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ABSTRACT

Alternative fuel vehicles (AFVs) have seen increased attention as a way to reduce
reliance on petroleum for transportation, but adoption rates lag behind conventional
vehicles. One crucial barrier to theiiopferation is the lack of a convenient refueling
infrastructure, and there is not a consensus on how to locate initial stations. Some
approaches recommend placing stations near where early adopters live. An alternate
group of methods places stations albogy travel routes that drivers from across the
metropolitan area traverse each day. To assess which theoretical approach is most
appropriate, drivers of compressed natural gas (CNG) vehicles in Southern California
were surveyed at stations while theyueded. Through GIS analysis, results demonstrate
that respondents refueled on the way between their origins and destinations ten times
more often than they refueled near their home, when no station satisfied both criteria.
Freeway interchanges, which cahigh daily passing traffic volunsen metropolitan
areas, can be appropriate locations for initial stations based on these results. Stations
cannot actually be built directly at these interchange sites, so suitable locations on nearby
street networks muste chosen. A network GIS method is developed to assess street
network locations' ability to capture all traffic passing through 72 interchanges in greater
Los Angeles, using deviation from a driver's shortest path as the metric to assess a
candidate site'suitability. There is variation in the ability of these locations to capture
passing traffic both within and across interchanges, but only 7% of sites near
interchanges can conveniently capture all travel directions passing through the
interchange, indi&ting that an ad hoc station location strategy is unlikely to succeed.
Surveys were then conducted at CNG stations near freeway interchanges to assess how



drivers perceive and access refueling stations in these environments. Through
comparative analysis alrivers' perceptions of stations, consideration of their choice sets,
and the observed frequency of the use of a freeway to both access and leave these
stations, results indicate that initial AFV stations near freeway interchanges can play an

important rdée in regional AFV infrastructure.
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Chapter 1. Introduction
1.1.Overview
Global energy consumption and production patterns are in a state of transition.
Coupled with uncertainty about future supplies, decisiegardingenergy are among the
most important facing the international community. Petroleum supplies cannot meet the
dramatic increase in global demand in perpetaiych of which is occurring i€hina
and India. Despite the highest level of domestic petroleundpction in the country's
history, drivers in the bited States have experienceatility in gasoline prices over the
past decade, and the nation continues to require imports of petroleum from international
sources to meet its demand. The nation i®atraompletely reliant upon petroleum for
transportation, which represents an economic vulnerability and leaves the nation at
geopolitical risk in the search for new reserves. Beyond the issue of fuel supply and
demand, negative externalities caused lixopEum consumption in the transportation
sector include citizens' health and safety, local water pollution, and its role in contributing
to the highest levels of atmospheric carbon dioxide in Earth's recorded history.
Recommendations for transitions aweym the reliance on the personal
automobile and petrolewtmased transportation have generally fallen into two categories:
those that focus on changes in land use and on travel demand management (Cervero
1997, Ewing 1997), and those that argue for the spgad adoption of alternative fuel
vehicles (AFVs) and AFV refueling infrastructure (Sperling and Gordon 2009). While
investments in public transportation and changes in commuting patterns are suitable
alternatives for some urban residents, passengeregwill continue to play an

important role in transportation for the coming decades due tedianging consumer
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habits and a massive amount of sunk infrastructure for automobile travel. AFVs offer a
potential avenue to allay many of the negative redéies of the current automobility
paradigm while allowing people to generally maintain their current driving behavior.
While this may seem to be a more palatable option than an overhaul of the built
environment for some regional planning agenciestréresition to AFVs will be a

difficult and expensive process.

1.2 Overview of AFVs and Key Issues

To assess the steps needed to produce an eventual transition to AFVs, Melendez
(2006) surveyed academics, private sector stakeholders, and governmest expethe
lack of a convenient refueling infrastructure was cited as the most critical barrier to AFV
adoption. With this in mind, the United St a
Plan2012 016 i ncl udes a pr ovi anddistributian syStenesvel op i |
for advanced transportation energy sources including electricity and alternative fuels
(p.57).0

Though both AFV refueling station developers and AFV manufacturers are
acutely aware that a functional and convenient refueling infictsre is the best way to
reduce consumer fears of range anxiety, neither group is rushing to invest the necessary
capital until the other does so first becaus
and egg probl emodo ( Sqeeod donstgnt flustrationfor ARYs been a
adoption policy, and policy analysts are aware that AFVs and infrastructure are
complementary goods that cannot succeed without a substantial presence of the other

(Meyer and Winebrake 2009). Most government and ingexperts argue that the most
2



effective way to break this stalemate lies in first placing a minimally sufficient
infrastructure of AFV refueling stations in order to stimulate vehicle sales (Melaina and
Bremson 2008). From that point, it is possiblé iravate station developers will

construct the remainder of the necessary refueling infrastructure needed to sustain
widespread adoption, once they are convinced that the market holds financial promise.
The question o#vhereto place the initial refuelg stations, then, is a crucial step to the
eventual success of any AFV adoption policy.

Infrastructure builebut carries inherent economic and political risk for those
involved: investors stand to lose millions if consumers fail to adopt the technolagy M
importantly, the longerm skepticism and political damage could make future AFV
policy more difficult to craft and implement (Peters von Rosenstiel et al. 2015), so
effectiveness of the initially chosen AFV refueling station locations is of paramount
importance (Struben and Sterman 2008; Flynn 2002). Some countries around the world
(e.g., Argentina, Pakistan, Iran) have constructed relatively effective refueling
infrastructures for AFVs, largely through government investment and lower fuel prices
relaive to gasoline (Collantes and Melaina 2011; Yeh 2007). Translating those policy
instruments into domestic success will require effective locations that will be palatable to
station developers and drivers alike.

Confounding the issue is the varied nafrdFVs: some are capable of running
on multiple fuels, such as fléwel vehicles, which can burn eithet85 (an 85% ethanol,
15% gasoline blended fuel) or unleaded gasoline. Hybrid vehicles, with both an electric
motor and an internal combustion erg{hCE), can operate either with electric power or

gasoline, so that drivers enjoy some benefits of AFVs without the concerns of range
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anxiety. These vehicles are not as reliant upon an effective refueling infrastructure for a
single alternative fuel, so@ drivers of these cars can always default to gasoline when
running low on fuel.

Electric vehicles (EVSs) are a classification of AFVs that have garnered the most
amount of attention from the public with the recent releases of the Nissan Leaf, the
Chevy Vdt, and the Tesla Model S. EVs appear in both hybrid areledtric forms,
but are distinct from other AFVs in that recharging times are substantially longer than
their fastfueling AFV counterparts. Refueling infrastructure for these vehicles widrdif
from other AFV types in that relatively long recharging times restrict recharging
locations to places where vehicles will stay parked, with the exception -@hi@sfing or
battery switching stations. Even with fa&$targing stations available in serparts of the
United States, home recharging currently carries the bulk of the recharging load in the
nascent EV infrastructure (Tal et al. 2013), while workplaces, shopping malls, and
parking garages are frequent suggestions for charging locations Ii@éiét@l. 2013).

Recent studies on driver and refueling behavior of people who drive battery electric
vehicles (BEVs) and plut hybrid electric vehicles (PHEVS) have been conducted to
assess the driving and refueling behavior of these early AFV add¢plieholas et al.
2013; Kurani et al. 2009; Kurani et al. 2008; Gonder et al. 2007).

While the conclusions drawn from these studies can help inform future EV policy,
the locations of charging infrastructure were determined largely by an ad hoc process,
driven by sales opportunities instead of through regional planning. Further, the refueling
behavior of EV drivers is inherently very different than that of those who drive fast

fueling AFVs, since many EV drivers simply recharge their vehicles at homeifeven
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public charging options exist (Tal et al. 2013). AFVs that operate on a single fuel and are
not generally refueled at home, such as hydrogen, compressed natural gas (CNG),
liquefied natural gas (LNG), propane, and biodiesel, represent a break fiothdot

current transportation refueling network and EV charging infrastructure. They are
classified as "fastueling” AFVs since they can be refueled in similar times to gasoline
vehicles, and by fuel pumps at facilities that very closely resemble moasohng

stations.

In contrast to hybrid vehicles or EVs, drivers of thesefiasling AFVs will have
to be reliant upon a public refueling infrastructure when completing the types of trips that
they are accustomed to making. In the early stages of ABptiad, there will only be
enough of a budget to place a select number of stations across a given geographic area.
This means that choosing the locations of initial refueling stations is a crucial decision
that requires careful analysis of driving andusding behavior, and more broadly,
impacts how widespread AFV adoption may be across a given metropolitan area or
region.

Researchers have developed a number of methods in the facility location literature
that can be applied to the deployment of AFV refgestations, but each general
classification of location methods makes inherent assumptions about drivers' travel
behavior and refueling preferences. For example, GIS analysis that identifies areas where
vehicles will be stationary for long periods ohg (Liu 2012) may be appropriate for the
deployment of charging infrastructure for EVs, but cannot effectively meet the refueling
needs of fastueling AFV drivers. In addition, modeling approaches that are appropriate

for fastfueling AFV station deploymnt (Capar et al. 2013; Kim and Kuby 2012;
5



MirHassani and Ebrazzi 2012; Wang and Wang 2010; Zeng etGd;. Ang and Lin
2009) currently have a number of crucial limitations, which must be addressed before
they can be easily understood and applied byned planners and stakeholders

interested in building an AFV effective refueling infrastructure.

