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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 their proliferation 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 along busy 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 they refueled. 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 carry high daily passing traffic volumes in 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 must be 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's 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, indicating that an ad hoc station location strategy is unlikely to succeed. 

Surveys were then conducted at CNG stations near freeway interchanges to assess how 
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drivers perceive and access refueling stations in these environments. Through 

comparative analysis of drivers' 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 role 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, decisions regarding energy are among the 

most important facing the international community.  Petroleum supplies cannot meet the 

dramatic increase in global demand in perpetuity, much of which is occurring in China 

and India.  Despite the highest level of domestic petroleum production in the country's 

history, drivers in the United States have experienced volatility 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 is almost completely 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 by petroleum 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 away from the reliance on the personal 

automobile and petroleum-based 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 widespread 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, passenger vehicles will continue to play an 

important role in transportation for the coming decades due to slow-changing 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 externalities 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 agencies, the transition 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 government experts, and the 

lack of a convenient refueling infrastructure was cited as the most critical barrier to AFV 

adoption.  With this in mind, the United States Department of Transportationôs Strategic 

Plan 2012-2016 includes a provision to ñdevelop infrastructure and distribution systems 

for advanced transportation energy sources including electricity and alternative fuels 

(p.57).ò 

Though both AFV refueling station developers and AFV manufacturers are 

acutely aware that a functional and convenient refueling infrastructure 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 because of the financial risks involved.  This ñchicken 

and egg problemò (Sperling 1990) has been a source of constant frustration for AFV 

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 industry experts argue that the most 
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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 possible that private 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 of where to place the initial refueling stations, then, is a crucial step to the 

eventual success of any AFV adoption policy. 

Infrastructure build-out carries inherent economic and political risk for those 

involved: investors stand to lose millions if consumers fail to adopt the technology.  More 

importantly, the long-term 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 

relative 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 nature of AFVs: some are capable of running 

on multiple fuels, such as flex-fuel vehicles, which can burn either E-85 (an 85% ethanol, 

15% gasoline blended fuel) or unleaded gasoline.  Hybrid vehicles, with both an electric 

motor and an internal combustion engine (ICE), 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, since drivers of these cars can always default to gasoline when 

running low on fuel. 

Electric vehicles (EVs) 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 Volt, and the Tesla Model S.  EVs appear in both hybrid and all-electric forms, 

but are distinct from other AFVs in that recharging times are substantially longer than 

their fast-fueling AFV counterparts.  Refueling infrastructure for these vehicles will differ 

from other AFV types in that relatively long recharging times restrict recharging 

locations to places where vehicles will stay parked, with the exception of fast-charging or 

battery switching stations.  Even with fast-charging stations available in some parts 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 (Nicholas et al. 2013).  

Recent studies on driver and refueling behavior of people who drive battery electric 

vehicles (BEVs) and plug-in hybrid electric vehicles (PHEVs) have been conducted to 

assess the driving and refueling behavior of these early AFV adopters (Nicholas 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 home, even if 
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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 from both the 

current transportation refueling network and EV charging infrastructure.  They are 

classified as "fast-fueling" AFVs since they can be refueled in similar times to gasoline 

vehicles, and by fuel pumps at facilities that very closely resemble modern gasoline 

stations. 

In contrast to hybrid vehicles or EVs, drivers of these fast-fueling 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 AFV adoption, 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 and refueling 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 refueling stations, 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 of time (Liu 2012) may be appropriate for the 

deployment of charging infrastructure for EVs, but cannot effectively meet the refueling 

needs of fast-fueling AFV drivers.  In addition, modeling approaches that are appropriate 

for fast-fueling AFV station deployment (Capar et al. 2013; Kim and Kuby 2012; 
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MirHassani and Ebrazzi 2012; Wang and Wang 2010; Zeng et al. 2008; Wang and Lin 

2009) currently have a number of crucial limitations, which must be addressed before 

they can be easily understood and applied by regional 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 AFV refueling 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 drivers will consider 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 of this 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 data on AFV driver and refueling behavior were not available at the time.  

The greater Los Angeles metropolitan is an ideal region in which to conduct this 

dissertation research for a number of reasons.  First, it is the only American city with a 

high number of consumers who drive CNG vehicles, which are single-fuel, fast-fueling 

AFVs that are generally not refueled at home.  Subsequently, Los Angeles has a high 

number of public CNG refueling stations.  Data gathered from the driving and refueling 

behaviors of these drivers can also be 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, automobile-dependent 

cities such as Atlanta, Houston, Phoenix, or Dallas-Fort Worth that may eventually be 

interested in transitioning to alternative fuels.  Finally, early adopters of CNG vehicles in 

Southern California enjoy incentives such as HOV lane access, tax credits, and lower fuel 

prices.  These incentives may be of interest in certain other regions and are relatively easy 

for regional governments to implement, making the Los Angeles region an interesting 

early bellwether of a large city in transition away from petroleum for transportation. 

