtialriver’s seat.

This study is not a technical examination of ergtPHEVS. Instead, it focuses on the drivers of
these vehicles and their reaction to the technoldgg intention of this report is not to critique
the technical aspects of the three PHEV conversoorigurations. However, it may be helpful
for the reader to be aware of some basic diffe®ntgehicle functionality.

All PHEV conversions in this study are based onTtbgota Prius. They can be divided into two
groups: 1) EnergyCS and Hymotion conversions ukifgn batteries and those independent
conversions which used Ni-MH batteries, and 2) pestelent conversions that used Pb-A
batteries. Vehicles in the first group store largeounts of energy on-board than those in the



second. As a result, those in the first group mlevarger amounts of all-electric range (AER),
though they are still subject to the speed andlexaten constraints of their base Prius platform.
PHEV conversions in both groups provide periodsigher fuel economy (called “enhanced
boost mode” or “boosted range” by users in thisgejrthan the stock Prius. Again, those in the
first group provide more than those in the secéid.example, if driven conservatively at speeds
below 34 MPH, EnergyCS vehicles can provide betwZeand 25 miles of AER. In contrast,
conversions using batteries that store less ensugy) as the less energy-dense Pb-A batteries,
generally attain between 8 and 12 miles of AER.

Another difference between configurations is irveriinstrumentation. Hymotion vehicles
provided the driver no additional data on the statuthe supplemental battery pack.
Independent conversions tended to use CAN-viewwnanel to provide the driver with more
information on electricity use and fuel consumptibmally, the EnergyCS PHEVs included a
separate display that provided the driver with iledefeedback on his/her energy demands.

3. Findings
This section outlines four main findings from intienws with PHEV users. It discusses users’
feedback on PHEV design and AER, experience withaard instrumentation, recharging

behavior, and general expectations regarding PHERNology. For each finding, implications
and recommendations for future PHEVs also are dedu

3.1. Blended or All-Electric?

A key question regarding PHEVs is how much all-glecange they should provide? However,
there is any even more basic question: is AER eeeessary? Some analysts view AER as a
critical advantage of PHEVs. Yet Winkel al.[10] note that a PHEV without AER would still
deliver fuel economy benefits and could offer fasieceleration and higher top speed. They go
on to suggest these would improve the marketalwfisfuch PHEVs over those with all-electric
driving capability. This is because delivering duazceleration and operation over a wide range
of speeds in all-electric mode requires a largectelc motor as well as a battery with high power
output. A PHEYV that only operates in “blended” moalecontrast, is constantly providing some
propulsion power from its internal combustion emrgiallowing the use of a smaller electric
motor and decreasing the peak power requirementhddoattery. As a result, a PHEVO is likely
to be less expensive than a PHEV offering AER &nd,tfor those consumers who place less
value on AER, a more desirable option.

Today’'s PHEV conversions provide AER, but subjediie control strategy of their underlying
Prius platform. Accelerating to speeds above 34 Mfpid acceleration, or use of the vehicle’s
climate controls can activate the Prius ICE; vehgthartup also requires the ICE in order to raise
some emissions control equipment to proper opeyaéimperature. In other words, today’s
PHEV conversions are limited in all-electric rar{@&R) and all-electric performance (AEP).
Winkel et al.[10] observe that limiting all-electric accelematiand speed could be one strategy
to achieve higher AER without adding more expensiv@ponents to PHEVs. However,
consumers would have to be willing to accept sloagsreleration times and reduced speeds in
order to drive such a vehicle in all-electric mode.

3.1.1. Early Users’ Thoughts on AER

In fact, that is precisely what many of the pedpterviewed for this study are doing. Most run
their PHEVSs on electricity as much as possible wdiriévring conditions permit. One driver—
who used his PHEV conversion primarily on city stee—proudly acknowledged driving all-



electrically for the majority of his trips, attang an average gasoline-only fuel economy of over
800MPG. Many users were aware of the basic critexeded to keep their vehicles in all-electric
mode, and at least two-thirds of users had acoess €lectronic “EV button” that would
manually place the vehicle in all-electric modes(asing certain operating conditions were met).
One driver even went as far as to pull over toside of the road and shut his vehicle off when
the ICE came on since this “reset” the vehicle pladed it back into electric mode.

Many drivers expressed a desire to have all-eteofyeration under a wider set of conditions
than their PHEV conversions allowed: the most commaguest was for higher top speeds. One
set of users envisioned PHEVs as a “surface-siE®@éthat traveled on only electric power up to
speeds of 45 to 50 MPH, thus allowing electric afien on all roads except highways and
freeways. Another group of users wanted a PHEV ldapaf still higher electric speeds (60 to 65
MPH)—they wanted a freeway-EV that permitted adledtic highway cruising. Top all-electric
speed is clearly an important characteristic fdiagos PHEV conversion drivers. Few
commented on other related performance metrics asieétceleration times or passing power. It
is likely they do have some underlying assumpteisut these parameters that were not
revealed in the course of these interviews.

Many also shared what they believed their ideal A&Eht be; responses ranged from 20 to 40
miles. Since most users in this study were notdae¢h a personal vehicle purchase decision,
their AER demands were hypothetical—but informedHmir experience driving the converted
vehicles. The method they used to determine tresireld AER offers some insight into how
future buyers may determine their AER needs. Rpants generally used a simple, easily
accessible figure—their one-way commute distanced—+aost (if not all) assumed they would
recharge both at home and at work. However, evemgrdrivers with short commutes that
could be accommodated by less AER, 20 miles of AE&ned to be the minimal acceptable
amount. One user, who drove six miles to work aadi fecharging available at his office,
nonetheless dismissed a PHEV with less than 2GrfldER as a “joke.” A few users did
acknowledge interest in PHEVs with lower AER, theyt explained AER below 20 miles was
acceptable only in initial vehicles as manufactsiigrproved PHEV technology. For example,
one driver characterized 10 miles of AER as an@tatde starting point for PHEVs, but not
necessarily an ideal configuration as the technpoiogtured, or the right amount of AER for his
driving needs.

The value of AER is in its meanings as well agsraesthetics and financial value. Heffeeal.
[23] and Heffner, [27] found even brief all-electoperation was an important symbolic feature
for those HEV owners whose vehicles offered theudee. The ICE shut-off at a stop, starting
all-electrically from a stop, and regenerative lomgk—signaled to HEV owners their vehicles
used advanced technology, consumed less fuel, amergted less pollution. While HEV owners
did not calculate fuel cost savings or emissioasicgons, each time their vehicles operated all-
electrically, they were reminded of these ideas.

Similar symbolic meanings may be assigned to PH&\tsamplified because of their AER. The
further they can drive a PHEV all-electrically, tre some drivers may associate their vehicles
with high technology, environmental preservaticcgreomic sensibility, and freedom from
petroleum fuels—the same meanings that HEV owrtéastato their vehicles. For example, one
the people interviewed for this study explained ltsappointed he was each time the ICE came
on in his PHEV conversion during urban driving. lon, it was a signal that he had returned to
using old “brute force” technology instead of cledectric drive.
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Given participants’ past experience with EVs, ih@ surprising that they found AER an
attractive feature. Three-quarters of the 23 ppditts had prior driving experience in an
electric-drive vehicle and four still drove an etézdrive vehicle on a regular basi®ast
experience with battery electric vehicles (BEVsparticular also explains why this group
tended to characterize future PHEV designs as BEMser as a freeway BEV or as a surface
street BEV). For many respondents, PHEVs reprgz®gress away from conventional, internal-
combustion powered cars toward a robust BEV. Asganécipant explained, PHEVs were “the
missing link” between conventional vehicles and BEWhile the HEV was really just “a
regular old gas car with a few electric tricks,”dsav a PHEV as a real electric vehicle. He was
skeptical of blended-mode PHEV designs. Limited A&l AEP were necessary in the short
run, he explained, but for him the eventual goas ¥e&t PHEVSs to evolve into capable, robust
BEVs.