1.3. Research Objectives
One general research question that frames this dissertation research is: where are
the best locations at which to place initial AF&fueling stations to encourage eventual
widespread adoption at the metropolitan or regional scale? This question is inherently
related to the types of AFVs for which a refueling infrastructure must be built, and the
assumptions made about what drivert @ansider to be effective and convenient
locations. This dissertation research will specifically focus on the refueling needs of fast
fueling AFVs, with each chapter addressing an outstanding issue in the station location
literature. A novel aspect dfis dissertation research is that it relies largely on empirical
data gathered from early adopters of AFVs. Virtually every previous study that
recommended station locations for a region used theoretical data in their construction,
since empirical dataroAFV driver and refueling behavior were not available at the time.
The greater Los Angeles metropolitan is an idegian in which to conduct this
dissertation research for a number of reasons. Firsthée only American city with a
high numbeiof consumers who drive CNG vehicles, whiate singlefuel, fastfueling
AFVs that are generally not refueled at home. Subsequently, Los Angeles has a high
numberof public CNG refueling stations. Data gathered from the driving and refueling

behaviors othesedrivers caralsobe extrapolated to other refueling technologies, such
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as hydrogen or biofuels. Secondly, because of the region's noted reliance on the personal
automobile for transportation, it serves a test piece for other large, autoaepdeden
citiessuch as Atlanta, Houston, Phoenix, or Dalfast Worth that may eventually be
interested in transitioning to alternative fuels. Finally, early adopfeCtNG vehiclesn
Southern Californi@njoy incentivesuch as HOV lane access, tax creditgj lower fuel
prices. These incentives may be of interest in certain other regidrare relatively easy
for regional governments to implement, making the Los Angeles region an interesting
early bellwether of a large city in transition away from detrm for transportation.

The second chapter examines the applicability of existing AFV refueling facility
location methods by testing how the observed behavior of early adop@x&of
vehicles in Southern California compares to the assumptions implibi¢ invo general
classifications of station location models. This paper surveyed CNG drivers while they
refueled their vehicles, asking them to provide approximate stops before and after the
refueling station. From this information, drivers were isolaténl categories to see
whethertheyrefueled at the station nearest to their homes or at stations on the way
betweertheir origins and destinations. Results showed that consumers exhibited a strong
preference toward the latter behavior, indicating tinat dassification of methods, flew
based location models, is a more appropriate approach when locating early AFV
infrastructure at a regional scale for fastling AFVs. The details of the general
classifications of station location models are explone@hapter 2.

Chapter 3 is motivated by the conclusion of Chapter 2 that drivers prefer to refuel
along their way on a given travel route. This requires a detailed analysis of the types of

locations that perform well at capturing high volumes of passatifictacross an area of
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interest for station deployment. The emphasis on these types of locations is driven by the

following logic:

1) Busy roads are good places for fuel stations because of the high traffic volume

that passes the station location edatj.

2) Busy intersections are better places than simply locating a station along a busy

road because of the high passing traffic voluméathroads.

3) Logically, that means that intersections of freeways with arterial streets are
even better sitelsecause of the much higher traffic volume of freeways compared
to even the busiest arterial street. Finding a site convenient to drivers along both
the arterial street and the freeway is as simple as choosing one of the sites where
an onramp or offramp fom the freeway connects with an arterial street. These
are the types of locations where gasoline stations are commonly found along

highways and freeways.

4) Taking this logic one step further, intersections of two liméecess freeways
see more passirtgaffic volume than the intersection of a freeway with any
arterial road. Arterials can carry tens of thousands of vehicles each day, but
freeways carry hundreds of thousands, meaning that one station located at that
interchange could conveniently seag&a refueling station for far more people

than any other location in a metropolitan area.

Placing stations across a metropolitan area at a few strategic freeway interchanges
would conceivably capture the most passing traffic and associated AFV refdetivand

8



with a minimal amount of investment, which would be of great interest to fuel station
developers. These are also the locations that are targeted Hyafé@d location models.
The difficulty with placing refueling stations at such sites is tlesvitay interchanges are
often complex traffic structures with many subsidiary access points and connections
between the freeway and the local roads around them. A station placed near a freeway
interchange without convenient access for all drivers thatlpasse station would

compromise the location's ability to perform effectively.

To address this concern, in Chapter 3, a new network GIS algorithm is developed
that measures the theoretical accessibility of potential AFV station locations near freeway
interchanges in Southern California. The accessibility of these sites relative to freeway
interchanges is measured using a travel time threshold that measures the difference
between a shortest path through an interchange and a path that involves aostatimm |
as an intermediary stop, repeating this process for all possible travel directions through
the interchange. Generalizations are then drawn between interchanges with a relatively
high number of convenient sites for refueling stations and thosewtitihimplications for
the algorithm's future application are also addressed.

An empirical study in Chapter 4 specifically gathers data from drivers using
existing AFV refueling stations near busy freeway interchanges in the Los Angeles area
using an intecept travel survey. The objectives of this paper are both to compare the
expected accessibility results from Chapter 3 to observed behavior, and to generate new
insights into how such facilities are used and perceived by drivers. Survey questions

consder factors that may influence a driver's decision to refuel at a station near



interchanges aside from deviation reduction. These include the station's perceived
convenience relative to a number of trip anchors, safety, and ease of access. This study
also explores the "choice sets" of drivers, which is the subset of stations that an individual
driver generally considers as his or her refueling options across the metropolitan area.
The prevalence of other stations near interchanges in drivers' choicedfetgerest, in
addition to some of the common factors of stations that are frequently cited.

This chapter also explores the types of trips that drivers take when accessing these
stations through logistic regressianalysis Theoretically, stationsear freeway
interchanges will serve a mixture of uses, including both local and distant trips. Itis
unknown whether or not drivers typically exit a freeway to refuel at these stations and
then return to the freeway to continue their trip without angratitervening stops, or
whether they more often avoid travel along the freeway when accessing the station at all.
The logistic regression mode¢lps to explore the factors that significantly differ between
drivers who leave and return to the freewayr&ueling and those who do not. These
are the types of trips that are assumed in the algorithm developed in Chapter 3, and a
relatively high frequency of this observed behavior could indicate that drivers do consider
freeway interchange stations as cameat refueling stops between origins and

destinations from across the metropolitan area.

1.4. Significance
As cities around the world begin to explore the role of AFVs in their regional
transportation plans, the results from this research can proe@dedbretical foundation

that supports the incorporation of busy areas that many people pass through each day as
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effective sites for initial infrastructure. From a practical standpoint, the algorithm
developed in Chapter 3 can be applied as a stbntetool or integrated into models for
planning a network of stations or other types of facilities that can be built at freeway
interchanges to capture traffic from across a large geographic area. More broadly, the
characteristics of interchanges that mu@e or less effective at capturing passing traffic
will also be examined and compared, providing a useful categorization for future
applications of interest to general traffic capture near freeway interchanges. Data
gathered from the intercept travel sunadyearly adopters of AFVs using refueling
stations in freeway interchange environments can inform effective future policy to deploy
AFV infrastructure that will be useful to both station developers and drivers. The
analysis of refueling trips that areropletely freewayanchored or not can be applied to

any general study of travel behavior that requires a single stop in these types of locations.
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Chapter 2. On the way or around the corner? Observed refueling choices of
alternative fuel drivers in Southern California

2.1 Introduction

Alternative fuel vehicles (AFVs) are beginning to operate on American roadways
at a time when conventional energy prices and supplies are uncertain. Economic,
environmental, and social sustainability
reliance upon petroleum fuel for transportation. Currently, 94% of all transportation
energy consumed in the United States comes from petroleum sources (EIA 2011). A
transition to AFVs for transportation offers many benefits, including improved air quality
andhealth, and increased use of domestic energy resources. Light duty vehicles generate
89% of all vehiclemiles traveled in the United States, and automakers are producing or
developing vehicles that run on compressed natural gas (CNG), electricity, hydrogen
propane, biodiesel, or E85 (an 85% ethaltft gasolindlend) (Davis et aR011).

While few would argue the longerm benefits of an AFV transportation system,
construction of an effective infrastructure to refuel and recharge these vehicles tepresen
a substantial investment in capital and carries financial and political risks. As a result, the
industry has encountered the fichicken and
hesitate to produce more AFVs without a basic refueling system in placgtasind
developers are reluctant to build stations without a substantial population of vehicles
(Melendez 2006; Sperling 1990). Government and transportation industry leaders
interested in breaking this cycle argue that a minimally sufficient netwodwfling
stations must accompany the introduction of vehicles to the consumer market (Melaina

and Bremson 2008). To be effective, refueling infrastructure must be deployed in
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convenient | ocations so that driwileruns avoi
out of fuel as result of inferior vehicle range. More importantly, the infrastructure must be
functional and convenient in its early stages or the future technology may risk damaging
long-term skepticism fronthe public (Struben and Sterman 20B8nn 2002).