The second chapter examines the applicability of existing AFV refueling facility 

location methods by testing how the observed behavior of early adopters of CNG 

vehicles in Southern California compares to the assumptions implicit in the two 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 isolated into categories to see 

whether they refueled at the station nearest to their homes or at stations on the way 

between their origins and destinations.  Results showed that consumers exhibited a strong 

preference toward the latter behavior, indicating that one classification of methods, flow-

based location models, is a more appropriate approach when locating early AFV 

infrastructure at a regional scale for fast-fueling AFVs.  The details of the general 

classifications of station location models are explored in Chapter 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 passing traffic across an area of 



8 

 

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 each day. 

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

road because of the high passing traffic volume on both roads.   

3) Logically, that means that intersections of freeways with arterial streets are 

even better sites because 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 on-ramp or off-ramp from 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 limited-access freeways 

see more passing traffic 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 serve as 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 refueling demand 
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with a minimal amount of investment, which would be of great interest to fuel station 

developers.  These are also the locations that are targeted by flow-based location models.  

The difficulty with placing refueling stations at such sites is that freeway 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 that pass by the 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 a station location 

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 those without.  Implications 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 intercept 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 

consider factors that may influence a driver's decision to refuel at a station near 
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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' choice sets is of interest, 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 regression analysis.  Theoretically, stations near freeway 

interchanges will serve a mixture of uses, including both local and distant trips.  It is 

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 any other intervening stops, or 

whether they more often avoid travel along the freeway when accessing the station at all.  

The logistic regression model helps to explore the factors that significantly differ between 

drivers who leave and return to the freeway for refueling 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 convenient 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 provide the theoretical 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 stand-alone tool 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 are more 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 survey of early 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 are completely freeway-anchored 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 issues continue to build with the worldôs singular 

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 

and health, and increased use of domestic energy resources. Light duty vehicles generate 

89% of all vehicle-miles 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% ethanol-15% gasoline blend) (Davis et al. 2011).  

 While few would argue the long-term benefits of an AFV transportation system, 

construction of an effective infrastructure to refuel and recharge these vehicles represents 

a substantial investment in capital and carries financial and political risks. As a result, the 

industry has encountered the ñchicken and eggò problem: automobile manufacturers 

hesitate to produce more AFVs without a basic refueling system in place, and station 

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 network of refueling 

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 locations so that drivers avoid ñrange anxiety,ò or the fear that they will run 

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 from the public (Struben and Sterman 2008; Flynn 2002).    

 Indeed, the lack of a convenient refueling infrastructure is consistently cited as the 

largest barrier to widespread AFV adoption and displacement of gasoline-powered 

vehicles (Johns et al. 2009; Zhao and Melainia 2006; 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 order to reach this point, the task of initial infrastructure 

investment usually falls to the government (Collantes and Melaina 2011; Yeh 2007).  

Wise investments are necessary before the refueling infrastructure becomes viable, which 

makes the siting of initial stations 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 Sperling (1987) 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 how early adopters of fast-fueling 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 driverôs home. 
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Since that time, more empirical studies of AFV driver behavior, perceptions, and 

adoption barriers have been conducted, largely on plug-in electric 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 early AFV adopter 

(Carley et al. 2013; Caparello and Kurani 2011; Kurani et al. 2009; Gonder et al. 2007).  

Transferability of these data to refueling infrastructure for fast-fueling AFVs is tenuous, 

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 battery-switching stations.  Empirical data remains sparse, though, for 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 1983-84), diesel station networks 

were already more well-established (1/10
th
 as many stations as gasoline) than the 

infrastructure for todayôs alternative fuels. Second, the analytical tools available to 

researchers within the GIS environment have increased dramatically. Finally, in the three 

decades since Sperling and Kitamura conducted their surveys, few studies have focused 

on refueling station choice by fast-fueling 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 gasoline sales to try to identify determinants of future alternative-fuel 

demand. He found that vehicle-kilometers traveled (VKT) was a better predictor of 

gallons of gasoline sold than population, although high VKT did not produce high 

gasoline demand near the central business district. Nicholas concluded that ñthe route 
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between home and the nearest freeway entrance may help predict a large portion of 

refueling and merits further investigationò (p. 738).      