3.1.2. The Blended Option

In fact, no participant envisioned future PHEV$Bnded-mode PHEVOs, however, many did
emphasize high MPG, a feature that can be deliveffedtively by such designs. Today’s Prius-
based PHEV conversions deliver roughly twice th&oine-only fuel economy of a conventional
Prius. In side-by-side road testing of an unmodifieius and an EnergyCS PHEV conversion,
the Sacramento Municipal Utility District [25] refted average fuel economy of 48MPG and
98MPG, respectively. Like all vehicles, PHEV fuebeomy depends on how the vehicles are
driven. In addition, PHEV fuel economy is heavifflienced by how far the vehicle travels
between charges. The vehicles driven by peopleisnstudy achieve higher fuel economy than a
stock Prius only as long as the battery SOC is allo® design minimum—at which point the
vehicle reverts to its base Prius personality—agdaustaining HEV. Depending on
configuration, today's PHEV conversions attain “bteml ranges” of between 20 and 60 miles. A
driver who consistently makes trips within his/beosted range and then recharges the battery
from the electrical grid achieves much higher (¢jaseonly) fuel economy than a driver who
regularly exhausts the boosted range but contidtieisg before recharging. This makes sense:
when a PHEV can blend in more electricity, it désy@s more gasoline. But this feature of
charge-depleting PHEVs makes predicting averageligasonly fuel economy of PHEVs
challenging. In the absence of adequate consuntay alssumptions are made not only about
how a PHEV is used, but also about both the frequand timing of recharging events.

Nearly all drivers in this study knew the fuel eoory of their PHEVS: average reported MPG
for the 15 vehicles ranged from 55 to 98 MPG. Hosvewnly one user offered an overall
measure of energy use that included both gasotideskectricity. As noted earlier, the PHEV
uses two energy sources and a total “energy ecchieamgber must account for both. Yet all
drivers but this one omitted their grid-based eleity use when discussing fuel economy. This
was even the case among drivers of EnergyCS vshigldich are capable of displaying both
electricity and gasoline consumption (see the falhg section on driver instrumentation). These
early users of PHEVs may think about their vehidlesl use in the same way that they think
about the fuel use of a conventional vehicle. Wh#ers know they are using electricity when
they drive, they are accustomed to measuring velfiel economy using a metric (MPG) that
captures only part of the PHEV's total energy comgtion.

Many drivers cited a fuel economy number of 100+®/Bnd in some cases advertised this on
their vehicles. One driver explained that while B85 was higher than he achieved in his

° Three participants regularly drove BEVs, and atfodrove a fuel-cell electric vehicle (FCV).
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Box 1: Emily Williams, Electric Utility Employee
2005 Prius, converted 2006 (EnergyCS)

Emily Williams had her first experience driving &lBV conversion in the spring of 2006. At that tirher
employer had just taken delivery of a converted$tiat it planned to use as part of a PHEV tedgyol
performance testing program. When the vehicle wdxrihg tested, it was made available to emploj@es

business use. Emily, who was scheduled to attermliaof-town conference was selected to use the\PHE

for her trip. While Emily was not an expert in adead vehicles, she had driven BEVs in the pastvasd
curious about what it would be like to drive a PHEV

As she began her trip to the conference site, Eimitially was overwhelmed by the PHEV’s
instrumentation. She had never driven a ToyotasHyafore, and she had difficulty even locating the
speedometer at first. But as she drove, Emily becawore comfortable and began watching the fuel
economy displays. Her EnergyCS conversion had ditiawdal display mounted on the dashboard, but
Emily focused mainly on the Prius multi-functiorspliay (MFD). She tracked her fuel economy and the
amount of regenerated energy. Gradually, Emilpted her driving using feedback from the MFD and
enjoyed pushing her fuel economy higher as sheedi©n downhill portions of the trip, Emily shiftéae
PHEV into regeneration mode and was excited tdteegraph bars grow on the MFD’s energy
consumption screen. When driving uphill, she tt@dccelerate carefully, and was disappointed vthen
internal combustion engine came back on. Whenehehed the conference site, she plugged in the PH
outside of her hotel. Unlike the EVs she had driwetine past that required special recharging
infrastructure, Emily characterized the PHEV aéitde' miracle” since it could recharge using any
conventional outlet.

After several days and a few hundred miles of dgyEmily attained what seemed to her to be
“astronomical” fuel economy: 98 MPG. She was s8lde figured she wouldn’t purchase too many more
cars in her life, and confidently declared, “mytlear is going to be a plug-in hybrid.” For Emitie

PHEYV represented “the complete solution:” it cocld emissions, reduce the country’s dependence on
foreign oil, and save its owner money, plus it cooé driven just like a conventional vehicle, irthg on
long trips. As Emily thought about owning a PHEMie future, she imagined a vehicle that provided
higher AER and AEP than the Prius conversion sldednzen. Emily really wanted a PHEV that would
operate all-electrically at faster speeds, perlaagsgh as 60 MPH. Emily also thought that the PHEV
should have 40 miles of all-electric range, whibk guessed would allow most people to commute all-
electrically. With that type of vehicle, she estigththat all of her own travel—except for long $ripcould
be handled in electric mode. Even a full day ofpgling, during which she might drive to several area
stores or malls, seemed likely to her to involhsslthan 40 miles of travel.

To Emily, the PHEV seemed so much better than otékicles. Hydrogen fuel cell vehicles were
interesting to her, but she was concerned tha¢langounts of energy were needed to make hydrogen.
BEVs just didn’t seem practical: they were fine limcal travel, but required that their owners kaep
conventional vehicle—a “backup car"—to be usedamyltrips. Even HEVs didn’t appeal to Emily. After
driving the PHEV, HEVs like the Toyota Prius andrida Civic Hybrid seemed to barely be an
improvement over conventional vehicles: “They doadlly do what they are supposed to do,” Emily
complained. To her, HEVs did not make much of ardoution toward cleaner air or reduced petroleum
consumption. For Emily, exposure to the PHEV maitherovehicle technologies obsolete, and she
determined to continue driving a conventional vihimtil PHEVs became available.
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PHEV conversion, it seemed to resonate with peiopdeway that lower numbers (including
99.9) did not. Indeed, the 100+ MPG claim is tmsdme extent. Today’s PHEV conversions
regularly attain gasoline-only fuel economy of 0¥80 MPG under the right conditions. Drivers
of the EnergyCS vehicles (which are equipped wigipldys that show MPG with three digits to
the left of the decimal point instead of two ashia stock Toyota MFD) reported often seeing
triple-digit fuel economy readings. These driveesatibed the excitement they felt when they
saw such high fuel economy, especially when thayisahile cruising at freeway speeds.
Drivers’ descriptions of this experience as “astrorcal,” “amazing,” and “very cool” hint that
there is more at work than simply using less gasoliFor more detail on one PHEV driver’'s
reaction to her vehicle’s high fuel economy, se& Bo

High fuel economy, particularly numbers over 100@/fay be valued more for there
symbolism than for their marginal financial val&=eing 100+ MPG on the fuel economy
display, even if briefly, may signal to drivers thiae vehicle has important qualities: it is unigue
environmentally-friendly, and financially-sensibléigh MPG is also important since it provides
a basis for comparison with conventional vehicldge typical American carbuyer has never
owned a BEV or HEV, and thus is unfamiliar with-aléctric driving. MPG, in contrast, is a
relatively familiar measure. For owners of convendl vehicles, high MPG may be the single
most important way to understand PHEVs—a key syrfdrahose with no BEV background.