Indeed, the lack of a convenient refueling infrastructure is consistently cited as the
largest barrier to widespread AFV adoption and displacement of gapolvered
vehicles (Johnst al. 2009; Zhao and MelainZ®06; Flynn 2002; Byrne and Polonski
2001). Dagsvik (2002) found that when AFV refueling infrastructure is competitive with
that of gasoline stations available for conventional vehicles, consumers are more likely to
consider purchasing an AFV. In orderreach this point, the task of initial infrastructure
investment usually falls to the gernment (Collantes and Melaina 2011; 2€197).

Wise investments are necessary before the refueling infrastructure becomes viable, which
makes the siting of initiadtations a critical stage for AFV adoption.

To develop an effective location methodology for AFV refueling stations, an
understanding of driver and refueling behavior is of paramount importance. Sperling and
Kitamura (1986) and Kitamura and Sperlid®87) surveyed drivers of gasoline and
diesel vehicles while they refueled at stations in Sacramento, Berkeley, and rural highway
locations in Northern California, treating the diesel drivers as a proxy for future AFV
drivers. These studies analyzed howyeadopters of fastueling AFVs, such as those
fueled by hydrogen or natural gas, might behave in an early infrastructure, noting in
particular the types of trips on which drivers refueled, the trip lengths, and the distance

from the driver s home.
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Sincethat time, more empirical studies of AFV driver behavior, perceptions, and
adoption barriers have been conducted, largely onipletectric vehicles, as the vehicle
population and recharging infrastructure have become more robust in specific regions of
the United States, providing important insights into this type of édfly adopter
(Carley et al. 2013; Caparello and Kurani 2011; Kurani et al. 2009; Gonde2@03).
Transferability of these data to refueling infrastructure forfizesting AFVs istenuous,
however, since electric vehicles require long periods of charging, largely at home
locations or other places where a vehicle remains stationary for many hours, with the
exception of battergwitching stations. Empirical data remains sparse ginoior fast
fueling AFV driving and refueling behavior.

Thus, there are several compelling reasons to update the landmark studies of
Sperling and Kitamura. First, at that time (winter of 1883, diesel station networks
were already more wedistablisheq1/10" as many stations as gasoline) than the
infrastructure for todayoés alternative fuel s
researchers within the GIS environment have increased dramatically. Finally, in the three
decades since Sperling anda€itura conducted their surveys, few studies have focused
on refueling station choice by fasteling AFV drivers, due to the scarcity of AFVs
driven by consumers. In the absence of such a population, Nicholas (2010) made one
such attempt, using gasolineesato try to identify determinants of future alternativel
demand. He found that vehigklometers traveled (VKT) was a better predictor of
gallons of gasoline sold than population, although high VKT did not produce high

gasoline demand nearthecehtrabusi ness di strict. Ni chol as ¢
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between home and the nearest freeway entrance may help predict a large portion of

refueling and merits further investigationo
At the time of the Kitamura and Sperling studies, it wadelyi assumed that

proximity to home was among the most important factors in station choice (America

Society of Planning Official&973), and consistent with that assumption, Kitamura and

Sperling (1987) found that 75% of refueling trips were made onwlagirto or from

home. Others have suggested that refueling infrastructure should be coupled to home

locations in various ways, identifying areas where early adopters are likely to live and

travel (Melendez and Milbrandt 2008; Lin et al. 2008; Nicholas@gden2006;

Nicholas et b 2004; Goodchild and NoronH®87). The common theme across this

small body of literature is an attempt to measure or operationalize some meaning of

Aconvenienceo by analyzing travelOny9%mes and

of the homeanchored refueling trips in the Kitamura and Sperling study, however,

traveled from home to station and back to home, meaning that 91% of the refueling stops

were made between home and somewhere else. Plummer (1998) likewise &und th

special trips from home to the station and back are uncommon for gasoline drivers, and

frequently are made as part of a mstop trip involving work or shopping. In addition,

Kitamura and Sperling (1987) found that 29% of all refueling trips werk-anchored,

|l eading them to conclude that Aécommuting r

consideration in designing an effective dis

Activity-based approaches have become more common in tratgporhodeling

(Pend/ala et al2002), and even incorporate trip chaining explicitly in statioatioa

modeling (Kang and Reck&013), signaling that refueling events may be linked to
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differing kinds of trips. Left unanswered was what AFV drivers consideredrnmbe
cornvenient: station proximity to home, or availability of refueling stations along their
frequently traveled paths.

What fastfueling AFVs drivers consider as convenient refueling locations carries
some inherent ambiguity and also remains unresolved. Iti@adth station familiarity,
comfort, and perceptions of safety and reliability, minimizing detours in order to refuel
stands as amportant metric (Kuby and Lim 2005; Kuby et 2009). Lines et al (2009)
conducted surveys at the Orlando Internationgbdxt, finding that 80% of potential
drivers of hydrogen rental cars stated they would detour more than one mile away in
order to refuel, but these responses are stated preferences not corroborated by empirical
data. Through analysis of revealed behagfdastfueling AFV drivers, we ask the
following research question: based on observed data of CNG drivers in Southern
California, what do early adopters of AFVs consider to be convenient locations for
refueling? Specifically, when no station exists ikdioth closest to homedmost on
the way, do drivers choose the station closest to home or the one requiring the smallest
deviation? We hypothesized that in an early refueling infrastructure, drivers faced with
such a choice will more frequently refuslthe station that minimizes deviation, which
has implications for station utilization by early adopters of AFVs.

Answers to these questions have important implications for future deployment of
AFV refueling infrastructure and can help researchers dexidch type of optimal
facility location model to use for station network planning. Generally, these fall into two
categoriesl) pointbased models (Hakimi 1964; Revelle and Swain 1970; Church and

Revelle1974) and 2jlow-based models (Zeng et al. 206&dgson 1990; Kuby and
16



Lim 2005; Kim and Kuby2012). Pointbased models site a number of facilities relative
to their distances from the demand nodes, which represent zones where people live. The
objective could be to minimize the average weighted disténon all demand nodes to
their closest facility, as in tiemedian model (Hakimi 1964; Revelle and Swi@70),
or serve as many customers as possible within a maximum distance or travel time, as in
the maxcover model (Church and Revelle74). Poinrtbased models are the most widely
used location models in the facility location literature. This approach would be most
appropriate if CNG drivers demonstrate a preference to refuel close to home as opposed
to a station more on their way from origin to deation.

A second class of modéslow-based location modélsim to serve demand
consisting of pathen a network (Zeng et al. 200&low-based models were developed
in recognition of the fact that consumers tend to make certain kinds of purchases by
stopping along their way on a trip between one location and another rather than by
making a special purpose trip from home. These models typically begin with an origin
destination (@D) trip matrix and shortest distance or travel time paths generated for each
O-D pair. The pioneering floweapturing model locates a given number of facilities with
the objective of maximizing the number of trips that can be intercepted, without double
counting paths that can be capturediimyre than one facility (Hodgsdr990). The flow
refueling location model (FRLM) extends this by taking into account the driving range of
vehicles and requiring one or more refueling stations to be adequately spaced along
origin-destination paths to ensure that vehicles daumoout of fuel (Kiby and Lim
2005). The deviation flowefueling location model (DFRLM) is an extension of the

FRLM that incorporates driversodo willingness
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and Kuby2012). Some form of pathased methodology would be suitable if CNG

drivers are shown to prefer a station along their way over one close to home.

2.2. Data and Methods

In this study, we interviewed 259 drivers of CNG vehicles at five CNG stations in
Southern California using the same type of intercept survey as in Kitamura and
Sperlingdés 1986 and 1987 studies. We then us
the slortest path between their origin and destination did drivers travel in order to refuel,
b) how far away from their home did they refuel, and c) which CNG station(s) was

actually closest to their home or would have required the smallest deviation.

2.2.1Survey

Students conducted the surveys in July and December of 2011 while drivers
refueled their vehicles at five stations across the greater Los Angeles area, recording
responses while the driver answered questions. We chose to study CNG drivers in the
Los Angeles market because of the relatively large population of consumers driving
singlefuel AFVs that can be quickly refueled. While many consumers drivelex
vehicles, these vehicles can be filled with E85 or unleaded gasoline, making their
refuelingbehavior unrepresentative of how consumers adapt to a sparse network of
stations. Similar arguments can be made against studyirgjegsc plugin hybrids and
biodiesel refueling. In addition, we chose not to study drivers of battery electric vehicles,
whose choices will likely be influenced by the time it takes to recharge a battery. In our

survey, consumers were primarily driving the Honda Civic GX, the main-gbiGred
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car produced by an original equipment manufacturer (OEM) at that time, althaough so
drove converted vehicles or former fleet vehicles.

