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SUMMARY  

Suburban growth in the U.S. urban regions has been defined by large subdivisions 

of single-family detached units. This growth is made possible by the mobility supported 

by automobiles and an extensive highway network. These dispersed and highly 

automobile-dependent developments have generated a large body of work examining the 

socioeconomic and environmental impacts of suburban growth on cities. The particular 

debate that this study addresses is whether suburban residents are more energy intensive 

in their travel behavior than central city residents. If indeed suburban residents have 

needs that are not satisfied by the amenities around them, they may be traveling farther to 

access such services. However, if suburbs are becoming like cities with a wide range of 

services and amenities, travel might be contained and no different from the travel 

behavior of residents in central areas.  

This paper will compare the effects of long term suburban growth on travel 

behavior, energy consumption, and GHG emissions through a case study of 

neighborhoods in central Phoenix and the city of Gilbert, both in the Phoenix 

metropolitan region. Motorized travel patterns in these study areas will be generated 

using 2001 and 2009 National Household Travel Survey (NHTS) data by building a four-

step transportation demand model in TransCAD. Energy consumption and GHG 

emissions, including both Carbon Dioxide (CO2) and Nitrous Oxide (N2O) for each study 

area will be estimated based on the corresponding trip distribution results. The final 

normalized outcomes will not only be compared spatially between Phoenix and Gilbert 

within the same year, but also temporally between years 2001 and 2009 to determine how 

the different land use changes in those places influenced travel. 

The results from this study reveal that suburban growth does have an impact on 

peopleôs travel behaviors. As suburbs grew and diversified, the difference in travel 

behavior between people living in suburban and urban areas became smaller. In the case 



 xiv 

of shopping trips the average length of trips for suburban residents in 2009 was slightly 

shorter than that for central city residents. This convergence was substantially due to the 

faster growth in trip lengths for central city compared to suburban residents in the 8-year 

period. However, suburban residents continue to be more energy intensive in their travel 

behavior, as the effect of reduction in trip length is likely to be offset by the more 

intensive growth in trip frequency. Additionally, overall energy consumption has grown 

significantly in both study areas over the period of study. 
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CHAPTER 1 

INTRODUCTION AND BACKGROUND  

1.1 Introduction  

Suburban growth in the U.S. urban regions has been defined by large subdivisions of 

single-family detached units. This growth was made possible by the mobility supported 

by automobiles and an extensive highway network. The suburbanization process was not 

free at all, as it comes with expensive economic, social, and environmental costs.  

In the past decade, vehicle miles of traveled (VMT)  in the U.S., grew from 2.6 

trillion in 2000 to close to 3.4 trillion in 2011 (US Department of Transportation, 2011). 

Such rapid growth made transportation the largest gasoline consumer among all groups, 

occupying 71% of the total Petroleum use in United States, as shown in Figure 1.1. The 

large consumption of energy made the United Sates more dependent on petroleum 

import, which has raised concerns regarding national security issues for a long time.  

 

Figure 1.1: Percentage of Total U.S. Petroleum Use by Sector in 2009 

Source: U.S. Department of Transportation Statistics Annual Report 2010 
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Additionally, there were also irreversible damages to the environment. According to 

the annual report from US Department of Transportation (US DOT), transportation sector 

was the second largest of source of greenhouse gas (GHG), mainly carbon dioxide, 

emissions in the United States, just after electric power generation. Global warming, 

caused by the gigantic amount of GHG emissions has also been a concern worldwide in 

the recent decade. Health risk associated with harmful transportation gas emission has 

also threatened the welfare of urban residents, which occupied up to around 80% of the 

entire United Sates population. Many metropolitan regions have experienced difficulty in 

meeting the federal clean air standards.  

To reduce the negative effects, in September 2008, California State Legislature 

passed the first state law (Senate Bill 375) to curb the suburbanization process using land 

use policies, in the hope that the VMT and GHG could be maintained under control. 