However, there is a symbolic meaning that blendederPHEV0s cannot access as effectively
as PHEVs with AER: freedom from gasoline. Numerdugers in this study discussed this
meaning: they envisioned driving a PHEV all-elexlHy for local travel and using the gasoline
engine only for longer, out-of-town trips. As oréver explained, “you can drive electrically
most of the time, and put in gas when you're gaotpke a [long] trip.” Another expressed a
similar PHEV vision, noting that with such a velighe would “not go to the gas station at all.”
The association of PHEVs with the meaning of freedimm gasoline has not only been made
by these PHEV drivers. Articles in the press (fearaple, see EV World [29]) describe PHEVS
as gasoline-optional hybrid vehicles (GO-HEVSs) thikdaw drivers to skip gasoline refueling
under most travel conditions. For numerous respatsda this study, independence from
gasoline was a powerful meaning that fueled thaiitement about PHEVs. To attain this
meaning, PHEVs must be designed to operate asdseBWs during charge-depleting operation,
adding both expense and complexity to their deditpwever, a PHEV that requires no gasoline
for local travel has much clearer and stronger@aton with independence from petroleum
than existing HEVs, and this meaning may be imprtar consumers in differentiating the two
types of vehicles.

3.1.3. Offering Blended and All-Electric Options

The people interviewed for this study are cleagytivant larger amounts of AER and greater
AEP than offered by the converted vehicles theyerdVhile these requests come from a group
with extensive electric vehicle experience, theyutth not necessarily be ignored since other
early buyers of PHEVs may share these views andgxpgrience. However, manufacturers and
policymakers should be careful to not yet limit thesigns and ideas about PHEVs to those that
appeal to this group. At one extreme, some peoplesee greater value in a PHEVO that has a
lower purchase price and attains very high fueheowy but offers no AER. At the other, some
people may be strongly motivated by the symboliamiegs of PHEVs and prefer a one with
higher AER than any technical analysis would ewgrctude is cost effective. Additional
research is needed in this area to understand bosumers will respond to various PHEV
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designs and capabilities, including a blended-nRIdEV0™® Such research must also include a
deeper examination of symbolic meanings associaittdparticular PHEV designs, and an
assessment of how these meanings relate to consudentities. Ultimately, the solution may
be to offer PHEVs in a variety of configurationastias today’s vehicles are available with a
choice of engines, a future PHEV might offer a @friof AERs at different price points, each
appealing to a different segment of car buyers.

3.2. Driver Instrumentation

Many of today’s PHEV conversions present detaitddrimation to the driver about how energy
is used. Unmodified HEVs typically display instdm¢l economy information to the driver (in
MPG for U.S. vehicles). Some, like the Toyota Priu®vide more detailed information about
fuel economy and energy use. The Prius multi-fumctiisplay (MFD) is shown in Figure 2. The
stock MFD includes two screens that include fuelneeny information: an Energy Monitor that
shows current MPG and diagrams the flow of meclamind electrical energy in the hybrid
powertrain, and a Consumption Summary that showeguMPG, average MPG over a specific
distance, and recent regenerated energy. Driveosannot interested in this information can
switch off the MFD or use it to display informatioglated to other vehicle functions, such as
climate control. Nearly all the Prius PHEV converss in this study had instrumentation in
addition to the stock MFD. The exceptions weretti@ Hymotion vehicles, which retain the
unmodified MFD. Most independent conversions inooaped the CAN-view display from
Hybrid Interfaces, a multi-screen unit that cardisplayed by the existing MFD or shown on an
additional LCD display. Figure 3 shows one screemfsuch a unit. In addition to providing
information on numerous parameters related to lyatted engine performance, this display also
includes fuel economy data, including historicad aarrent MPG. Unlike the stock MFD which
can display fuel economy between 0 and 99.9 MP&CWN-view is capable of displaying fuel
economy numbers over 100 MPG. It also shows uskentheir vehicles are operating in all-
electric mode and, for some vehicles, providesew button” that the driver can use to request
all-electric operation.

The most comprehensive energy and fuel economyislgtavided in the EnergyCS
conversions. These PHEV conversions include artiaddl dashboard-mounted display unit
that showing a variety of performance parametaduding customized data about the PHEV
battery pack. The EnergyCS display provides mudtgadreens: one is shown in Figure 4. Like
the CAN-view unit, the EnergyCS display is capaifleshowing MPG over 99.9 MPG, tells
users when they are operating in all-electric moageé, allows users to request all-electric
operation. In addition, the EnergyCS unit providegaphical display of the driver's power
requests and their effect on the vehicle’'s usdeaftgcity and gasoline. For example, while in
all-electric mode drivers can use the display taenate throttle inputs to keep the vehicle in all-
electric operation.

3.2.1. Instrumentation and PHEV Drivers

The instrumentation in today’s PHEV conversionwagias both a tool and symbol. One of its
roles is to remind users that they are drivingwa tyge of vehicle. To a skilled observer, it may
seem obvious that a PHEYV is distinct from an HEdwidver, for the typical driver today’s
PHEV conversions offer few clues to differentidternselves from unmodified Priuses. Most
PHEV conversions in this study have some type tdréor signage identifying themselves as

% Winkel et al.[10] note that previous consumer studies suchasetby EPRI [4] did not include a
blended-mode option.
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Figure 2: Toyota MFD Energy Monitor Screen
Source: Toyota Motor Sales [30]

Figure 3: CAN-view Source: Hybrid Interfaces, [31]

Figure 4: EnergyCS Display

Source: California Cars [32



PHEVs, but otherwise the only unique exterior feaguare a small charging receptacle on the
rear bumper and, in some vehicles, additional viemtbattery cooling. Inside the vehicles,
drivers have no indication that they are drivingHEV except in those cars that included
additional displays or modifications to the MFD.dne Hymotion vehicle that served as a fleet
vehicle, the only distinction drivers had from angentional Prius was a note affixed to the
dashboard reminding them to unplug the vehicle fegieaving the parking lot. Even the driving
experience was not different enough for many dsvertell the difference between the PHEV
conversion and an unmodified Prius. As one usandEnergyCS conversion explained, “if no
one told you, you would never know it was a pludmrid.” Installing instrumentation that
includes feedback on gasoline and electricity asee way to differentiate PHEVs and to alert
and remind drivers that they are in a new typeeatiicle.

Instrumentation can also provide PHEV drivers vi@adback that allows them to maximize their
fuel economy. Most drivers in this study monitotkdir fuel economy as they drove, a skill they
developed in past experience with conventional HEM®e driver characterized his CAN-view
as a “great training tool” that was constantlyiasting him how to extract the most fuel
economy from his PHEV. Another confessed to watghiis vehicle’s instrumentation closely
and “playing the fuel economy game” as he drovkelthese drivers, consumers who buy
PHEVs in the future are likely to care about highuel economy, so it makes sense to provide
tools that will help them attain it.

Drivers in this study emphasize that instrumentatiesign is important. Several were concerned
the displays in these conversions were too compldew acknowledged making mistakes using
the displays/interfaces. Drivers of two vehiclezdwertently shut off the battery packs pushing
the wrong button on the display (which also actedrmainterface to PHEV functions); another
driver reported unintentionally adjusting the enties mode of his PHEV in a similar way. The
EnergyCS and CAN-view displays are designed fecarnically competent user; future
instrumentation will have to be accessible to aitets.

In addition to serving as a tool for drivers whonted to maximize their fuel economy, the
instrumentation in this study’s PHEVs also hadféedent significance for numerous drivers.
Many drivers were excited when their vehicles agdi100 MPG and higher, even if this lasted
only briefly. For many, 100+ MPG signals performeautisey never thought was possible in an
ICE-powered vehicle. “It's just amazing to drivefiegeway speeds and get 100 MPG,” explained
one participant. For others, seeing 100 MPG oritaeeconomy display serves as a tangible
reminder of their vehicles’ reduced greenhouseegaissions or low consumption of imported
petroleum. The excitement drivers feel when expeiiey such high fuel economy cannot be
explained simply by the marginal value of fuel ceatings. Instrumentation affirms the
connection between PHEVs and other significantadbtany of these ideas are the same
denotations found to be associated with HEVs: prvasg this environment, providing less
support to oil companies and overseas oil produesis accessing new technology (Heffaer
al. [21]; Heffner [24]).