At the time of the Kitamura and Sperling studies, it was widely assumed that 

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

Society of Planning Officials 1973), and consistent with that assumption, Kitamura and 

Sperling (1987) found that 75% of refueling trips were made on their way to 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 and Ogden 2006; 

Nicholas et al. 2004; Goodchild and Noronha 1987).  The common theme across this 

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

ñconvenienceò by analyzing travel times and distances for future AFV adopters.  Only 9% 

of the home-anchored 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 found that 

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

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

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

leading them to conclude that ñécommuting routes are perhaps an important 

consideration in designing an effective distribution network for new fuelsò (p. 243).  

Activity-based approaches have become more common in transportation modeling 

(Pendyala et al. 2002), and even incorporate trip chaining explicitly in station location 

modeling (Kang and Recker 2013), signaling that refueling events may be linked to 
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differing kinds of trips.  Left unanswered was what AFV drivers considered to be more 

convenient: station proximity to home, or availability of refueling stations along their 

frequently traveled paths. 

What fast-fueling AFVs drivers consider as convenient refueling locations carries 

some inherent ambiguity and also remains unresolved.  In addition to station familiarity, 

comfort, and perceptions of safety and reliability, minimizing detours in order to refuel 

stands as an important metric (Kuby and Lim 2005; Kuby et al. 2009).  Lines et al (2009) 

conducted surveys at the Orlando International Airport, 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 behavior of fast-fueling 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 that is both closest to home and most 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 refuel at the 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 decide which type of optimal 

facility location model to use for station network planning. Generally, these fall into two 

categories: 1) point-based models (Hakimi 1964; Revelle and Swain 1970; Church and 

Revelle 1974) and 2) flow-based models (Zeng et al. 2008; Hodgson 1990; Kuby and 



17 

 

Lim 2005; Kim and Kuby 2012). Point-based 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 distance from all demand nodes to 

their closest facility, as in the p-median model (Hakimi 1964; Revelle and Swain 1970), 

or serve as many customers as possible within a maximum distance or travel time, as in 

the max cover model (Church and Revelle 1974). Point-based 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 destination. 

 A second class of modelsðflow-based location modelsï aim to serve demand 

consisting of paths on a network (Zeng et al. 2008). Flow-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 (O-D) trip matrix and shortest distance or travel time paths generated for each 

O-D pair. The pioneering flow-capturing 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 captured by more than one facility (Hodgson 1990). 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 do not run out of fuel (Kuby and Lim 

2005). The deviation flow-refueling location model (DFRLM) is an extension of the 

FRLM that incorporates driversô willingness to deviate from their shortest paths (Kim 
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and Kuby 2012). Some form of path-based 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 

Sperlingôs 1986 and 1987 studies. We then used GIS analysis to calculate: a) how far off 

the shortest 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.  

 

2.2.1 Survey 

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 

single-fuel AFVs that can be quickly refueled. While many consumers drive flex-fuel 

vehicles, these vehicles can be filled with E85 or unleaded gasoline, making their 

refueling behavior unrepresentative of how consumers adapt to a sparse network of 

stations. Similar arguments can be made against studying gas-electric plug-in 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 CNG-powered 
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car produced by an original equipment manufacturer (OEM) at that time, although some 

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 (Figure 2.1). These stations 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 Stadium. Clean Energyôs downtown station is next to 

the cityôs central business district (CBD). Their Santa Monica facility is located on 

arterial streets not directly accessible from freeway exits. Clean Energy also operates the 

Burbank and Santa Ana stations, both of which 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, polycentric city. 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 unusual in Southern California, and CNGôs 

relatively low fuel cost compared to gasoline ($2.30-$2.90 per gallon of gasoline 

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

vehicles. Similar incentives may be introduced as mechanisms to boost fast-fueling 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 study of future consumer hydrogen demand, 



21 

 

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 government, industry, and academia.  

 The question of what drivers consider a ñconvenientò station location should be 

approached carefully, because the choices were limited by the nature of the existing AFV 

refueling infrastructure. Clean Energy Fuels and Trillium located 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 initially included 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 cost-effective to continue. The Greater Los Angeles area, though, 

currently has one of the most mature publicly available 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 socio-demographic information, vehicle 

ownership, reasons for 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 refueling 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 cross-streets or exact locations provided by the 

respondent.   
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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 that 15- 20 surveys 

were collected for weekday morning (before 11 a. m.), mid-day (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 survey.  The full survey 

instrument can be found in Appendix A 

 

2.2.2 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 along well-

travelled driving routes. One metric of convenience is deviation: that is, the time required 

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

 
Figure 2.2. Comparison of least travel-time direct path and refueling path, which 

forms the basis for deviation calculations. 
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 We generated shortest paths between each driverôs previous and next stops with 

and without the station as an intermediate stop based on least travel time (Figure 2.2).  