Incentives for compact development was offered to local government and developers to 

achieve the ambitious goal, as the State Government realized that improvement in vehicle 

technology alone could not help the state to achieve their GHG emissions reduction goal 

by the year of 2020. However, the latest feedback of the policy revealed that the effect of 

compact development on VMT was rather limited (TRB, 2009). Such estimate reflects 

the limited information regarding the impact of compact development on motorized 

travel pattern from the perspective the temporal evolution. In other words, although the 

contemporary literature indicates the positive effect of compact development on VMT 

reduction, no intuitive result exist regarding how the effect is likely to evolve over time 

and how long it takes the new development to cast effect on the VMT reduction. 

1.2 Research Questions 

Based on the urgent needs for a deeper understanding of interactive relationship 

between land use and travel behavior, the particular debate that this study addresses is 
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whether suburban residents are more energy intensive in their travel behavior than central 

city residents. If indeed suburban residents have needs that are not satisfied by the 

amenities around them, they may be travelling farther to access such services. However, 

if suburbs are becoming like cities with a wide range of services and amenities, travel 

might be contained and no different from the travel behavior of residents in central areas.  

This paper will compare the effects of long term suburban growth on travel 

behavior, energy consumption, and GHG emissions through a case study of 

neighborhoods in central Phoenix and the city of Gilbert, both in the Phoenix 

metropolitan region. Motorized travel patterns in these study areas will be generated, 

using 2001 and 2009 National Household Travel Survey (NHTS) data, to calibrate and 

build a four-step transportation demand model in TransCAD. Energy consumption and 

GHG emissions, including both Carbon dioxide (CO2) and Nitrous Oxide (N2O) for each 

study area will be estimated based on the corresponding trip distribution results. The final 

normalized outcomes will not only be compared spatially between Phoenix and Gilbert 

within the same year, but also temporally between years 2001 and 2009, to determine 

how the differential land use changes in those places influenced regional and local travel 

behavior in both study areas. 
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CHAPTER 2 

LITERATURE REVIEW  

2.1 Compact development and motorized travel behavior 

Before 1990s most of the research work has focused on travel demand modeling 

using land use characteristics, as the highway construction was considered of the most 

urgency during that period of time. Motivated by the mobility improvement accompanied 

by the highway development, more development occurred dispersedly in the remote 

suburban areas, which led to costly impacts on environment, economy as well as the 

health and welfare of the residents.  

To combat the side effects generated by suburban sprawl, in early 1990s, there 

was an upsurge of new urbanism movement, leaded by community planners, in suburban 

areas all over the country. This urban design movement intended to promote walkable 

neighborhoods with a mixed land use development.  The movement was characterized by 

urban design standards such as mixed land use, especially for retail and residential land, 

grid road network system, traffic calming, etc. Those design standards were developed 

based on the rationale that they could to some extent reduce vehicle usage while 

encouraging walk trips. Thus during this period of time most of the literature focused on 

the debate whether these design standards could actually help achieve their original goal. 

Some early 1990s studies posited the positive relationship between new urbanism or 

neotraditional planning and the reduction of Vehicle Miles Traveled (VMT). Peter 

Calthrope (1993) noted that VMT can be expected to be reduced by 57%, if the grid 

network, instead of the conventional suburban network, could be implemented in 

residential development. McNally and Ryan (1993) also proposed a similar report 

regarding how driving behavior could be discouraged in a grid road network system. 

However, it has to be pointed out that those conclusions were drawn based on the critical 
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assumption that the trip generation rate would not be changed after the implementation of 

new grid road network, which was rather suspicious in the real world. Therefore, Randall 

Crane (1996) reviewed the problem based on economic theory and claimed that the 

ultimate impact of new urbanism design can be ambiguous.  In his paper, he argued that 

although the travel distance could be reduced after the implementation of the 

neotraditional design methods, there was a possibility that people would generate more 

trips due to the decline of associated travel cost. Therefore, there was a possibility that 

the effect of travel length reduction would be offset by a higher motor trip generation 

frequency. However, Craneôs work focused primarily on the debate of whether the grid 

network could be expected to reduce VMT. The paper didnôt establish a comprehensive 

framework to understand in which way the compact development, promoted in new 

urbanism, was likely to influence the travel behavior.  