While many drivers reported driving to maximize lfeeonomy, there were a few drivers who
ignored the fuel economy displays. One of theseedsiexplained that while he believed in the
promise of PHEVs, he was skeptical that the avecageuyer would change his driving habits to
get better fuel economy. Rather than carefully Waig the fuel economy display, he simply
“drove the PHEV like a normal vehicle” at freewgesds. His resulting fuel economy was not
much better than a more careful driver would get conventional HEV, but he felt he had
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conducted an important test. “Plug-in hybrids he/&inction like normal cars, or they won'’t be
widely accepted,” he claimed.

This driver’'s behavior illustrates an importantigothe efficiency of PHEVs varies significantly
depending on how the vehicles are driven. Drivédralveor therefore, is an important component
that must be better understood when assessingtir@emental and energy use impacts of
PHEVs. This driver also demonstrates that instruatem is not a panacea. Regardless of how
much information they are given about fuel econ@mgnergy consumption, some drivers will
maintain their old driving habits.

However, instrumentation can play an important mlmaking efficiency “real” for some
drivers, and can cause them to drive more carefiadlp they otherwise would. One participant
explained that he paid greater attention to efficjewhen driving his PHEV conversion than
when driving his BEV. Maximizing energy efficienayight seem to be more important in a
limited range BEV, however, he explained that hevdrthe PHEV conversion more carefully
because it gave him direct feedback about his gnesg while his BEV did not.

3.3. Recharging Behavior

A key issue in predicting the environmental besedind fuel savings from PHEVs is the
frequency and timing of recharging. With no dataikble on consumers’ PHEV recharging
behavior, previous analyses have relied on assarmptFor example, the Society of Automotive
Engineers Recommended Practice (SAE J1711) covelingand PHEV fuel economy assumes
that PHEV owners have a 50 percent chance of al@tbeir vehicles on a given day. In their
analysis of SAE J1711, Gonder and Simpson [2] aojee-per-day charging is more likely.
Gonder and Simpson’s reasoning is based on econoaogntives: per-mile fuel costs for the
PHEV will be lower if operated on electricity. PHEWvners, therefore, will have an incentive to
drive on electricity and recharge often, even rpléttimes per day if possible.

3.3.1. Drivers’ Willingness to Plug In

Among PHEYV drivers in this study, frequent rechaggis common: 12 of the 15 vehicles were
regularly plugged in multiple times per day. Intfamvners of nine vehicles reported plugging
them in whenever possible; some organizations redquheir fleet vehicles to be plugged in
anytime they were not being drivEnMany participants explained that since they wepeéiry a
PHEV, they wanted take advantage of recharging:eSatl of the PHEV conversions in this
study could recharge using a common, 110-volt ()12/amp household outlet, the number of
potential recharging locations was large. The nigjorf vehicles (80 percent) were recharged in
multiple locations that drivers visited regularlych as their workplaces and homes. A smaller
number of vehicles were also opportunity chargeattar locations, including friends’ homes,
hotels, and offices visited during the workday. @wmof independent conversions tended to
conduct the most ambitious opportunity chargingaitneir Pb-A batteries provided the shortest
boosted range. One participant had learned thertanpae of regular recharging with his
previous vehicle, a BEV conversion. He carried ddid extension cord with him in his PHEV
and plugged in at home, at work, at friends’ hopyaad even on the street where outlets were
available.

1 Of these vehicles, six were EnergyCS conversiomsers of EnergyCS vehicles were advised to keep
the vehicles plugged in as much as possible totaiaithe condition of the battery pack. The chaggin
behavior of these vehicles’ owners may have beterdnt if they had not received this advice frdmit
conversion provider.
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Numerous drivers mentioned the ability of PHEVsdduce gasoline costs, that in general
running their vehicles on electricity was less ewgiee than fueling them with gasoline, and
associated PHEVs with the idea of saving money. iamgcipant explained that recharging
regularly maximizes the “extra efficiency that yoaid for.” Another predicted, “anyone who
would pay for a PHEV is going to plug it in, it jumakes economic sense.” Many also felt that
cost savings would be the most appealing aspethéoaverage carbuyer. One driver explained
that he did not believe everyone was interestederPHEV’s environmental benefits, but the
“pain in the wallet” caused by rising gas pricesmed to be a universal concern PHEVs could
reduce. Another agreed with this idea, saying ltleatmphasized cost savings when talking to the
public about PHEVS. Rather than discussing desditsut the PHEV’s battery, he explained the
benefits of having “a second fuel tank that canthencar for [a few] cents per mile.”

However, it is not clear that today’'s PHEV ownersharge everyday because, as Gonder and
Simpson [2] suggest, it saves the most money. Miegtrs did not calculate the cost savings
from operating their PHEV conversions electricatlgr did they compare lower operating costs
with initial purchase and conversion prices to datee a payback period. Those drivers who did
analyze their operating expenses discovered teatPtHEVs delivered only modest cost
savings. For example, one owner of an independentession estimated that he had saved $8.00
in 3,000 miles of driving. Some drivers did menttbe potential for greater fuel cost savings in
the future. For example, one participant predithed continued rising gasoline prices would
make electricity an increasingly attractive fuel RHEVS, eventually allowing her to “save big
bucks at the gas station.” She and other driveistaliked about future savings were thinking
beyond today’'s Prius-based PHEVs to new configomatiwith greater AER and AEP. These
participants envisioned PHEVs that covered 80 pgroemore of their miles in all-electric

mode. But even these drivers did not have spewifst savings in mind, and none had calculated
an estimate of future fuel cost savings.

In this way, PHEV drivers are similar to many HEWreers who associated their vehicles with
saving money even though they had not performediriaacial analysis to confirm this belief
(Heffneret al.[23], Heffner [27]). PHEV users know the vehictzs be operated for less money
using electricity rather than gasoline, andittes of saving money is what matters to them.
Quantifying savings is less important, as is conmgaongoing fuel cost savings to other costs
such as purchase price, maintenance, insuranogher household expenditures. Like HEV
owners, PHEV drivers also associated driving atgically with other symbolic meanings,
including reducing air pollution, emitting feweregmhouse gases, consuming less imported
petroleum, and using a high-technology productc&ppiugging in enables driving electrically, it
also enables access to these important meaningssarhe applies to PHEV conversion owners’
purchase decisions. Only a handful of these drigetsally owned their PHEV, but those who
did pay for their own conversions were not intarestn saving money. (For the story of one
independent PHEV owner’s reasons for converting/éfsgcle, see Box 2).

Past studies often assume that consumers will mag for technologies that increase fuel
economy only if the initial cost of these technadsgis offset by fuel cost savings during a
specified period of time, known as the “paybackqu¥r(for example, see National Research
Council [33]). Kurani and Turrentine [34] find thiw consumers of conventional vehicles
actually perform payback computations when pureigaany type of vehicle. There is no
guestion that widening the gap between electrimityes and gasoline prices will make PHEVs
more financially attractive. But policymakers andriketers should be careful not to
overemphasize the importance of the payback petddsl. sales of HEVs climbed to 250,000
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units in 2006 despite continued insistence by sanadysts and automakers that the vehicles do
not make financial sense for consumers (for exanggle Edmunds.com [35] and White [36]).
For drivers in this study, PHEVs were more than gugiay to save money, and it is likely that
other carbuyers will see additional value in PHB¢gond their financial effects.

3.3.2. Drivers’ Skepticism About Plugging Out

Another indication that PHEV drivers were not priityainterested in financial payback was that
few raised the possibility of generating revenueséling electricity back to the electricity grid.
Vehicle-to-grid (V2G), in which electric-drive vattés provide power to the electricity grid,
have been proposed as one method to offset thdaddicosts of PHEVs (for example, see
Kempton and Tomic [37]). Participants were not ppted to discuss V2G. The drivers who did
raise the topic were mostly employees of electiilttias, and viewed V2G as impractical.