The focus on immediate stops before and after the station parallels Kitamura and 

Sperling'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 comparing route times 

against the GoogleMaps API. Using scripts created with ModelBuilder and Python to 

automate the calculations within ArcGIS 10ôs Network Analyst, we computed the 

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

 

2.2.3 Closest Facility vs. Least Deviation Analysis 

To address the degree to which station proximity to home influences refueling 

behavior, we derived the travel time between each respondentôs home location and their 

closest CNG refueling facility using ArcGIS Network Analystôs Closest Facility tool 

(Figure 2.3). 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 refueling route from origin at work (1) to destination at 

home (2) where a 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 refueled, it implies that the 

driver chose a different station for reasons other than simple proximity to home. This 

analysis is therefore a useful diagnostic for whether point-based location models such as 

the p-median and max-cover models are appropriate for siting stations.  Likewise, a test 

of validity for the application of flow-based facility location models would be to 

demonstrate that drivers refuel somewhere along a route between origin and destination, 

regardless of that facilityôs proximity to home. To analyze this behavior, we calculated 

the travel time for the two-step trips from each driverôs previous stop to all candidate 

stations and then to each driverôs next stop, using the same station list as for the closest 

facility analysis. We refer to the resulting shortest possible path to a refueling station 

between any given O-D pair as the least-deviation route. We then determined whether the 



25 

 

driver actually selected this station, in similar fashion to the closest facility analysis 

(Figure 2.3).  

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 the least-deviation 

station.  As mentioned previously, a driver could conceivably select a station that is both 

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 stations, and does not 

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 closest to home rather than the 

least-deviation 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.  They noted 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 chosen stations 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 facility closest 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 was almost the closest to home or almost the one 
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requiring the least deviation by rank or magnitude (e.g., less than five minutes more, or 

2
nd

 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 whether the 

drivers in the ñneitherò category narrowly missed being in the closest to home or least-

deviation categories. This methodology is then extended to other categories to provide a 

more robust categorization that can detect whether the closest-station or least-deviation 

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, as we do not know the driversô familiarity with the entire CNG refueling 

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 drivers 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 used t-tests to analyze differences 

in trip characteristics between the closest-to-home and least-deviation 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 

(Table 2.1). Given that CNG stations in Southern California were located at an 

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

consistent across stations, despite the fact that trip lengths vary widely across the stations: 

Burbankôs average trip length is 3.5 times longer than Santa Anaôs, though their 

deviations were similar.  Table 2.1 shows that at every station surveyed, less than half of 

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 

Collected 

Median 

Deviation 

(minutes) 

% Closest 

to Home 

% Least 

Deviation 

Mean Trip 

Length 

(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 Table 2.1.  Since these two classifications are not independent, 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 of point-based 

versus flow-based facility location models for placing early AFV refueling infrastructure. 

 

2.3.1 Analysis of Station Chosen 

Table 2.2 classifies the populations into the 2x2 matrix based on the closest-

facility and least-deviation analyses, and labels the cells accordingly. Over 22% of the 

population, the ñbothò group of 59 drivers, had an easy decision: they could refuel at the 
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station closest 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 

occurrence of refueling at either the closest station or the least-deviation station but not at 

a station that satisfied both criteria, CNG drivers selected the refueling station that 

requires the least amount of deviation by an order of magnitude (102:10) over their 

closest facility to home. 

 

Table 2.2 Categorization of refueling station selection of all CNG drivers surveyed.  

CATEGORIES Closest to Home 
Not Closest to 

Home 

Least Deviation 
ñbothò 

59 

ñleast deviationò 

102 

Not Least 

Deviation 

ñclosestò 

10 

ñneitherò 

88 

 

We next examine whether drivers chose a station that was ñalmostò closest to 

home or the least deviation (Table 2.3).  Of the ten drivers who chose a station closest to 

home rather than one that minimized deviation, eight refueled at the station with the 2
nd

 

smallest deviation, i.e., 80% ñalmostò took the smallest deviation.  Conversely, of the 102 

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

station that was 2
nd

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

rank of stations. 

RANK  
Closest to 

Home 

2nd Closest 

to Home 

3rd Closest 

to Home 

4th or More 

Closest 
TOTALS  

Least 

Deviation 
59 36 15 51 161 

2nd Least 

Deviation 
8 13 3 13 37 

3rd Least 

Deviation 
2 4 7 8 21 

4th or 

Greater 

Deviation 

0 2 4 34 40 

TOTALS  69 55 29 106 259 

 

Figure 2.4 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, 

the 59 drivers in the ñBothò group are shown at the origin at (0,0), while the 102 drivers 

in the least-deviation group are on the x-axis and the 10 drivers in the ñclosest to homeò 

group are on the y-axis. All 10 of the drivers who chose the station closest to home 

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

chose the least-deviation 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 least 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 drivers in the ñneitherò category in the interior of 

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 reverse 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 minute.  Only 

one driver refueled in the reverse manner.  Finally, 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, sub-optimal decision making, unattractiveness of the bypassed stations and 

other factors such as safety, comfort, and familiarity with the network may have 

influenced these driversô refueling behavior. 