Four of the stations studied are operated by Clean Energy Fuels and one by
Trillium. They primarily serve fleets that operate on CNG, but are open to consumer
refueling as well (Figur@.1). These stains were chosen because of their high usage by
consumers (communicated by the companies) and to represent a variety of geographic
situations and trip generators. Trillium operates the Anaheim station nearby three
freeways, Disneyland, and Angel Stadiuh.€an Ener gy 6s downtown St 8
the cityds central business district (CBD).
arterial streets not directly accessible from freeway exits. Clean Energy also operates the
Burbank and Santa Ana stations, bothvhich are near airports and along freeway

commuting routes.
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Figure 2.1. Locations of stations where CNG surveys were collected, as well as other

CNG refueling stations with available public refueling.

Los Angeles is a large, congested, polycemitic The vast majority (69%) of

survey respondents reported that their primary reason for owning a CNG vehicle is

unrestricted use of HOV lanes, as opposed to environmental reasons or the use of CNG as

a domestic fuel. Driving long distances is not unlisuai n

relatively low fuel cost compared to gasoline ($2$2090 per g

Sout hern

allon of gasoline

Cal

equivalent, or GGE) and free HOV access are both strong incentives to purchase CNG

vehicles. Similar incentives may be introduced as nmashes to boost fadueling AFV

adoption in other geographic regions, making results from this surveyed population an

important early bellwether of future refueling behaviors for other regions and some other

types of AFVs. Along similar lines, in a studf/fature consumer hydrogen demand,

20

f orni



Melendez and Milbrandt (2006) identified consumers who commute more than 20
minutes each way as an important attribute in identifying potential early adopters, based
on literature sources as well as experts from goverfynmetustry, and academia.

The question of what drivers consider
approached carefully, because the choices were limited by the nature of the existing AFV
refueling infrastructure. Clean Energy Fuels and Trilllosated these CNG refueling
facilities at commercial fleet bases in partnership with the owner of the fleet. In the Los
Angeles area, no CNG stations were available to study in heavily residential
neighborhoods or long distances from freeways. We initiadlijyded a sixth station at a
city bus depot in Pomona, but after two days only a handful of consumers had refueled
there, and it was not cesffective to continue. The Greater Los Angeles area, though,
currently has one of the most mature publicly aldéd CNG refueling infrastructures in
the country and the largest population of CNG consumer drivers, making it one of the
best places to conduct this research.

Survey questions focused on general sa@mographic information, vehicle
ownership, reasorfsr owning an AFV and for choosing the station, and whether the
driver felt that he or she had to detour to refuel. Most importantly for this study, the
respondents detailed a series of stops completed on their trip immediately before and
after the refuehg station, including the type of stop (home, work, school, shopping,
social/dining, or other), as well as their home location. Stop locations for each survey
response were geocoded using either the @toests or exact locations provided by the

respondat.
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Because travel behavior (e.g., trip types, trip lengths, driver flexibility) is time
dependent, we stratified survey collection by time of day to ensure th20 Bairveys
were collected for weekday morning (before 11 a. m.);ahaig (11 a.m- 2 p.m.), and
afternoon (after 2 p.m.) hours for each station. We elected the intercept survey
methodology to gather more reliable information, as previous and next stops are fresher
in the memory of respondents than if using a mail or telephone sufbeyiull survey

instrument can be found in Appendix A

2.22 Deviations

Refueling convenience is a factor that drivers of traditional vehicles rarely have to
worry about except in remote areas: gasoline and diesel stations are plentiful aleng well
travelled driving routes. One metric of conveniencaeigiation that is, theitme required

to detour from the fastest path between two points in order to reach a refueling station.

w// P %
4 ORIGIN .

Figure 2.2. Comparison of least traveltime direct path and refueling path, which
forms the basis for deviation calculations.
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We generated shortest paths between each
and without the station as an intermediate stop based on least travel time ZEgure
The focus on immediate stops before and after the station parallels Kitamura and
Sperlng's (1987) methodology, and does not focus on trip chains or tours, allowing for
explicit focus on the deviation required to refuel. Travel times were estimated using arc
lengths, speed limits, and global turn penalties, and calibrated by comparingmeste
against the GoogleMaps API. Using scripts created with ModelBuilder and Python to
automate the calculations within ArcGI S 100s

deviation in minutes as the difference in the travel times of the two paths.

2.2.3Closest Facility vs. Least Deviation Analysis

To address the degree to which station proximity to home influences refueling
behavior, we derived the travel time between
closest CNG refueling facility using ArcGIS Networ Anal yst 6s Cl osest Fac
(Figure2.3). Only existing stations open to the public were considered as candidate sites,
which were verified by viewing CNG refueling forums and websites, such as

www.CNGprices.com.
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Figure 2.3. Example of a refuelingroute from oﬁgin e{t—vx;brk (1) to destination at
home (2) wherea driver is faced with a choice between a station that requires the
least deviation (Burbank) or is closest to home (Glendale).

If the closest station to home is not where the driver refuitledplies that the
driver chose a different station for reasons other than simple proximity to home. This
analysis is therefore a useful diagnostic for whether gaased location models such as
thep-median and maxover models are appropriate forrsifistations. Likewise, a test
of validity for the application of flowbased facility location models would be to
demonstrate that drivers refuel somewhere along a route between origin and destination,
regardl ess of that f aalyzkthi$beliador, we calouiatedi t y t o h
the travel time forthetws t ep tri ps from each driverdés pre
stations and then to each driverds next stop
facility analysis. We refer to the rd8ng shortest possible path to a refueling station

between any given-D pair as thdeastdeviation route We then determined whether the
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driver actually selected this station, in similar fashion to the closest facility analysis
(Figure2.3).

Finally, we classified each refueling trip in a 2x2 matrix, based on whether or not
they refueled at the closest station, and whether or not they refueled at tueleasbn
station. As mentioned previously, a driver could conceivably select a station tott is b
closest to home and on their least deviation route, removing the need to make a choice
between these two criteria of convenience. This situation is one that many patrons of
conventional gasoline stations enjoy, given the ubiquity of such stationdpaschot
address the primary research question. Therefore, we isolated the two populations that,
when faced with a choice, either a) selected a station on their least deviation route rather
than the one closest to home or b) selected the station clokestéarather than the
leastdeviation station. Past investigation into this dichotomy is limited. Plummer, et al.
(1998) surveyed households in St. Cloud, Minnesota, asking them to identify a set
gasoline stations that they consider when refueling. Tib&sd that while most people
included the closest station to their home in their choice set, not all did, and that differing
shopping patterns and journeys to work likely influenced choice of refueling station.
Further, they found that commonly chosertistes lay on or near principal arterial routes,
but they did not explicitly explore whether drivers minimized deviation. We
hypothesized, then, that more drivers will refuel farther from home and on their least
deviation path as opposed to at a facilipsest to home but requiring a larger deviation
than necessary.

Next, we explored the subsample that chose a station that fit neither criteria to

determine whether the station chosen ala®stthe closest to home atmostthe one
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requiring the least dation by rank or magnitude (e.g., less than five minutes more, or
2" closest station.). Given the uncertainties in actual travel time and the effects of
congestion, accidents, road construction, and other unexpected incidents that impact
network travel, which are not analyzed explicitly here, this analysis assesses wiesther
drivers in the fAneithero category narrowly n
deviation categories. This methodology is then extended to other categories to provide a
more robust categorization that can detect whether the ckis¢isih orleastdeviation
choices made were marginal or not.
This paper is concerned primarily with the revealed preference of the station
actually chosen by drivers. We did not explicitly model station choice from a choice set
of all stations, aswedonotknowe dri verso6 familiarity with t
infrastructure. Rather, we focused on the relative frequency of stations chosen when the
station meets one of the criteria of interest to facility location models. Nevertheless, the
survey did ask drivs to choose from several reasons why they refueled at the station,
which we compared across the four station choice groups. We also compared socio
demographic characteristics across the four groups, and-tessd to analyze differences

in trip charactastics between the closets-thome and leasdeviation groups.

2.3.Results

CNG drivers exhibit a consistent willingness across stations to deviate from their
shortest paths in order to refuel, with similar median deviation times at every station
(Table2.1). Given that CNG stations in Southern California were located at an

assortment of industrial and public sector fleet bases as opposed to in ceasantied
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locations, the consistency across these five stations is striking. The deviation remains

consstent across stations, despite the fact that trip lengths vary widely across the stations:
Burbankdés average trip length is 3.5 times |
deviations were similar. TabRl shows that at every station surveyed, less hiafrof

the surveyed customers refueled at the station closest to home, while more than half used

the station on their path of least deviation.

Table 2.1. Deviation, Closest Facility, and Least Deviation analysis results.