One driver who did express interest in connectisdtHEV to the grid was not interested in
selling electricity. Instead, he was excited by possibility of providing electricity to his home
during electricity outages. He felt that the apitiv provide such backup power could be an
important selling point for PHEVs.

3.3.3. Recharging Problems

While most drivers charged their vehicles frequentio drivers in this study had difficulty
plugging in on a regular basis. Each of these dsiuged a PHEV conversion as a personal
vehicle. Because they could not regularly rechatgegr PHEV conversions performed as
unconverted Priuses. While most vehicles in thuslstvere plugged in at night, nighttime
charging was not feasible for these two driverse @aquently had his PHEV conversion on
overnight trips away from home; the other was heaeh evening, but parked her vehicle on a
public street without access to an electrical auBaytime charging was also challenging for
these drivers since both typically traveled to @asi destinations throughout the business day.
One was able to recharge at her office for an boiwo each day, but this was not enough to
fully recharge the battery.

The experiences of these two drivers suggest ¢étatarging is more complicated for people who
lack a “home base” for recharging their PHEVs His study, the vehicles that were plugged in
most often were those that made short trips (lems 40 miles) and regularly returned to a single
location where recharging was available. The furtheehicle’s use patterns deviates from this
model, the more challenging it may become to reghér

Operating a PHEV as an HEV for extended periodsesaof few other potential problems. The
two users confirmed that some of today’s PHEV cosieas’ battery packs could experience
failures when they remain undercharged for longoglsrof time. This is another technical issue
that must be addressed before PHEVs can meetaxgagstations of them as fuel-flexible
vehicles.

Infrastructure improvements may be one solutiothéproblems experienced by the two drivers
described above. It is unclear whether these tweidr were unable to opportunity charge at
other locations where they parked their vehiclesluiding hotels and offices. It is also possible
these drivers were wary of opportunity charging.oftser drivers explained, opportunity
charging was not always easy. Asking hotel clgoksking attendants, or property managers for
permission to plug-in often resulted in confusio akepticism. Plugging in without permission
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Box 2: Alan Young, Private PHEV Owner
2005 Prius, converted 2006 (PiPrius)

In the fall of 2005, Alan Young bought a Toyotau®riHe already owned a BEV, a conventional vehiclg
that he had converted with help from local BEV esihsts. Alan loved his BEV, but it wasn’t alwake t
most practical vehicle. Its limited range meant timwwas often “stranded” away from home while it
recharged, and careful planning was required toessgfully handle his 40-mile round-trip work commut
Alan’s Prius offered more reliable transportatiand at the time of his purchase Alan was already
imagining a way to make it even better. Monthsiearhe had read an article about PHEVs and was
intrigued by the concept. To Alan, the PHEV seelfiledthe “best of both worlds.” Much of his driving
(perhaps 50 to 80 percent) could be done eledirjdait he also would never be stranded as he often
in his BEV. A year after buying his Prius, Alan dksd to convert it to a PHEV.

For a private individual, the cost of a PHEV corsien is considerable, and Alan found he had tohsell
BEV to afford the PiPrius conversion kit. But folaf\, the expense was worth it. He was thrilled with
new PHEV, describing it as “infinitely better than EV.” Like his BEV, the Prius PHEV could operatk
electrically—under the right conditions—and Alaietr to keep his PHEV in electric mode as much as
possible. He also drove to maximize fuel econorsingia CAN-View unit to provide him with fuel use
information and feedback on his driving style. Evéth the majority of his driving on the freewaylaf
was averaging 60 MPG, roughly a 20 percent impr@r@raver his previous mileage in the Prius. Part gf
Alan’s strategy to maximize mileage was to rechdnigesehicle as often as possible, plugging in wher
and whenever he could. Typically, he charged atéehonthe evening and at work during the day. In
addition, Alan charged opportunistically, carrygug extension cord in his trunk to connect his PHEM
outlets wherever he parked, including at friendgides. Alan recalled one occasion when pluggirad &
friends’ condominium had caused a confrontatiom e property manager, who accused Alan of “sigd|
energy.” Alan was amused and calmly explained $cabcuser that, at current rates, it cost just éénts to
fully charge his PHEV’s 5 kWh battery pack.

For Alan, the PHEV was mainly about the environmela explained that he “feel[s] pride in leaving a
better carbon footprint” and in doing his partéauce fuel use. The denotation of advanced tecbyolo
also played a role. Alan explained how his BEV hatle him feel like a “maverick,” as his PHEV also
linked to the idea of personal uniqueness. In aiditAlan indicated that his PHEV was a statement t
automakers. To Alan, automakers seemed intentlbngsimefficient trucks that most buyers didn’tally
want. Recently, he had watched the Superbowl @vigsbn and recalled that many of the advertisement
were for large pickup trucks and SUVs. But Alan édphat at some point in the future, automakerddavouyl
embrace PHEVs, and television advertisements wehubdvcase PHEVs rather than pickups. Yet Alan was
realistic about the future of PHEVs. He recogniiteat many people would not buy a PHEV simply
because it was better for the environment. Whilénggmoney was not a factor in his own purchase, he
guessed that finances would figure more prominénttiie purchase decision of the average carbuyer.
Unless gas prices rose and PHEV prices droppea, Wdes unsure if many households would really be
interested in buying PHEVs.
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sometimes drew the angry attention of property osuirgee Box 3 for a story of one PHEV
conversion driver’'s adaptation to recharging ortlyark.

Part of what makes developing PHEV charging inftadtire easy is that today’s vehicles
recharge using widely available 110V circuits. Hoee some of today’s PHEVs also permit
rapid recharging on higher-voltage circuits. Selvevaners reported occasionally “fast charging”
their vehicles, usually on a 220V household cirtiifthe ability to recharge in less time would
have solved the problem of one of the PHEV drivens had recharging issues since her vehicle
was parked at her office for a couple hours eagh(@ssuming her employer was willing to
install a higher voltage outlet for her vehiclepd®d charging was not a priority for most drivers
in this study; most were satisfied with 110V rediag. However, this example illustrates that
for some PHEV drivers, rapid charging is importantaddition to providing 110V charging,
future PHEVs may want to offer higher-voltage ragidrging as an optional feature.

3.3.4. Timing of Day of Recharging

Studies assessing the impact of PHEVs on the Ue6trie grid generally assume these vehicles
will charge only during periods of off-peak powemdand (for example, Kintner-Meyet al.

[14]). In this study’s sample, nearly all vehiclgere regularly charged during daytime business
hours. Since owners of the eight EnergyCS vehigka® encouraged by the converter to keep
their vehicles plugged in when they were not beirigen, their daytime charging habits were
likely influenced by guidance from their converterd may or may not represent future PHEV
recharging behavior. However, among the remainavgis PHEVs, six were also plugged in as
often as possible during the day. This result issmoprising given that many owners were not
subject to time-of-day electricity rates, and there did not incur higher costs when recharging
during peak electricity demand periods. Severalails did acknowledge concern about
exacerbating peak electricity demand. At leastaneer intentionally delayed recharging his
vehicle until late in the evening. But generallgriicipants did not voice strong concerns about
the ability of the electrical grid to handle thedaibnal load of PHEVsS. This small sample of
drivers of PHEV conversions shows that when driverge the capability to refuel from the
electricity grid and (as for many of these peoplenot personally face the different costs of
doing so, they recharge most any time. Various outhave been proposed, including time-of-
use rate schedules, timers, and smart metersdoutege vehicle recharging during peak times.