In the mid and late 1990s, triggered by the suspicious attitude towards new 

urbanism, many studies were conducted to reveal the quantitative relationship between 

compact development and travel behavior based on case studies across the country. These 

earlier attempts mainly used Ordinary Least Square (OLS) multiple regression models to 

determine the elasticities between travel behavior and explanatory variables. The 

dependent travel behavior variable was a measure of individual household travel. 

Individual VMT or household level VMT were the most commonly employed measure of 

travel behavior (Ewing and Cervero, 2010). The explanatory variables could be further 

classified into two major categories: 1) land sue variables and 2) socioeconomic 

variables. Those variables were later summarized by Cervero and Kockelman (1997) as 

the ñDò variables: Density, Design and Diversity.  

Density was most commonly defined as the household unit density, population 

density and sometimes employment. Design variable was commonly defined as the street 

pattern, which was generally quantified by measures such as block size, road or 

intersection density, fraction of four-way intersections, etc. (Cervero and Kockelman, 
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1997; Frank et al., 2007; Bhat et al., 2009) Diversity was defined as the diversification of 

land use type within a particular study unit. There were two widely accepted indexes to 

measure the diversity: 1) Entropy Index (Frank and Pivo, 1995) and 2) Dissimilarity 

Index (Kockelman 1996; Cervero and Kockelman, 1997). Compared with dissimilarity 

index, entropy index was more frequently utilized in the researches. The formula for both 

land use mix index are shown as below: 

 

Where,  is defined as the proportion of land in the j
th
 land use type, and J is the 

number of land use type within the study unit. 

 

Where, K is the number of developed grid cells in the larger geographic area, j 

indexes grid cells, and i indexes the eight grid cells that abut a grid cell when units are 

divided into a rectangular grid, with =1 if adjacent grid cells have differing land uses. 

In addition to the above three-D variables, Destination Accessibility and Distance 

to Transit were also frequently included into the regression model as the fourth and fifth 

D variable. In a large number of motorized travel studies, destination accessibility was 

commonly interpreted as the accessibility of employment across a larger regional area 

(Boarnet, 2011).  In most research, the variables were calculated as the total number of 

employment within a certain distance to the study unit. The threshold for distance varied 

among studies, as stated by Handy and Niemeier (1997) ñno one best approach to 

measure accessibility existsò. Cervero and Duncan (1996) included accessibility variables 

with different distance threshold into their models to determine the best approach for 

their study cases.  
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The study results from these OLS regression studies from 1990s revealed that 

more compact development could help reduce the individual or household level VMT 

and in most studies and the results were statistically significant. The most common 

problems encountered by the researchers, developing multiple regression models, were 

the underestimation of standard errors of estimated coefficients, leading to inflated 

significance level (Boarnet, 2011). Such problem could be corrected using multilevel 

linear modeling method (Ewing et al., 2003).  

Although, the multiple regressions could indicate the relationship between travel 

behaviors and land use variables, the underlying rationale associated with the relationship 

was somehow neglected. Therefore, the OLS models were only sufficient for hypothesis 

testing, i.e. whether the correlation between travel behavior and land use development 

patterns exists. Whereas, those models cannot answer the questions such as how compact 

development and travel behavior could interactive with each other and why the 

elasticities vary among cases. Therefore, in the most recent decade, the research attention 

has shifted from OLS regression model to structural models, which can potentially unveil 

land use and travel behavior interaction.  

The structural model based studies attempted to connect land use pattern with 

travel cost, which would eventually alter travel behavior. These studies were commonly 

structured based on the micro-economic theories. Boarnet and Craneôs study in 2001 

attempted to connect land use and travel behavior together using travel cost variables. 