Finally, Figure 2.5 highlights the spatial relationship of the surveyed CNG 

driversô home locations and the station at which they chose to refuel.  In general, these 

ñdesire linesò (Berry, 1967) show that surveyed drivers did not refuel at the closest 

station to their home: only 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 Figure 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 actually chose. 



32 

 

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

refueled. 
 

2.3.2 Comparison of the Four Groups 

Descriptive statistics for the four groups from Table 2.2 are shown in Table 2.4. 

Trip lengths are substantially higher for the 88 drivers in the ñneitherò group than the 59 

in the ñbothò group (21.68 vs. 6.75 miles), and their deviations are also largest.  Perhaps 

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

ñclosestò group is quite small (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 work-anchored trips.  Many other characteristics (employment levels, age, 

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

Kitamuraôs (1986) conclusion that ñrefueling concerns and attitudes é were not 
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explained by socioeconomic (and to a lesser extent, demographic) descriptors nor by 

vehicle usage characteristics of driversò (p. 22). 

 

Table 2.4. Incorporation of marginal cases into the absolute 2x2 classification, by 

time difference between stations. 

TIME  
Closest to 

Home 

<5 min. 

Closest to 

Home 

5-10 min. 

Closest to 

Home 

>10 min. 

Closest to 

Home 

TOTALS  

Least 

Deviation 
59 32 19 51 161 

<5 min. 

Least 

Deviation 

10 11 7 22 50 

5-10 min. 

Least 

Deviation 

0 4 4 16 24 

>10 min. 

Least 

Deviation 

0 1 3 20 24 

TOTALS  69 55 29 106 259 

  

 Turning to the primary reason for station selection (Table 2.5), 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 ñconvenient location.ò This suggests that different 

individuals have different definitions and thresholds for convenience, in that drivers who 

selected a station neither closest to home nor with least deviation cited their stationôs 

location as ñconvenientò as frequently as those who actually achieved at least one of 

those optima. 
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Table 2.5. Primary Reason for Choosing Refueling Station. 

Category 
Brand 

loyalty 

Convenient 

location 

Low 

fuel 

price 

Right-

hand 

turn  

Running 

out of 

fuel 

No 

Answer 
Total 

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

Least 

Deviation 
1.0% 73.8% 9.7% 0% 15.5% 0% 103 

Closest to 

Home 
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 closest-to-home group actually cited ñconvenient locationò with the lowest 

frequency (60%) and ñrunning out of fuelò with the highest frequency (30%). Refueling 

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 

was ñneitherò closest to home 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 

higher brand loyalty and price preferences than those in the ñclosest to homeò and ñleast 

deviationò choice groups. Overall, station selection appears to be overwhelmingly driven 

by some perception of convenience, with equal ancillary reasons of low prices and low 

tank levels. 

 

2.3.3 Comparison of the Two Groups Faced with a Choice 

We ran independent samples difference-of-means tests to compare trip 

characteristics of the ñclosest-to-homeò and ñleast-deviationò groups (Table 2.6). 

Deviations by the least-deviation group were significantly smaller, unsurprising given the 
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classification scheme, but an important validation of the refueling criteria. Much more 

surprising is that travel times and trip distances are not significantly different between the 

two choice groups, though the small sample size (n=10) of the closest to home group 

makes this finding somewhat 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 are making significantly longer trip than those who choose to refuel closest to 

home. The implication here is that trip length may not be a significant factor in preferring 

stations on the way over stations near home. In fact, both groups had average trip lengths 

well above the 20-minute threshold proposed by Melendez and Milbrandt (2006) for 

identifying likely hydrogen vehicle early adopters.  