3.4. Evaluating Electricity as a Fuel

As mentioned earlier, the environmental benefitRldEVs vary depending on their source of
electricity. Numerous participants were aware @ ibsue and talked about how their electricity
was generated. In particular, drivers of PHEV cosims in the Northeast and Midwest noted
that much of their electricity came from coal-fingldints. These drivers regularly claimed to
members of the public that PHEVs using electrifrieyn coal were cleaner than conventional
vehicles, since large plants could generate enmeaye efficiently and offered a single point
where pollution control technology could be applidénetheless, some PHEV drivers were
uncomfortable with connection between their cleahieles and coal-generated electricity. For
example, one Midwestern PHEV owner purchased reblevedectricity from its local utility and

12 Although drivers in this study referred to it dast charging,” 220V/50A charging was referred $o a
normal charging during the development and deployraérecharging infrastructure for battery electri
vehicles during the 1990s.
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Box 3: Steve Anderson, County Employee
2005 Prius, converted 2006 (PiPrius)

Steve Anderson first heard about PHEVSs at a solargy conference in late 2004. At the time, he didn
have any first-hand experience with hybrids or telewehicles, but he was immediately interestetha
PHEV concept. Steve, who led his county’s econaieielopment efforts, began researching PHEVs a
searching for ways to acquire one. Two years |&gye was granted approval by his county to pseha
used Toyota Prius. With help from engineers atcalloollege, he converted it to a PHEV using aiB&r
conversion. The vehicle was one of the first PHEM®ed by a government agency, and Steve was pro
to be an early PHEV user.

Steve and his assistant used the PHEV mainly fokawnedated trips during the business day, althoBtgve
also commuted to and from home in the vehicle dooaly. Whenever the PHEV was parked at Steve’s
office, it was plugged in to recharge its 3.5 kW§hd-acid battery pack. Generally, Steve rechafyedar
only during the business day. At night, he discated the vehicle since he was concerned that ai@rgi
problems might occur while the office was closed #re vehicle was unattended.

While driving the PHEV, Steve did his best to kélep vehicle in all-electric mode as much as possibl
Nominally, his PHEV had 10 to 12 miles of AER, I8teve had found that he generally could drive 4 to
5miles electrically before the internal combustingine started. For Steve, driving all-electricatigant
that his fuel economy numbers would increase. Adrbge, he watched the fuel economy reading on hig
CAN-view unit. Steve confessed that when he fiegt his PHEV, his numbers hadn’t been so impressiv
But the CAN-View had proved to be a “great traintogl,” and as Steve changed his driving habits jrni
town mileage rose to between 85 and 100 MPG. LigayniPHEV drivers, Steve was captivated by the i
of attaining 100 MPG or more. “Our transportatiorlfis in jeopardy,” Steve explained, and vehieléh
dramatically higher fuel economy seemed to be groitant step toward a more sustainable and reliable
transportation system. Steve felt the 100 MPG idsanated with others too, and stickers on thedwritsf
his PHEV told onlookers that the vehicle was capaifl100+ MPG.”

For Steve, part of the PHEV's appeal was its hegiinhology image. Steve’s county was in a rural #ret
was trying to broaden its economic base beyondaltpire. High-technology firms were beginning t@sh
interest in relocating to the area, and part o¥&testrategy to attract them was to demonstraiettie
county’s leaders had technology vision. The comgmBiteve was courting were not automotive compor
manufacturers, but he figured that by purchasiRéi&V, the county defined itself as technology-sawvwvy
general, “a place where new technology can be esedraSteve also thought that the PHEV appealed t
many of the county’s residents who (he believed) thee vehicle as it was being driven around tha.are
Steve imagined that, to them, the PHEV signifiedrgpmoney and addressed the “pain in the walledt t
he imagined they felt each time gas prices roseShlso explained that many residents were pallitic
conservatives who were likely to be motivated bgaayns about energy security. Steve guessed that fo
these residents, the PHEV represented an end sittfaion in which we “hold ourselves hostage’biigh
over-reliance on overseas petroleum.

It was these meanings that made the PHEV excitin&feve. Most of his economic development work v
so specialized that friends and family rarely asiiedut the details. But the PHEV was different. Ndens
of the general public (especially young people)anaterested in the car, and seemed to easily stzohet
the bigger implications PHEV technology could hawvetransportation. “PHEVs are hot,” Steve explajng
and it felt good to be part of something that hadnsich appeal among residents in his community.
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proudly displayed an image of a wind turbine ongtike of its PHEV. Even among PHEV
drivers who recharged their vehicles with relatvelean electricity, the appeal of renewable
electricity was strong. Two owners were planningdad solar panels to their homes’ roofs to
recharge their PHEVs, and several others respoectiasiastically to this idea.

Financial benefits from PHEVs also depend on usiegtricity as a fuel—so long as electricity
remains a less expensive option than gasoline.dregmts appeared near universal in their
belief that gasoline prices would continue to iase thus increasing the future fuel cost savings
of driving on electricity. Though seldom explicittigscussed, respondents appeared to assume
that electricity would remain either constant ircpr or would increase in price more slowly than
gasoline.

Access to important symbolic meanings, and thusmapt sources of value, of PHEVs appears
to be through electricity as transportation “fualid the aesthetics of electric-drive vehicles.
“Substituting for,” “reducing,” and “getting off” @soline and similar phrases are repeated
throughout the interviews. Gasoline is viewed dd technology,” “dirty” and “polluting,” while
“quiet,” “smooth,” “silent,” were offered to desbe the sensation of driving in all-electric mode.
Even conventional HEVs come off poorly in this caripon for some respondents. The location
of PHEVs between a gasoline past and an electiucdistrongly indicates and illustrates people
who are accessing their view of a more desiralileréu According to McCracken [38], people
may locate their ideals to an “...almost infinite rhanof locations on the continua of time and
place...” if they are not attainable in their curresdlity. The future is a popular choice:
individuals often look forward to a time in the do¢ when their ideals will be realized. That
future can be described in terms of how the woildhe and who the respondent will be. Thus
not only is the world imagined to cleaner, lessatgent on oil, and safer, but the person may
see them self as a pioneer, a progressive, anviewa@ommunity member, and as a smart
consumer.

4. Discussion

4.1. Where are we with PHEVs?

In the past few years, numerous organizations bagen to lobby policymakers, automobile
manufacturers, and the public about PHEVs. Théaresf, combined with coverage of PHEVs in
the popular press, have made many Americans awane aew technology. Wall [39] claims
that over 75 percent of the U.S. public now hasdhe&PHEVs. Several of this study’s drivers
commented on the “buzz” that surrounds PHEVs afetveacknowledged actively promoting the
PHEV concept. In general, today’s PHEV driversamthusiastic about the technology and
believe it has significant potential. However, mamng pragmatic when discussing the future
market for PHEVs. The most common view was thaffithencial argument for PHEVsS needed
to improve considerably before widespread purchesesd occur. Currently, aftermarket PHEV
conversions can nearly double the base price obtiiggnal vehicle. Clearly OEM manufacturing
can reduce this cost. But participants also feit thel prices would play a major role in
affecting the public’s interest in PHEVs. “$6/gallgas would change a lot of minds,” opined
one participant. Even among private owners of PHEMS view was common, although these
owners acknowledged that their own decisions taiaeq PHEV were not motivated by any
potential for cost savings.
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4.2. Long-Term Reliability of PHEVs

PHEV drivers in this study discussed the reliapitif their PHEV conversions. While the
majority of respondents expressed interest in dgid PHEV as their personal vehicle, at least
one voiced caution about the state of the techyokaying that he would likely delay his
purchase of even a mass-marketed OEM PHEV unté¢lsend or third production year to avoid
buying a vehicle that might have unresolved or wmkm problems. In fact, numerous vehicles in
this study experienced technical problems; fouiicleh had severe issues including failures of
battery modules, on-board chargers, and electmahectors. Some of these issues often
persisted for weeks and prevented the use of thieles as PHEVs. At the time these interviews
were conducted, two owners were operating their Pel@versions as HEVs due to failures in
the PHEV systems, and a third owner declined ttgipate because his PHEV was not
functioning.