Station Surveys D'\gsgfilgn % Closest | % L_ee_lst Mfggg-mp
Collected : to Home Deviation .
(minutes) (miles)
Burbank 51 5.2 30.6 66.0 42.9
Santa Ana 50 5.7 30.6 54.0 12.2
Santa Monica 52 6.5 46.0 67.3 18.6
Downtown 51 4.7 24.0 66.7 30.5
Anaheim 55 3.1 5.8 58.2 18.9
OVERALL 259 5.3 27.2 62.2 25.4

Regardless of geographical setting, this strong preference for lesser deviation as
opposed to proximity to home in this early AFV refueling station infrastructure is evident
in Table2.1. Since these two classifications are not irdelent, however, we isolate the
choice groups in order to compare the revealed preference of proximity to home versus
minimized deviation. This is an important metric in assessing the use obpsied

versus flowbased facility location models for plag early AFV refueling infrastructure.

2.3.1Analysis of Station Chosen
Table 22 classifies the populations into the 2x2 matrix based on the closest
facility and leasdeviation analyses, and labels the cells accordingly. Over 22% of the

popul ation, the Abotho group of 59 drivers,
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stationclosest to home while simultaneously minimizing how much they had to go out of

their way. When we isolate those drivers who chose one convenience criteria over the

other (and not both or neither), the difference is dramatic. Based on the frequency of

occurence of refueling at either the closest station or the-teagation statiorbut not at

a station that satisfied both critefi&€NG drivers selected the refueling station that

requires the least amount of deviation by an order of magnitude (102:1@Qheve

closest facility to home.

Table 22 Categorization of refueling station selection of all CNG drivers surveyed.

We

s ma l

CATEGORIES | Closestto Home
Home
i Afbot hgd Al east d
Least Deviation 59 102
Not Least Acl ose Aneit heg
Deviation 10 88
next examine whether drivers chose a
home or the least deviation (Tal@&). Of the ten drivers who chose a station closest to
home rather than one that minimized deviation, eight refueled atatien with the %
est deviation, i e., 80% Aal mosto took

Not Closest to

drivers who chose their leadeviation station, only 36 of 102 (35.2%) refueled at a

station that was™ closest to home.
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Table 2.3. Incorporation of marginal cases into the absolute 2x2 classification, by

rank of stations.

Closestto | 2nd Closest| 3rd Closest | 4th or More

el Home to Home to Home Closest TOTALS

Least 59 36 15 51 161
Deviation
2nd Least 8 13 3 13 37
Deviation
3rd Least 2 4 7 8 21
Deviation

4th or
Greater 0 2 4 34 40
Deviation
TOTALS 69 55 29 106 259

Figure2 .4 breaks down these same results in even more detail by plotting the

travel time by which each station chosen exceeded one criteria or the other. In this graph,

t he

in the leasdeviation group areonthea x i s

59

drivers in t

he

and

fBot ho

t he

group
10

drivers

group are on thg-axis. All 10 of the drivers who chose the station dose home

deviated by less than 5 minutes more than necessary; whereas only 32 of the 102 who

chose the leasteviation station refueled less than 5 minutes farther from home than

necessary.
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Figure 2.4. Scatter plot of difference (in minutes) between kst deviation route and
route traveled vs. difference (in minutes) of travel time from station to home and
closest station to home.

While the points on the axes indicate a stronger revealed preference for
minimizing deviation, there remain 88 drivergirhe fnei t her 0 category i
Figure 4. Of these, 32 refueled at a station that was between 1 and 10 minutes longer than
their least deviation route, but 10 and 100 minutes away from their closest station to
home. Only four refueled in the rerse manner. An additional five of the "neither”
drivers were between 10 and 100 minutes further than their home's closest facility when
refueling, but missed their least deviation refueling route by less than one ndmiye.
one driver refueled in theverse manneri-inally, 17 drivers refueled at a station that
was far from being optimal for either criteria (>10 minutes). In these cases, data
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uncertainty, sumptimal decision making, unattractiveness of the bypassed stations and
other factors such asafety, comfort, and familiarity with the network may have
influenced these driversodé refueling beh
Finally, Figure2.5 highlights the spatial relationship of the surveyed CNG
driversdo home | ocations and the station
Adesire |ineso (Berry, 1967) show that
station to their homeanly 27%, or 69 out of 259, did so. There was some regional
variation in this behavior across the five surveyed stations, but at no station was the
percentage of drivers refueling at their closest station to home greater than 45%. Also
included in Figue 2.5 are the locations of other publicly available CNG stations that
were in operation at the time of the study. Clearly, many CNG drivers could have filled
up at any number of stations that would have been closer to their homes than the station

they actially chose.
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Figure 2.5. Desire lines graphic of CNG home locations and station at which driver

refueled.

2.3.2Comparison of the Four Groups

Descriptive statistics for the four groups from TahRde shown in Tablg.4.

Trip lengths are substantigll

in the Abot ho

hi gher f

group

or the 88 drivers in t}

(21.68 vs. 6.75 miles)

the most dramatic difference among the groups is gender. Although the sample size in the

Acl osaupis quite gmall (10), they were 70% female. The other three groups were

all less than 40% female, but this group also had the lowest percentage of both home

anchored and worknchored trips. Many other characteristics (employment levels, age,

refuelingtank level) are similar across all groups. This is consistent with Sperling and

Kitamurads (1986)

conchuadi antibhade8r éf welieng
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explained by socioeconomic (and to a lesser extent, demographic) descriptors nor by

vehicleusag characteristics of driverso (p. 22).
Table 2.4. Incorporation of marginal cases into the absolute 2x2 classification, by
time difference between stations.
Closest to <5 min. 5-10 min. >10 min.
TIME Closestto | Closestto Closestto | TOTALS
Home
Home Home Home
Least 59 32 19 51 161
Deviation
<5 min.
Least 10 11 7 22 50
Deviation
5-10 min.
Least 0 4 4 16 24
Deviation
>10 min.
Least 0 1 3 20 24
Deviation
TOTALS 69 55 29 106 259
Turning to the primary reason for station selection (TalEg we find that the
majority of drivers in all groups, ranging from 60% to 77.6%, reported subjectively that
they chose the station because of its fAconve
individuals have different definitions and thresholdsdonvenience, in that drivers who
selected a station neither closest to home n
| ocation as fAconveniento as frequently as th

those optima.
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Table 2.5. Primary Reasonfor Choosing Refueling Station.

: Low Right- | Running
Brand Convenient No
Category loyalty location fu_el hand out of Answer Total
price turn fuel

Both 1.7% 77.6% 13.8% 0% 6.9% 0% 58

Least 14 gop 73.8% | 97% | 0% 155% | 0% | 103
Deviation
C'ﬁzfnséto 0% 60.0% | 10.0% | 0% | 30.0% | 0% 10
Neither 2.3% 73.9% 12.5% 1.1% 9.1% 1.1% 88
TOTAL 1.5% 74.1% 11.6% 0.4% 12.0% 0.4% 259

The closesto-h o me group actwually cited Aconvenie

frequency (60%) and Arunning out of fuel o wi
stops when running out of fuel may result from a premeditated choice or an opportunistic

need, and may represent a tradeoff between visiting a convenient station and the

immediate need for fuel regardless of convenience, a phenomenon discussed by

Goodchild and Noronha (1987). One might suspect that those who refueled a station that

wa s A ndaosestbodame nor least deviation might have done so out of desperation,

but in fact only 9.1% were running low on fuel. This group instead showed slightly

hi gher brand |l oyalty and price preferences t
deviaton 6 choice groups. Overall, station selec
by some perception of convenience, with equal ancillary reasons of low prices and low

tank levels.

2.3.3Comparison of the Two Groups Faced with a Choice
We ran independetimples differencef-means tests to compare trip
characteri st-tobv® me @lme viidtald @a o"Dt26)r oups ( Tabl

Deviations by the leasteviation group were significantly smaller, unsurprising given the
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classification scheme, but anportant validation of the refueling criteria. Much more
surprising is that travel times and trip distancesataignificantly different between the

two choice groups, though the small sample size (n=10) of the closest to home group
makes this finding snewhat tenuous. That the travel times and distances of refueling
trips are not statistically significantly different is important because it eliminates an
obvious explanation for the behavior, namely that those who care more about minimizing
deviations arenaking significantly longer trip than those who choose to refuel closest to
home. The implication here is that trip lengthy not b& significant factor in preferring
stations on the way over stations near home. In fact, both groups had averaggth# len
well above the 20ninute threshold proposed by Melendez and Milbrandt (2006) for

identifying likely hydrogen vehicle early adopters.

Table 2.6. Difference of meansesults for choice groupsp;: Equal variances

assumedp,: Equal variances notassurad.* si gni fi cant at U = .05 |
Least Deviation Closest to Home
Attribute _(n=102) __(n=10)
¥, v E, U, P1 P2
Deviation | 4 53 | 401 | 7.12 2.94 | .029% | .014*
(minutes)
Travel
Time 36.73 62.18 28.08 11.36 .663 227
(minutes)
Trip
Distance 25.65 62.97 15.80 9.44 .623 .156
(miles)

2.3.4Subjective vs. Objective Detours
Lastly, we compare the subjective and obj
respondents as a robustness test to validate that groups of respondents are categorized

correctly and statistically significant from one another. In the context of our study,
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definition of detour can involve either a) the calculated least deviation from shortest path
between origin and destination, or b) perceived detour, where the respondent was asked if
he/she had to detour to refuel hera subjective determination thatutd depend on

many factors.