This research noted that the land use pattern change could cast influence on travel time 

cost by changing travel distance or travel speed. The most recent approaches proposed by 

Crane (2011) were models based on the microeconomics of travelersô demand, which 

was controlled by three factors: tastes, resources and prices. The results from many 

structural model studies indicated that the compact development could indeed reduce 

travel speed or travel distance, which would possibly lead to reduced individual VMT 

(Boarnet and Crane, 2001; Chatman 2008 and Zegras 2010). 
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To solve ñself-selectionò occurred in some early researches, the structural models, 

which connected land use type and travel behavior using household vehicle ownership 

variables, were developed. In early 1990s, Cervero (1994) suggested that individuals may 

choose residential location based on their travel habit. For example, residents living in 

Transit Oriented Development (TOD) zones may be preferred to travel via transit mode. 

Thus, based on this theory, some structural models associated residential location with 

vehicle ownerships. Join models of vehicle ownership and travel behaviors were 

established in this kind of studies (Bhat and Guo, 2007; Brownstone and Golob 2009; 

Bento and et al., 2003). The results from these studies revealed that by controlling the 

self-selection effect, higher residential density could still reduce household VMT 

generation.  However, simultaneous estimation in this type of structural model turned out 

to be rather complicated as the relationship between residential density and vehicle 

ownership was commonly nonlinear. While on the other hand, some recent research has 

posited that a large set of socioeconomic variables could help reduce the self-selection 

problem in the conventional OLS regression model (Hand et al., 2006; Cao et al., 2009). 

In reality, the dependent variable and explanatory variables will intertwine with 

each other.  However, the above mentioned models cannot handle such complex 

relationship quite well. Therefore, with a better power to explore this kind of multiple 

relationship among variables, the Structural Equation Models (SEM) have become a 

more prevailing tool in most recent studies (Liu & Shen, 2011; Ewing et al., 2013). The 

study results from this type of research indicated a negative relationship between 

development density and VMT (Liu & Shen, 2011). The national level study from 

Ewingôs team also revealed that the density could have a positive effect on VMT 

reduction (Ewing et al., 2013). 
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2.2 Current research limitations 

First of all, results from most current studies could not be directly applied to 

regional policy decision making process. The example of California Senate Bill 375 

could be served as an evidence for such limitation. To make the research more intuitive to 

policy decision makers, more studies may focus on a larger spatial area, instead of the 

current prevailing community neighborhoods or single household units. The relationship 

between regional level land use patterns may be further studied to support land use policy 

decision making. 

Additionally, the effect of temporal land use change, especially the dominant 

suburbanization process, on individual travel behavior may also be further analyzed to 

determine whether the relationship between development pattern and travel behavior will 

change over time. Therefore, the temporal comparison will be conducted in this thesis to 

check the potential variation of  the relationship between the suburbanization and travel 

behavior and to determine, if indeed there is positive variation in travel pattern, will the 

energy consumption and GHG emissions be reduced based on such change. 

Furthermore, in most of the current meta-analysis the elasticities between VMT 

and land use variables were estimated at metropolitan level or community level. Not 

many studies have focused on the difference between urban and sub-urban households. 

However, there is a possibility that the elasticities may vary in those areas. Moreover, 

little spatial models were established to eliminate the spatial autocorrelation problem 

associated with variables and residuals. Therefore, this thesis will include appropriate 

spatial models based on Robust LM tests results for conventional OLS regression models. 
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CHAPTER 3  

ANALYSIS FRAMEWORK DEVELOPMENT  

3.1. Regional Motorized Travel Pattern Analysis  

To analyze motorized travel patterns, two specific trip purposes: home-based 

work (HBW) and home-based shopping (HBSH) trips, were studied. These two kinds of 

trips could contribute to up to around 35% of the daily motorized trips in Phoenix 

Metropolitan Region. Other types of trips will be further studied in the future, due to the 

current data and time limitation. The specific trip definitions employed in this research 

are as follows:  the HBW trips are defined as trips between households and employment 

places and HBSH trips are those between households and retail associated places. Figure 

3.1 illustrates the definition of different trip purposes for readersô reference. 