Another important consideration is that nearlyohlithe PHEV conversions in this study have
been on the road for less than one year. In thma, tihey have generated valuable real-world data
on battery and component performance. Howeverethebicles don't yet tell us about what may
happen in the long-term. In particular, key quasiocemain about the expected life of PHEV
batteries that cannot be answered simply by loo&ingast experience with HEVs. Part of the
uncertainty is due to the use of a battery cheyntbtit has not previously been employed in
motor vehicles. Today's HEVs use Ni-MH batteriegt the most appealing battery chemistry for
future HEVs (including PHEVS) is currently Li-iom this study’s sample, two-thirds of the
vehicles used Li-ion batteries. In the long teriinidn promises higher gravimetric and
volumetric energy densities at lower cost thantgxgstechnologies. But technical issues
(including thermal management) remain, and addifitesting of Li-ion batteries in motor
vehicles is needed to determine the actual perfocmaotential of the technology.

A second source of uncertainty is rooted in théndiglemands PHEVs place on their batteries
than do HEVs. Today’s HEVs maintain their batteréthin a relatively narrow SOC window to
maintain battery life. This has allowed manufaatsiiike Toyota to ease customer concerns
about HEV technology by warranting batteries fob, 000 miles of use. PHEVSs require deeper
discharging of their batteries than do HEVs. Afleebeing equal, deeper charge-discharge cycles
will reduce battery life. The question arises, wivdk not be held equal? Clearly battery
chemistry is likely to change; even HEV batteries lgkely to shift to lithium rather than nickel-
based chemistries and there are more than onedededithium-based batteries. Because this
study’s sample vehicles have been on the roadra téine, they tell us little about the long-term
performance of Li-ion batteries in PHEVs. One PHiY require replacement of its battery
pack, but it used lead-acid rather than Li-ion tetbgy. Will warranties be held equal? Have
HEVs set the standard by which PHEV battery lifd egliability will be judged by consumers?
By modifying their HEVs, owners in this study actexppotential loss of manufacturer warranty
coverage for their vehicles, far more risk thanakerage consumer is likely to take when
purchasing a new vehicle.

4.3. Managing Consumer Expectations

Given the questions that remain about PHEV perfaneasome care should be taken to properly
set consumer expectations. Educating the publiats®HEVs makes sense as long as the
technology is not oversold. Wind and Mahajan [4@erthat the “marketing hype” around a new
technology product can substantially enhance coesaeceptance, but warn that timing is
important. Getting consumers interested in PHEWd@ag before the vehicles are available

risks frustrating potential buyers. Much of thigdtration will be directed at automakers, and

24



some is already evident. In January 2007, Geneoabd unveiled a series-hybrid PHEV

concept vehicle, the Chevrolet Volt, at the Nortihekican International Auto Show. As a result,
General Motors received substantial positive pceserage and over 400,000 consumer requests
for the company to build the vehicle; however, twonths later the company acknowledged that
consumers’ and policymakers’ expectations regarthirgv/olt were far too optimistic, and

labored to explain that major technical hurdlesaignbefore the PHEVs like the Volt can be
mass-produced (Terlep [41]).

Among PHEV drivers in this sample, frustration wétlitomakers was apparent. Several felt that
automakers had a poor understanding of consumesnparticularly regarding environmentally
friendly vehicles. Participants also accused aut@rsaof ignoring PHEVSs in favor of vehicles
with older, less efficient technology (includingB¢powered trucks) that could be manufactured
more cheaply and sold more profitably. Participavite were interviewed after GM’s Volt
announcement strongly favored the design, but yaegtioned whether the vehicle would be
mass-produced. Certainly some of this skepticisjussfied: until recently, most automakers
showed little interest in PHEVsS. Even Toyota, thader in HEV sales, deemed PHEVs too
impractical (Hakim [42]) until just recently annazing they had made eight PHEV8s for on-road
testing (Toyota [43]). However, automakers do haymeint that additional research and
development on PHEVSs is needed, and this effodddine.

In the end, PHEV advocates (including many driveithis study) face a balancing act. Many
want to spread the word about PHEVS in order tlu@rfce automakers to produce these
vehicles. But the risk is that promises will be mdldat cannot be kept. The claim of one PHEV
advocate that “plug-in hybrids are totally availabhd ready to be manufactured” (Motavelli
[44]) is a good example: while the message maytexansumers, it does not fairly represent the
state of battery technology, manufacturer readir@ssxperience of many of the drivers
interviewed for this study.

5. Conclusions

5.1. All-Electric Range

The people interviewed for this study drove PHEVha@rsions that did not in general provide
all-electric operation across the wide variety afiditions drivers face every day. In all cases,
AER was limited to low-power driving conditionsei, low speeds, modest accelerations, or
coasting at higher speeds. Within these limits nilagimum achievable AERs by vehicles in this
study appear to range from a few miles to perh@a® 25 miles. As such, these vehicles do not
conform to the idealized distinction between PHEMWa provide AER and those that operate
only by continuously blending power from electyciind gasoline.

And yet, these drivers have opinions and thoughtsieAER that sound strongly held. Many
stated their desired AER to be equal to the digtarficheir one-way commutes, arriving at AERs
between 20 and 40 miles. For most drivers thesmatss appeared to be tied to their imagining
recharging a PHEV at home and at work, so their P$&ould be fully replenished for the
evening commute home.

There are two points to be made about these estihuEsired AERSs. First, these same drivers
position PHEVs as transitional between conventioeaicles and BEVs. If one already sees the
BEV as the desired goal, then a PHEV that provAER is important, and increasing the AER
capability of PHEVs over time is important. Secotibugh the stated basis for estimated desired
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AERs is often one-way commute distances, thesedrimmediately move to a conversation
about PHEVs accomplishing all but the longest ipfstr

The AER desires of non-commuters—none of which virerviewed—cannot be determined
by this same one-way commute distance rule. Nome@aassume that the vast majority of
people—who have no past experience with BEVs—agpared to see PHEVs as transitional to
BEVs and therefore as requiring AER. We would ceiialize the results of this study as saying
that BEVs are an important source of meanings andtionality goals for PHEVs for many of
the people who have experience with the currentiylable PHEV conversions. Generalization
to a larger population can be achieved by provi@imgder cross-section of people with
information and experience with a variety of PHEVs.

5.2. Fuel Economy and Fuel Costs

Overall, drivers of the Prius-based PHEV conversiionthis study report “boosted range” fuel
economy values from 65 to well over 100MPG. Severiakers claim that gasoline-only MPG
values, i.e., not accounting for the electricityrfrthe grid being substituted for gasoline, are
“twice whatever you get in a conventional Prius.tidver who consistently makes trips within
his/her boosted range and then fully recharge®HigV achieves much higher gasoline-only
fuel economy than a driver who regularly drivedatises greater than boosted range before
recharging. Such differences in driving and recimaydpehavior make predicting or modeling
average fuel economy of PHEVs difficult: data ieted on how a vehicle is driven and on both
the frequency and timing of recharging from thelgri

High fuel economy, particularly numbers over 100@/fhat have not been attained before in
production automobiles, have both symbolic andria value. Episodes of 100+ MPG, even if
brief, signal to drivers that the vehicle has vdlgealities: that it is technologically exceptianal
environmentally friendly, or financially sensibldeffneret al.[23] reported these types of
meanings were important for buyers in the earlykeitaior HEVs. High fuel economy is also
important since it provides a basis for comparistth conventional vehicles. The typical
American car buyer has never owned a BEV or HEM, thns is unfamiliar with all-electric
driving. MPG, in contrast, is a familiar measurertany more people. For owners of
conventional vehicles, high MPG may be the singbsthmportant way to access highly valued
meanings and capabilities of PHEVSs.