 

Table 2.6. Difference of means results for choice groups. p1: Equal variances 

assumed, p2: Equal variances not assumed. *significant at Ŭ = .05 level 

Attribute  

Least Deviation 

(n=102) 

Closest to Home 

(n=10) 
 

xĖ 1 ů1 xĖ 2 ů2 p1 p2 

Deviation 

(minutes) 
4.23 4.01 7.12 2.94 .029* .014* 

Travel 

Time 

(minutes) 

36.73 62.18 28.08 11.36 .663 .227 

Trip 

Distance 

(miles) 

25.65 62.97 15.80 9.44 .623 .156 

 

2.3.4 Subjective vs. Objective Detours 

Lastly, we compare the subjective and objective definitions of ñdetourò of survey 

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, a 
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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 hereða subjective determination that could 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 minutes, compared with 6.41 minutes for those 

who said they did not detour (p=.007). Thus, the calculated deviations are in line with the 

perceived deviations. There was an even larger difference (p<.001) in average calculated 

deviation between those who subjectively said they detoured within the least-deviation 

group (4.32 minutes) and the closest-to-home 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, 66, said they did not. 

 

2.4. 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 shows a strong preference toward 

minimizing detours, and analysis of the marginal cases by facility rank and time 

magnitude reveals that considerably more drivers chose a station that was ñalmostò the 

least-deviation station than chose a station that was ñalmostò closest to home. The 

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 located on a major 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 wider area, which 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 

exercised 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 homogenous 

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 factorðamong othersðfor mainstream vehicle purchasers that must be 

addressed in order to improve AFV market share (Carley et al. 2013). Future research on 

these factors could yield further insights into driversô reasons for refueling where they do 

and help increase adoption rates. Further analysis using logit-type choice 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 Nicholasô (2010) finding that VKT 

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 sample results fairly 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 

driversô paths, compared with the same location in a sparse AFV station network, where 

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 gasoline-powered light duty vehicles, both nationally 

and locally.  The 2009 National Highway Transportation Survey reports that 26.2% of all 

trips are work-anchored, though these trips do not necessarily include refueling.  For a 

more direct comparison, CNG drivers reported that a far-higher 63% of their refueling 

trips were work-anchored, 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, work-anchored trips are far more prevalent 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 main reason for 

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 on multi-car 

households who use their CNG vehicle primarily for work-based 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 networks of stations studied here were not planned 

using either a flow-based or point-based optimal location model. Nevertheless, drivers 
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reacted to the ad hoc infrastructure in a fairly consistent manner in terms of favoring 

least-deviation refueling stops and a median deviation of less than 7 minutes at all 

stations. Placing CNG, hydrogen, or E85 facilities using flow-based models targeted at 

consumer refueling convenience for early AFV adopters could produce even more 

pronounced preference for minimizing detour than observed in Southern California CNG 

drivers using these commercially based stations. 

Also unexplored in this study are the impacts of refueling station locations on 

nearby consumersô decision to purchase AFVs.  Recent empirical research has provided 

insight into the types of consumers who are willing to purchase AFVs (Tal et al. 2013), 

but the role that proximity of infrastructure to driversô home locations in deciding to 

purchase an AFV remains unclear. Visibility of infrastructure can have impacts on AFV 

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.  Figure 2.5 is 

inconclusive in this regard: driversô home locations do not appear to be clustered around 

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 study are located in 

industrial or commercial areas, and these results are certainly representative of station 

locations at fleet bases, providing empirical data for decision-makers 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 their way, however, 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 closest-to-home group, the station chosen was 

ñalmostò the least-deviation station as well in 80% of the cases. In contrast, in the least-

deviation group, the station chosen was ñalmostò closest to home in only about 1/3 of the 

cases and was far from being almost closest to home (not within 10 minutes) in half the 

cases. An additional 88 drivers, or 34% of the 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 define convenience 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 frequently traveled paths of drivers, such as home-work 

commute routes. Though placement of stations near residential areas will eventually 

become important, early infrastructure should focus on high-volume commuting routes, 

regardless of proximity to home locations, in order to serve likely early adopters of 

CNGVs or other fast-fueling 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 empirical evidence for the application of flow-based optimal 

location models as opposed to point-based models such as the p-median and max cover. 

Given the small number of drivers (only 10) who opted for the station closest to 

home when no station satisfied both criteria, 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 time did 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) and the 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 focuses on how CNG 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 in a location 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 more residential 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 cannot extend 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 these results translate to plug-in hybrid, flex-fuel (multi-fuel) or 

diesel vehicles 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 of AFV refueling stations that do not commonly serve dual-fuel 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 

 



43 

 

3.1. Introduction 

 With the emerging success of alternative fuel vehicle (AFV) manufacturing 

companies such as Tesla and the introduction of hydrogen 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, compressed natural 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 not refueled 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 with respect 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 traveled paths 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 stations 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 sustained success at a metropolitan scale could be 

limited by consumers' inability to drive along frequently traveled thoroughfares outside 

of these home-based cluster areas if there were no reliable network of stations along the 
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way.  Further, initial stations in centrally located, visible locations could expose a greater 

number of people from disparate areas of a region to AFV infrastructure and technology 

(Collantes and Melaina 2011). 