In the entire sample of 259 drivers, for those who stated subjectively in the survey
that they detoured from their preferred route to reach the station at which they refueled,
the calculated average deviation was 9.08 mingteapared with 6.41 minutes for those
who said they did not detoyp<£.007). Thus, the calculated deviations are in line with the
perceived deviations. There was an even larger differgrc@(l) in average calculated
deviation between those who subjedyv&aid they detoured within the leagtviation
group (4.32 minutes) and the closestiome group (9.81). Finally, of the 102 drivers
who refueled on their path of least deviation, 36 said they detoured to reach the station.

Nearly twice that many, 668aid they did not.

24. Discussion
These results represent a glimpse into driving and refueling behavior of early
AFV drivers, updating the work by Sperling and Kitamura (1986), Kitamura and Sperling
(1987), and Plummer et al. (1998). Our 2x2 matrix shawtrong preference toward
minimizing detours, and analysis of the marginal cases by facility rank and time
magni tude reveals that considerably more dri
leastd evi ati on station thastohobesassttabi bomehe
Trillium Anaheim station was the one most often visited even though it was not

absolutely the closest to home or most on the way for the driver. It is surrounded on
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three sides by other nearby CNG stations, and it is locateanajoa arterial in plain

view in a more commercial than industrial area, a potential explanation for these results.
More generally, the group of drivers refueling here who fit neither model of convenience
seem to have been navigating across a much widay ahich may simply inject more
options and uncertainty into the travel times and refueling station choices, and could be
explained by other factors than this dichotomy.

While the marginal cases add confidence to the main findings, caution must be
exergsed in extending these findings to other geographies. Factors such as traffic
congestion, road construction, familiarity with certain areas, individual comfort levels,
among others, could play a role in station selection, and these factors are not lousogen
across all cities. While enthusiastic early adopters will tolerate more inconvenience when
making their decision to purchase an AFV, convenience of the refueling infrastructure is
an important fact@ among othei® for mainstream vehicle purchasers timaist be
addressed in order to improx&V market share (Carley et &013). Future research on
these factors could yield further insights i
and help increase adoption rates. Further analysis usingypgithoice models may
reveal variables that lead drivers to choose a station closer to home versus one more
along the way.

The consistency of deviations by drivers refueling at the downtown station
compared to the other four is also noteworthy given Nicholag 201 0) fi ndi ng ¢t h
were a good predictor of gasoline demand except for downtown gasoline stations. In our
survey, the downtown CNG station performed quite typically of other stations with

respect to deviation times, matching the overall sampletsdsirly closely. This may
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point to the difference between a CBD location in a mature gasoline station network,
where there are usually several other stations outside the CBD that are also on the
driversodo paths, compar edARVistatibn néthosk, wheaeme | oc at
the downtown station might be the only station on the way.

An explanation for these results could involve the nature of these CNG drivers'
trips, which differ from those of gasolipowered light duty vehicles, both nationally
and locally. The 2009 National Highway Transportation Survey reports that 26.2% of all
trips are workanchored, though these trips do not necessarily include refueling. For a
more direct comparison, CNG drivers reported that-hifginer 63% of their refeling
trips were workanchored, while a companion gasoline survey conducted at stations near
the five CNG stations revealed conventional gasoline drivers refuel on the way to or from
work 52.4% of the time. Furthermore, weakchored trips are far moregwalent in this
sample of CNG drivers than the 29% reported by Kitamura and Sperling's survey of
diesel drivers in 1986. CNG drivers in this study also own more vehicles than their
gasoline counterparts and frequently cited HOV lane access as the asain fer
purchasing their AFV. These commuting drivers are exhibiting behaviors that are not
representative of conventional vehicles in more mature infrastructures, but they are
representative of suggested early adoption AFV policies that focus orcarulti
households who use their CNG vehicle primarily for wased trips of 20 miles or
more, which also include additional benefits of HOV lane access, cheaper fuel, and tax
credits (Melendez and Milbrandt 2008).

It is important to note that the networstations studied here were not planned

using either a flowbased or poinbased optimal location model. Nevertheless, drivers
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reacted to the ad hoc infrastructure in a fairly consistent manner in terms of favoring
leastdeviation refueling stops and@edian deviation of less than 7 minutes at all
stations. Placing CNG, hydrogen, or E85 facilities using#@sed models targeted at
consumer refueling convenience for early AFV adopters could produce even more
pronounced preference for minimizing detthan observed in Southern California CNG
drivers using these commercially based stations.

Also unexplored in this study are the impacts of refueling station locations on
near by c¢ ons unparchaséAF\Us.eRecest enopiticaltreasearch has provided
insight into the types of consumers who are willing to purchase AFVs (Tal et al. 2013),
but the role that proximity of infrastructur
purchase an AFV remains unclear. Visibility of infrastructure can have impagts\bn
adoption, as in the case of Argentina (Collantes and Melaina 2011), and could be a
promising avenue of future research, particularly with respect to early market sales
strategies aimed at boosting AFV adoption in targeted areas. The strategies for
maximizing early market sales may not necessarily coincide with the results of this study,
which analyzes how CNG drivers are utilizing an existing infrastructure. F2dure
inconclusive in this regard: dr redaousdd home |
either the surveyed stations or other publicly available stations, and in addition it is not
known whether these home locations are where the drivers lived when they purchased
their CNG vehicles. Finally, the CNG refueling stations in this studylocated in
industrial or commercial areas, and these results are certainly representative of station
locations at fleet bases, providing empirical data for decisiakers interested in these

types of locations for public AFV refueling infrastructure.
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2.5.Conclusion

For 59 drivers, or 22.8% of the surveyed population, the choice of station was an
easy one: they could refuel both close to home and minimize deviation. When no CNG
station exists that is both closest to home and most on theihewagyer, ten times as
many drivers are observed to refuel at the station requiring the least deviation as opposed
to the one closest to home. Within the clogedtome group, the station chosen was
ilal mo st edeviatioe statiom assvell in 80% ofeltases. In contrast, in the least
deviation group, the station chosen was fdaln
cases and was far from being almost closest to home (not within 10 minutes) in half the
cases. An additional 88 drivers, or 34%loé 259 total CNG drivers, chose a station that
fit neither description, but more of these drivers were far closer to minimizing detour than
to refueling at their closest facility to home. These results strongly suggest that more
initial CNG drivers defineonvenience in terms of avoiding large detours rather than by
proximity to home, though other factors may also impact their decisions.

Based on these conclusions, we suggest that the initial wave of AFV refueling
stations should be focused along freqlyetmaiveled paths of drivers, such as hewmrk
commute routes. Though placement of stations near residential areas will eventually
become important, early infrastructure should focus on-odiame commuting routes,
regardless of proximity to home locat® in order to serve likely early adopters of
CNGVs or other fastueling AFVs, who use their vehicles for specific reasons. These

findings have significant ramifications for early infrastructure planning of AFV refueling
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station locations, lending enmjmal evidence for the application of flelbased optimal
location models as opposed to pdimatsed models such as frenedian and max cover.

Given the small number of drivers (only 10) who opted for the station closest to
home when no station satisfiedtbariteria, this study did not explore the factors
influencing drivers to prefer stations close to home over stations on their way. Average
deviation size differed significantly between the two groups, but more importantly, trip
distances and travel tintgd not, meaning that those who chose to refuel at the station
closest to their home do not appear to be doing so because they are making significantly
shorter trips. The most promising lines of future inquiry are the gender difference (more
females) andhe size of the deviations, which were much larger for the group that opted
for the station closest to home.

Additional research into the AFV purchasing decisions of consumers with respect
to infrastructure placement is also necessary. This study foausesvoCNG drivers
optimally utilize existing infrastructure, but the role that infrastructure location plays in
the decision by a consumer to purchase a vehicle is a promising avenue of future study,
the findings from which could then be operationalized lacation model that minimizes
driver deviation and maximizes vehicle sales. The conclusions of this study need to be
validated against drivers in different regions operating on different transportation
infrastructures with stations located in moredestial or retail areas. These conclusions
are also not transferable to all alternative fuels or refueling infrastructures. AC/Level 2
electric vehicle charging stations should be determined by other criteria, given the long
charging time. We also cannottend these conclusions to alternative fuels with

significant use of home recharging or home refueling, because that would be expected to
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even further reduce the need for public recharging or refueling close to home. Likewise,
we do not yet know if thesesults translate to plug hybrid, flexfuel (multi-fuel) or

diesel venhicles that can easily fill up with gasoline or diesel when running low and no
charging station or E85 or biodiesel station is available on the way or close to home. For
installation ofAFV refueling stations that do not commonly serve dual vehicles or

refuel at home, such as hydrogen, CNG, and propane, these findings would be

appropriate.