Combined with results from prior studies of a mgeaeral population of vehicle buyers
(Turrentine and Kurani [34]) and HEV buyers (Heffie¢ al.[23]), ho consumers, including

these PHEV drivers, apply financial analyses suphydack calculations or a net present value
framework to personal vehicle choices. The choligemstitutions and businesses are not, at this
early point, about private financial calculatiorither. Despite their lack of interest in the

3 For these and other reasons, the use of croserslaiata on commute distances to estimate market
demand for AER remains speculative at best. Tlastfre has been repeated in numerous prior PHEV
market estimates. Data on commute distance frorl#t®nal Household Travel Survey (NHTS) in
particular has been used to make claims aboutdtenpal market for PHEVs with different AERs. The
problem with these cross-sectional data from th@ 8lis they are drawn from one-day travel surveys.
Households do not buy vehicles based on how farttiagel (or where they travel) on a single day; do
they buy vehicles based on how far other peopiestran a single day. Yet these are the implicit
assumptions made by those who use cross-sect@ratjay commute distance data to estimate market
demand for AER.
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immediate financial payoff of PHEVsS, most resportden this study believe “other,” “later,”
“mainstream” people will be most interested in cxtings.

There is no question that widening the gap betvedectricity prices and gasoline prices will
make PHEVs more attractive. But policymakers andckatars risk missing the very market they
hope to foster if they over-emphasize the imporasfgpayback period$.PHEVs are more than
just a way to save money, and it is likely thatesthutomobile buyers will see additional value in
PHEVs beyond any private financial benefits.

Though mentioned by few respondents, the connebetween PHEVs and home electricity
systems should be explored further in future corssusearch. In particular, the idea of
bundling PHEVs with home systems that generatewahle electricity should be discussed with
consumers to understand whether it increases feahpf PHEVS. Also, the idea of PHEVs as
providing mobile electric services such as homergermey power may be highly valued by some
consumers. And V2G should not be dismissed solelhe basis of these interviews, but should
wait fuller evaluation in settings that allow pespb experiment with such services.

5.3. PHEVs and Instruments

Drivers derive value, meaning, and reinforcememd, they learn through vehicle
instrumentation. As we saw in previous studies BWd, the instrumentation of some of these
PHEV conversions was important to most of theiveh$. With PHEVs it is likely that
instrumentation of the energy systems will be evene important to develop the value of the
vehicle to buyers by monitoring the performancéhefelectric systemis-a-visthe gasoline
system. Commercial PHEVs will have to provide asil#s, as well as informative and even
motivating, feedback to drivers with less underdiag of PHEV technology. Further, the
vehicle may become a necessary location of infdomain both gasoline and electricity
expenditures by households, as there is currentiytiner system to track and present both cost
and use streams to drivers.

5.4. Recharging PHEVs

Not facing time of day tariffs and on the advicenok vehicle converter, the vehicles in this
study are recharged throughout the day. This sastidess that when drivers have unconstrained
(in time, if not location) capability to rechargeim the electricity grid, they use itin an
unconstrained manner. Various methods have begoged, including time-of-use rate
schedules, timers, and smart chargers, to encooragmstrain PHEV owners or otherwise
manage time-of-day of PHEV recharging—echoes djescussions about managing
recharging of BEVs. Whether or not constraininghegging makes PHEVs less or more
attractive to potential buyers is an open questiimits face, any constraint might be assumed to
limit the appeal. However, if the public understatidat PHEVS’ personal and societal benefits
are maximized if recharging is done off-peak, ttiere-of-day “constraints” might be
repositioned as “guidelines for maximizing benefits

4t is possible that some consumers are swayedidy financial arguments. But this is not the same a
saying they make such calculations for themseli/hs.car shopper who has dismissed an HEV because
Consumer Reports or some other trusted sourcessapsvehicles don’t payback is not conducting srch
analysis, but is engaged in constructing symboéammg: “I’'m a smart consumer who uses researa su
as Consumer Reports to help me make decisions.”
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Unconstrained access to free or under priced &dgtmay seem like a useful and powerful
incentive—again with echoes of BEVs. However iflsaccess where to produce habitual travel
and recharging behaviors and especially rechamimigng existing peak electricity usage, those
behaviors may prove difficult to undo should thegye contrary to the social goals for PHEVSs.
Research on behavior change uniformly concludddiaaviors that have passed from
conscious consideration to habit can be difficolthange. For example, Jackson [45] writes,
“...many of our ordinary, everyday behaviours areiedrout with very little conscious
deliberation at all...the process of ‘routinizatiaf’everyday behaviours makes them less visible
to rational deliberation, less obvious to underdiaamd less accessible to policy
intervention....Habit is one of the key challengesldehavioural change policy since many
environmentally significant behaviours have thigtnoe character.”

Thus what might seem like a nice incentive to ehadyers may develop into habitual behavior
contrary to the goals of marketing PHEVs in thetfplace. Further, linking personal purchases
of alternative vehicles or fuels to private finaalaost savings through cheap fuels—such as
would be accomplished by shielding consumers fioerfinancial costs of recharging PHEVsS
during peak periods in an effort to provide somdyeaarket boost—has proven fragile in every
instance. Even the perception that a fuel priceathge might disappear (never mind whether it
actually disappeared) helped to doom diesel ifigfne-duty vehicle market in California (and
probably the US) (Kurani and Sperling [46]), natwas in Canada and New Zealand (Kurani
[47]), and would likely have doomed ethanol in Br&zhey had not stuck to it for decades as a
matter of national development. The point being thae give electricity away for cheap or
free, we may never be able to charge full priceMesrisk the sort of AFV market crashes seen
before.

Restricting PHEV charging to off-peak periods méspaffect the PHEV configurations that
appeal to buyers. If the option of daytime chargsgonstrained—by availability or pricing—
drivers may lose the option to recharge at theirkpiace during business hours. As a result, they
may want greater on-board energy storage to satisfy round-trip commute distances. All else
being equal, PHEVs with additional AER will cost radhan PHEVs with less AER. The EPRI

[4] market research study suggests that many suespondents lose interest in PHEVS as
hypothetical prices increase: seven percent oboredgnts said they would pay $15,000 more
than a conventional vehicle to buy a PHEV60. ltaera to be seen whether such measures will
be substantiated by continuing research as mongg@eain real-world experience with a variety
of PHEVs.

5.5. Driving with electricity

Drivers of the PHEV conversions in this study dagytwant larger amounts of AER and greater
AEP than provided by these vehicles. As a group biaae far more extensive experience with
electric-drive vehicles than does the vast majafthmerican automobile buyers. Locating
value to the future, PHEV drivers imagine a béfiiéure that has BEVs, based on development
of PHEVs today.

Other future buyers of PHEVs may share these vians early buyers are often the source of
information, images, values, and symbols used tay lauyers. BEVs are only one potential
source of meanings for PHEVSs; the previously conuiadéized HEVs are another likely source.
Additional research is needed in this area to wtdad how consumers will respond to various
PHEV designs, including a blended-mode PHEVO. Uitity, the optimal solution may be to

28



offer PHEVSs in a variety of configurations. Just@day’s vehicles are available with a choice of
engines, a future PHEV might offer various AERslifferent price points.

Respondents’ idealized AER varied from 20 to 4GEmilThe method they used to determine
these values may offer insight into how they argeofuture commuters may assess AER:
participants generally used their one-way commiggdce between home and work assuming
home and workplace rechargitiglowever, even among drivers with shorter comm(@s,
miles of AER seemed to be the minimal acceptableuesatn One of the few users who
acknowledged interest in a PHEV10 characterizeohil€s of AER as an acceptable starting
point for PHEVS, but not an ideal that matchedvmsv of a successful long-term market.

Parking affects recharging, and thus rechargirggpgeoblem for some households. Not being able
to park and recharge at home makes recharginguliffiexcept in those cases where an
employer or institutional-vehicle owner providesharging at the work place). Past studies by
Nesbittet al [48] and Williams and Kurani [49]) of householdibility to refuel battery electric,
natural gas (and by extension some hydrogen flieVeleicles) at home conclude that this ability
may be far more limited than many realize. Suchistihave relied on several proxy variables to
estimate whether or not households have adequekm@and electrical service at their homes.
New studies targeting these aspects of Americaswuars and their housing stock can refine
the estimates of the proportion of households vdrorecharge at home.
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