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 direction of 

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 first flow-capturing 

models, which locate facilities such as banks or automated teller machines on an arc-node 

representation of a geographic network with the explicit goal of maximizing the amount 

of traffic passing by these facilities.  Flow-capturing models have been considered for 

many applications outside of refueling station location, including billboard placement 

(Averbakh and Berman 1996; Hodgson and Berman 1997), vehicle inspection stations 

(Mirchandani et al. 1995), and locations for park-and-ride facilities (Horner and Groves 

2007).  Kuby and Lim (2005) specifically tailor this flow-based 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 traversable by potential AFV drivers by using a combination of 

refueling facilities instead of the single facility constraint in Hodgsonôs (1990) 

formulation.  Since the FRLMôs initial development, reformulations have improved the 

solution time of the model and helped to apply it to specific geographies (Capar et al. 

2013; Kim and Kuby 2012; MirHassani and Ebrazzi 2012; Wang and Wang 2010; Zeng 

et al. 2008; Wang and Lin 2009).   

Flow-based models identify network nodes at which to locate facilities, but the 

question of precisely where to acquire a parcel of land and build a station that will 

effectively capture passing traffic at a geographic representation of a road intersection 

remains a challenge.  Digital representation of geographic data used by flow-based 

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 regional representations 

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 models will pass the 

task of finding a suitable parcel to real-estate specialists, who will search within a radius 

of the optimal network nodes chosen. If not selected strategically, the final selected 

parcel may be substantially less convenient than indicated by the location model. 

Each day, hundreds of thousands of vehicles pass through areas where major 

freeways intersect, making them likely optimal station sites for flow-based models such 

as the FRLM.   It is impossible, though, to build a refueling station directly 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 

driverôs ability to exit a busy, limited-access highway, access a refueling station, and 

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 unaccounted for in flow-based models for 

AFV station location.  An example of this interrelationship between flow-based modeling 

results and the specific scale of street networks near freeway interchanges is 

demonstrated in Figure 3.1. 

 

 
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 Figure 3.1 is an example of results generated by the Flow 

Refueling Location Model (FRLM), which locates p 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 traffic of any candidate site, making it an optimum station location for 

the Orlando region.  The right panel of Figure 3.1 is a detailed view of the location that 

the FRLM recommends for hydrogen station construction, and it is unclear exactly where 

to place that station in such a way to facilitate refueling convenience for all passing 

traffic, which is what the FRLM implicitly assumes.  Currently, flow-based station 

location models represent a freeway intersection nodeôs interception of passing traffic as 

a binary 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 measure this convenience is through analysis of deviations from a 

shortest path to reach a station.  The initial flow-capturing models formulated by 

Hodgson (1990) and Berman et al. (1992) were structured as location problems, not 

location-allocation problems, since they did not explicitly account for where flow-based 

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 origin 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 2014; Zeng et al. 

2008).  This is incorporated into the Deviation Flow Refueling Location Model 

(DFRLM) for AFV stations, which uses pre-generated alternative routes between origins 

and destinations to produce an optimal solution, considering vehicle ranges and varying 

deviation tolerances (Kim and Kuby 2012).  Yildiz et al. (2015) introduced a formulation 

of the DFRLM that does not rely on pre-generated 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 path, and that deviation tolerance is higher when 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 distance is 

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 Orlando, Florida.  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 deviation tolerance 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 travel time, and 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 different sets 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, and one-way streets, 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.  This 

indicates that analysis of the local, hierarchical, complex road network including and 

surrounding freeway interchanges is required for flow-based 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 near a freeway 

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 accessed with minimal 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 study area, and potentially, other 

geographies?  A new network GIS method is developed that can assess if a driver can 

leave a limited-access highway, reach a refueling station site, and continue on his or her 

trip in a convenient manner for all possible travel directions through a freeway 

interchange.  The design of an interchange (three-, four-, and five-way interchange 

junctions), the relative prevalence of connector roads from entrances and exits, and 

distance from the center of the interchange are all tested against refueling accessibility 

measures for potential station sites within one mile of freeway interchanges.  It is 

hypothesized that more complex, dense, interchange networks should present a greater 
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volume of good candidate sites than those with less complexity.  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 directions that drivers navigate through these 

structures.  This focus on interchange network accessibility represents a key gap in the 

AFV station location literature that must be addressed given their frequent 

recommendation by flow-capturing facility location models. 

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 the flow-based modeling 

approach for AFV station location.   These intersections feature some consistent designs 

(i.e., four-way cloverleaf, three-way T-junction), but each oneôs connectivity to the local 

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 unable to see the station 

and unwilling to navigate a complex local road network. 