Chapter 3. AFV Refueling Stations and the Complexity of Freeway Interchanges:
the Scale Dependency of Regional Highways on Local Street Networks
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3.1. Introduction

With the emerging success of alternative fuel vehicle (AFV) manufacturing
companies such as Tesla dhd introduction ohydrogen vehicles to the consumer
market in California in 2015, public interest in AFVs continues to grow. Though
recharging infrastructure for electric vehicles (EVs) has proliferated in recent years, it
remains sparse for fuels such as hydrogen, caspdenatural gas (CNG), liquefied
natural gas (LNG), and biofuels. This limited refueling infrastructure remains a crucial
barrier to widespread adoption of these vehicles, which differ from EVs in that they
refuel much more quickly and are generally reftieled at home. Initial placement of a
public network of refueling stations for these AFVs is thus a more critical need that
should be governed by a different set of location criteria than for EVs.

CNG and hydrogen are similar alternative fuels wigpeet to driving range
(200-300 miles) and refueling speed (around 5 minutes). Initial evidence from surveys of
CNG drivers conducted in Los Angeles indicates the appropriateness of deploying these
types of AFV refueling stations along frequently travgdaths instead of focusing on
residential areas (Kelley and Kuby 2013). In contrast, current development plans for
hydrogen refueling stations in California suggest locating initial stations near where
likely early adopters will live, followed by some stais that allow travel between
clusters (Ogden and Nicholas 2011; Greene et al. 2008). While it is reasonable that early
adopters would be more likely to purchase an AFV knowing there was a station near their
home (Fayaz et al. 2012), widespread sustasnedess at a metropolitan scale could be
limited by consumers' inability to drive along frequently traveled thoroughfares outside

of these homdased cluster areas if there were no reliable network of stations along the
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way. Further, initial stations icentrally located, visible locations could expose a greater
number of people from disparate areas of a region to AFV infrastructureciumemyy
(Collantes and Melain2011).

To address the impact of passing traffic, some have incorporated roads with high
traffic counts into their assessment of promising refueling station locations (Melendez
and Milbrandt 2008; Plummer et al. 1998; Goodchild and Noronha 1987), but simply
locating stations along busy roads cannot account for origins and destination of potential
refueling trips. Continuous approaches have also been explored to provide station
developers with minimum infrastructure needed along highway corridors (Sathaye and
Kelley 2013), but this work provides density guidelines instead of exact sites: Flow
based facility location models do provide exact locations for stations, and they do use
origin-destination traffic data, which accounts not just for volume but also direxftion
travel. This makes this classification of models applicable to metropolitan areas where
limited initial refueling infrastructure will be built.

Hodgson (1990) and Berman et al. (1992) introduced the firstdapturing
models, which locate facilitiesuch as banks or automated teller machines on amde
representation of a geographic network with the explicit goal of maximizing the amount
of traffic passing by these facilities. Flevapturing models have been considered for
many applications ouie of refueling station location, including billboard placement
(Averbakh and Berman 1996; Hodgson and Berman 1997), vehicle inspectionsstati
(Mirchandani et al1995), and locations for padndride facilities (Horner and Groves
2007). Kuby and Lim @005) specifically tailor this flovbased modeling logic to the

problem of where to deploy initial AFV refueling infrastructure, incorporating the limited
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driving range of AFVs in the Flow Refueling Location Model (FRLM). This model
allows paths to be tvarsable by potential AFV drivers by using a combination of
refueling facilities instead of the single f
formul ati on. Since the FRLM6s initial devel
solution time of the modeha helped to apply it to specific geographies (Capar et al.
2013; Kim and Kuby 2012; MirHassani and Ebrazzi 2012; Wang and Wang 2819);
et al. 2008 Wang and Lin 2009).

Flow-based models identify network nodes at which to locate facilities, but the
guestion of precisely where to acquire a parcel of land and bstiatianthat will
effectively capture passing traffic at a geographic representation of a road intersection
remains a challenge. Digital representation of geographic data used Hyaled
station location models is limited to relatively simple data structures due to the size and
complexity of the solution methods. While that process does allow the model to produce
a feasible solution, the omission of the local road network from regiepasentations
of a transportation network, or aggregation of them to simpler features, creates
uncertainty in the scalability of results between regional highway networks and local
street networks. Typically, companies that use operations research mitidess the
task of finding a suitable parcel to resdtate specialists, who will search within aiuad
of the optimal network nodes chosédimnot selected strategically, the final selected
parcel may be substantially less convenient than indicgtéaetdocation model.

Each day, hundreds of thousands of vehicles pass through areas where major
freeways intersect, making them likely optimal station sites for-Bbased models such

as the FRLM. Itis impossible, though, to build a refueling staii@city where
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limited-access highways intersect, requiring station developers to choose a location on
the nearby local street network if that freeway interchange site is selected. Therefore, a
driver 6s abil it yaccasohigeway, accea r refbeling stationlandmi t e d
continue their trip on a freeway with a minimal amount of confusion or detour is a likely
requirement for drivers to consider a station location near a freeway interchange as a
viable option for refueling, and is currently unagoted for in flowbased models for

AFYV station location. An example of this interrelationship between-Based modeling
results and the specific scale of street networks near freeway interchanges is

demonstrated in Figui1.
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Figure 3.1. Optimal locations for hydrogen stations for FRLM in Florida (left), and
the downtown station location area in Orlando, FL. Source: Kuby et al. 2009,
Google Maps.

The left panel of Figur8.1is an example of results generated by the Flow
Refueling Location Mdel (FRLM), which locatep facilities for the metropolitan
Orlando, Florida area. The node in the road network that represents the intersection of

Interstate 4 and State Highway 408 near downtown Orlando can capture the highest
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volume of passing traffiof any candidate site, making it an optimum station location for
the Orlando region. The right panel of Fig@r&is a detailed view of the location that
the FRLM recommends for hydrogen station construction, and it is unclear exactly where
to place thastation in such a way to facilitate refueling convenience for all passing
traffic, which is what the FRLM implicitly assumes. Currently, floased station
| ocation models represent a freeway 1 ntersec
a binay variable, but its actual ability to capture passing traffic may be better represented
as a proportion or fraction if station locations on the street network nearby are only
convenient for a subset of travel paths through the interchange.

One way to reasure this convenience is through analysis of deviations from a
shortest path to reach a station. The initial flmapturing models formulated by
Hodgson (1990) and Berman et al. (1992) were structured as location problems, not
locationallocation problens, since they did not explicitly account for where floased
demand was served, and did not take deviations from a shortest path into account.
Berman et al. (1995) first relaxed the constraint that customers must travel on a shortest
path between an @in and destination to reach a facility, allowing deviations. Since
then, deviations to reach a facility have been assessed by generating multiple paths aside
from the shortest one between origin and destination (Li and Huang 2€1ig et al.
2008. This is incorporated into éhDeviationFlow Refueling Location Model
(DFRLM) for AFV stations, which uses pgenerated alternative routes between origins
and destinations to produce an optimal solution, considering vehicle ranges and varying
deviation toleances (Kim and Kuby 2012). Yildiz et al. (2015) introduced a formulation

of the DFRLM that does not rely on pgenerated routes, improving the solution time.
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The magnitude of deviations in a road network is related to the relative positions
of origins and destinations (Miyagawa 2010), but what consumers consider to be
acceptable deviations on a road network is subject of recent study. Arslan et al. (2014)
found that 2.5% of AFV drivers prefer to refuel on travel paths that were not the shortest
travel @th, and that deviation tolerance is highé&ew refueling networks are more
sparse. They also note that drivers on longer trips do not consider deviations to reach
refueling stations to be a significant factor, since the deviation travel time and elistanc
a small percentage of their overall trip length. Lines et al. (2008) finds evidence for this
willingness to deviate, noting that early adopters stated that they would go a mile out of
their way in order to access a hydrogen refueling station in @rJdflorida. For travel
time deviation, Kelley and Kuby (2013) find that AFV drivers tolerate up to about a six
minute deviation when accessing compressed natural gas (CNG) stations in Southern
California before exhibiting a sharp decay. This deviaderance threshold will be
used here to assess accessibility of potential station locations from limited access
highways. If a driver can reach a station location that does not require them to deviate
beyond six minutes from their shortest path traveetiamd if this occurs for as many
travel directions as possible through a freeway interchange, a location may be considered
generally convenient for all drivers passing through these structures. Previous studies
that compare travel paths involving diffatesets of major highways or freeways do not
address the need to leave and return to limited access roads before continuing their trip,
which is a key contribution of this paper.

Intersections of freeways are often topologically complex structures with a

number of ramps, underpasses, overpasses, traffic signals, andpseeets, all of
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which may act as impedances between limited access highways and station locations on
surface streets, potentially limiting the willingness of drivers to access them. Thi
indicates that analysis of the local, hierarchical, complex road network including and
surrounding freeway interchanges is required for flaged models to effectively

provide recommendations for precise station locations, and is a previously unexplored
topic in the AFV station location literature. More generally, this issue highlights the
interrelationship between the effectiveness of locating refueling stations at the scale of a
regional highway network and the scale of local road networks neamafree

interchange.

From this foundation, the research question of this paper is: what is the expected
accessibility of potential AFV refueling station locations on local street networks near
freeway interchanges? Specifically, can these sites be accefisedimimal deviation
for all possible travel directions through complex freeway interchanges, and are there
relationships between effective locations and interchange design type and local network
characteristics that can be generalized across the studyaacepotentially, other
geographies? A new network GIS method is developed that can assess if a driver can
leave a limiteeaccess highway, reach a refueling station site, and continue on his or her
trip in a convenient manner for all possible traveédiions through a freeway
interchange. The design of an interchange (thfear-, and fiveway interchange
junctions), the relative prevalence of connector roads from entrances and exits, and
distance from the center of the interchange are all testedsagefueling accessibility
measures for potential station sites within one mile of freeway interchanges. Itis

hypothesized that more complex, dense, interchange networks should present a greater
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volume of good candidate sites than those with less leoityp It is also hypothesized

that good candidate sites are relatively close to a given interchange's center, but not
necessarily adjacent to freeway entrances or exits, since those provide convenient access
for only a subset of possible travel direasahat drivers navigate through these

structures. This focus on interchange network accessibility represents a key gap in the
AFYV station location literature that must be addressed given their frequent
recommendation by floweapturing facility location rmdels.

The greater Los Angeles area includes a relatively high number of freeway
interchanges compared to other metropolitan areas. Given the region's reliance on the
automobile for personal transportation, these freeway interchanges carry high volumes of
traffic through them each day, making them sites of interest to thebfsed modeling
approach for AFV station location. These intersections feature some consistent designs
(i.e., fourway cloverleaf, threavay Tf uncti on), but dotlelocabne 6 s
road network may differ. Those offering a greater variety of connectivity options from
freeway to local road and back may provide more promising locations for AFV
infrastructure placement, but could also act as barriers to drivers unabkettee station

and unwilling to navigate a complex local road network.

3.2. Data and Methods
Seventytwo freewayinterchanges are located in the greater Los Angeles
metropolitan area, and each was abstracted as a point feature in a GIS environment,

representing the approximate central location of the freeway interchange structure. From
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this central point, a ormile circularbuffer was created in GIS to define the extent of the
local road network of each freeway interchange, in which potentialrsfatauld be

built. Adaptive bufferghat account fononuniform directionality from a central point
have beemppliedin other studiesincluding those that account fpollution dispersion
(Chakraborty and Armstrong 1997), accessib{iiyller 1999) orconsumer preferences

in delineation of service areékabe and Kitamura 1996)While this study assumes a
simple circular buffer away from the central interchange point instead of these alternate
forms, this shapeas applied because it imknown if diectional bias exists in the
relationship between effective sities refueling stationand interchange cengerSince

only one station can be built within an interchange area during initial infrastructure
deployment, anthatstation must necessarily beclose proximity to the interchange in
order to capture all passing travel routiss ensureghat station developers will find

effective sitesn such locations

3.2.1 Interchange Metrics and Candidate Nodes

Within each onenmile circular buffer all nodes and arcs were used to compute
metrics relative to general interchange complexity. To ensure topological consistency, all
ends of arcs within the freeway interchange road network had to be coincident with a
node located within the oraile buffer, scarcs that crossed the boundary of the
interchange buffer were not considered part of theroite network.

Candidate nodes were defined as intersections of either arterial or collector
surface streets that were not topologically adjacent to freewaydockes that

represented underpasses or overpasses were excluded from the set of candidate nodes,
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and no additional candidate sites were generated along arcs beamelaatenodes.

Access arcs are those that facilitate access between surface stréegswaags, such as
on-ramps, offramps, or frontage roads that connect freeways to the surface streets. Exit
nodes are those near freeway entrances or exits, and defined as those candidate nodes that
represent a direct intersection between access ar¢hafatal street network, and all

other candidate ned within a 0.1 mile radiusThese are the types of locations where

gasoline stations are commonly found along highways and freeways, and the impact of
these locations' ability to serve all possibleétadirections through an interchange is of

interest to this study.

3.2.2 Freeway Traffic Capture Algorithm

This paper introduces a new method, named the Freeway Traffic Capture
Algorithm (FTCA). The algorithm generates a score that assesses the relative
effectiveness of each candidate n&déability to serve as a viable proximate station
location for the freeway interchange. It specifically measures if a street intersection can
capture as many travel paths as possible that pass through the nearby freeway interchange
with auserdefined deviabn threshold. For each candidate node, the algorithm
compares the shortest travel path through the interchange with no intermediary stops
against the shortest travel path through the interchange that includes one refueling stop at
the node in questionf the difference in travel time, also known as deviation, between
the two routes is tolerably low, then the node is considered a viable station location for

that particular travel direction.
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For this study, the deviation tolerance threshold is coresicker be six minutes,
which is the point at which deviation frequency began to decay among the sampled
population of 259 CNG drivers in Kelley and Kuby (2013). An illustration of an
interchange, the aforementioned metrics, and an example of a compétisvmelaroutes
is shown in Figur&.2. In this case, point A is an artificial origin and point C is an
artificial destination. Each of these points is along a limited access freeway. Point B is a
candidate node on the local street network. If thetekbpath, based on travel time, of a
sequential route that travels through points A, B, and C is no more than six minutes
greater than the shortest path travel time between only A and C, then location B is
considered a viable refueling station locationffeeway travelers moving from the west

to the north through this interchange.
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Figure 3.2. Example of a freeway interchange that illustratea deviation from a
shortest path along a freeway travel path to reach a station location.

To compute the shtast travel time paths for all interchanges and travel
directions, sets of artificial origin and destination points were generated for each freeway
interchange network along all limited access arcs both entering and leaving the local
network (Figure3.2). This allowed for the generation of shortest travel time paths
through the interchange (Figuse3), using all possible combinations of origin
destinationi{) pairs, except sarqgair routes, which were ignored for this analysis.
Threeway interchanges qeiired three origin and three destination points, creating 6
possible travel paths. Feway interchanges required four origin and four destinations
points, with a total of 12 travel paths (as shown in Figu8gahd fiveway interchanges

generated 20 avel paths.
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Figure 3.3. All possible shortest travel time paths (f) for a four-way interchange.

Prior to running the algorithm, artificial origin and destinations were abstracted as
point features using the Editor tool in ArcGl8.1, and were placed beyond the first exit
or entrance external to the interchange neighborhood. This ensures that all travel paths
can leave the limited access highway, reach any intersection of local roads within the
onemile interchange network, amdntinue along a freeway route to leave the vicinity.
For each possible travel path through the interchange, the shortest pati)tand (
distance is recorded and stored, and then each candidatkniodéné interchange
network is entered as a néwtermediary stop in the route. This new travel rotitg (
produces a separate shortest path travel time and distance, and if the difference between

the travel time ofy; andt; is less than six minutes, the candidate nédiéof that shortest
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paththrough the interchange is given a score of J £<1), otherwise, the route through
the node receives a score of QX 0). This process is repeated karodes in the
interchange, and then for each shortest path route, until all candidate nod=essed
for all travel directions. Finally, the Freeway Traffic Capture Algorithm so@)eg

computed for each candidate ndda the network, formally defined as:

B & (1)

CH

where:
A = algorithm score for candidate nokigcontinuous variable between 0 and 1)
Xok = for pathp through interchange, 1 it-t; O 6, O ot her wi se
tj = shortest travel path (in minutes) from artificial origto destination
ti; = shortest travelath (in minutes) from artificial originto candidate nodeto
destinatior
p= index of travel path through the interchange
P = total number of travel paths through the interchange

The algorithm was constructed in the Python 2.7 programming lanqarade,
accessed the Network Analyst submodule of ArcPy. The average computation time for
one travel direction for one interchange was 40 minutes, but varied depending on the
number of candidate nodes in the buffer area. The road network dataset thas@rotai
distances, travel times, and turn penalties was generated in the ArcGIS 10.1 environment

and realitychecked against results of popular web mapping APhe method

introduced in this study could easily be extended teawmular buffers in futurevork.
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3.2.3Traffic Flow

As constructed, the FTCA outlined in Section 2.2 inherently weights all possible
travel directions through an interchange equally, but certain travel routes through
interchanges carry more traffic than others. Uneven trddive i incorporated into the

weighted FTCA using the following equation, which is a variation on Equation 1:

(2)

where:

WA = weighted algorithm score (continuous variable between 0 and 1)
fp = traffic freeway traffic flow volume along travel pgth

Data on the traffic flow along the six, twelve, or twenty travel paths between the
artificial origins and destinations through the interchanges generally do not exist.
Available datasets typicalipclude flow volumes between traffic analysis zones and
traffic count data. The former employs predicted travel routes between zones to estimate
traffic flow volumes, but not observed data. Annual average daily traffic (AADT) data
from the California Hghway Department data repository for the year 2013 do provide
traffic counts (arc flows) at locations along limited access highways, which correspond to
the approximate locations of the digitized artificial origstination point locations. To
provide arough estimate of the amount of traffic moving along the six, twelve, or twenty
travel paths, the flow coefficient valud$ for each shortest travel path were derived as a
sum of the origin pointds inboundtrafficaf fi c vo

volume. This inherently doubleounts traffic flow through the interchange since at least
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