   

 

3.2. Data and Methods 

 Seventy-two freeway interchanges 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 one-mile circular buffer was created in GIS to define the extent of the 

local road network of each freeway interchange, in which potential stations could be 

built.  Adaptive buffers that account for non-uniform directionality from a central point 

have been applied in other studies, including those that account for pollution dispersion 

(Chakraborty and Armstrong 1997), accessibility (Miller 1999) or consumer preferences 

in delineation of service areas (Okabe and Kitamura 1996).  While this study assumes a 

simple circular buffer away from the central interchange point instead of these alternate 

forms, this shape is applied because it is unknown if directional bias exists in the 

relationship between effective sites for refueling stations and interchange centers.  Since 

only one station can be built within an interchange area during initial infrastructure 

deployment, and that station must necessarily be in close proximity to the interchange in 

order to capture all passing travel routes, this ensures that station developers will find 

effective sites in such locations. 

 

3.2.1 Interchange Metrics and Candidate Nodes 

Within each one-mile 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 one-mile buffer, so arcs that crossed the boundary of the 

interchange buffer were not considered part of the one-mile network. 

Candidate nodes were defined as intersections of either arterial or collector 

surface streets that were not topologically adjacent to freeway arcs.  Nodes 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 between candidate nodes.  

Access arcs are those that facilitate access between surface streets and freeways, such as 

on-ramps, off-ramps, 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 arcs and the local street network, and all 

other candidate nodes within a 0.1 mile radius.  These 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 possible travel directions 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 node kôs ability 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 a user-defined deviation 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 question.  If 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 considered to 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 comparison of travel routes 

is shown in Figure 3.2.  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 the shortest path, 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 location for freeway travelers moving from the west 

to the north through this interchange.  
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Figure 3.2. Example of a freeway interchange that illustrates a deviation from a 

shortest path along a freeway travel path to reach a station location. 

 

To compute the shortest 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 (Figure 3.2).  This allowed for the generation of shortest travel time paths 

through the interchange (Figure 3.3), using all possible combinations of origin-

destination (ij ) pairs, except same-pair routes, which were ignored for this analysis.  

Three-way interchanges required three origin and three destination points, creating 6 

possible travel paths.  Four-way interchanges required four origin and four destinations 

points, with a total of 12 travel paths (as shown in Figure 3.3) and five-way interchanges 

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

 

 

Prior to running the algorithm, artificial origin and destinations were abstracted as 

point features using the Editor tool in ArcGIS 10.1, 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 

one-mile interchange network, and continue along a freeway route to leave the vicinity.  

For each possible travel path through the interchange, the shortest path time (tij) and 

distance is recorded and stored, and then each candidate node (k) in the interchange 

network is entered as a new intermediary stop in the route.  This new travel route (tikj) 

produces a separate shortest path travel time and distance, and if the difference between 

the travel time of tikj and tij is less than six minutes, the candidate node (k) for that shortest 



56 

 

path through the interchange is given a score of 1 (Xpk = 1), otherwise, the route through 

the node receives a score of 0 (Xpk = 0).  This process is repeated for k nodes in the 

interchange, and then for each shortest path route, until all candidate nodes are assessed 

for all travel directions.  Finally, the Freeway Traffic Capture Algorithm score (Ak) is 

computed for each candidate node k in the network, formally defined as: 

 

               (1) 

 

where: 

Ak = algorithm score for candidate node k (continuous variable between 0 and 1) 

Xpk = for path p through interchange, 1 if tikj - tij Ò 6, 0 otherwise 

tij = shortest travel path (in minutes) from artificial origin i to destination j  

tikj = shortest travel path (in minutes) from artificial origin i to candidate node k to 

destination j 

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 language, and 

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 that contains arc 

distances, travel times, and turn penalties was generated in the ArcGIS 10.1 environment 

and reality-checked against results of popular web mapping APIs.  The method 

introduced in this study could easily be extended to non-circular buffers in future work. 
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3.2.3 Traffic 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 traffic flow is incorporated into the 

weighted FTCA using the following equation, which is a variation on Equation 1: 
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        (2) 

where: 

WAk = weighted algorithm score (continuous variable between 0 and 1) 

fp = traffic freeway traffic flow volume along travel path p 

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 typically include 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 Highway 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 origin-destination point locations.  To 

provide a rough estimate of the amount of traffic moving along the six, twelve, or twenty 

travel paths, the flow coefficient values (f) for each shortest travel path were derived as a 

sum of the origin pointôs inbound traffic volume and outbound destination pointôs traffic 

volume.  This inherently double-counts traffic flow through the interchange since at least 