 

Figure 3.1: Trip Purpose Classification 

Source: Adapted by Author 

 

The traditional four-step transportation model was built in this study to estimate 

the regional travel patterns for HBW and HBSH trips. The choice was made based on the 

following reasons: 

First, the purpose of this research is not to forecast travel demand in the future but 

to analyze the trip distribution between TAZs, based on the travel impedance costs 
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among them. Therefore, the gravity model inherited in four-step model is sufficient to 

perform analysis. Secondly, compared with other types of models, such as tour based 

models and activity based models, four-step model (trip based model) is less data 

consuming and easier to perform in software such as TransCAD. Other models require 

tour origin and destination TAZs as inputs, which are not accessible in this research. 

Additionally, there is no sufficient information to develop the accessibilit y utility 

function for each TAZ, which is another required input in activity based models. 

Based on the trip generation definition from the four-step model, the production 

of home-based trip is always defined as the trip end that occurs at home and attraction is 

always the end that occurs at the non-home location. Therefore, for trips that start at work 

places and end at home the production is still the TAZ where the household locates and 

attraction is the TAZ where the work place is situated. Based on these definitions, the 

number of trips in the OD matrix cells can be interpreted as the trips between origin and 

destination TAZs. For example, if 5 trips are estimated between Origin TAZ 1 and 

Destination TAZ 4, it indicates that 5 trips are generated between home in TAZ 1 and 

employment in TAZ 4. While there is no further information regarding whether the trips 

actually start within origin or destination TAZs based on the OD matrix. The trip 

production and attraction definitions are illustrated in Figure 3.2 for reference.  

 

Figure 3.2: Trip Production and Attraction Definition 

Source: Adapted by Author 
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3.2. Local Travel Pattern Analysis for Study Areas 

Two study areas with different development patterns were selected within 

Phoenix Metropolitan area. The first, with more intensive development, located within 

the Central Phoenix area, while the other with comparatively less development, situated 

at the suburban area in City of Gilbert. The two selected areas have comparatively similar 

size while dramatically different development patterns. The land use pattern variables 

employed in this study were: 1) population density, 2) employment accessibility, 3) road 

density, and 4) land use type diversity (entropy index).  

To compare the travel patterns in the two study areas, HBW and HBSH trips were 

further classified into three types based on the location of origin and destination TAZs. 

Intra zonal trips were those with both origin and destination located within the study area, 

illustrated as the red arrows in Figure 3.3. The Inter-in trips were those produced by 

households outside of the study area, while attracted by facilities within the study area 

shown as the green arrows. The Inter-out trips were those produced by households within 

the study area, while attracted by facilities located outside of the study area, displayed as 

the purple arrows. 

 

Figure 3.3: Trip Type Classification 

Source: Adapted by Author 
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Based on the definitions of different type of trips, the intra-zonal trips number was 

achieved from the Four Step Model output OD matrix with both origin and destination 

TAZs within the study area. The inter-out trips number will be the sum of those with 

origin TAZs within the study area and destination TAZs outside the study area. The total 

number of trips produced by households within the study area was obtained by adding the 

intra-zonal and inter-out trips together.  

The trip attributes such as frequencies, average trip lengths, as well as the total 

VMT for the above mentioned three types of trips were estimated to analyze the travel 

patterns for both study areas. Those attributes were then compared between local and 

non-local residents for Phoenix and Gilbert study areas. The purpose of such comparison 

was to determine whether the suburbanization process in Phoenix Metropolitan area 

actually encouraged more trips regional wide to the suburban area, or regional residents 

still preferred to travel to the central urban area to work and shop. Comparison was also 

made between local residents from Central Phoenix and Gilbert to determine whether the 

different spatial distribution of employment and retail service will affect these inhabitants 

in different manners. 

 

3.3. Study Area Energy Consumption and GHG Emissions 

The energy (gasoline) consumption was estimated based on the VMT distribution 

results. The energy consumption was calculated by multiplying the VMT results with 

average Miles per Gallon (MPG) for different vehicle types obtained from 2001 and 2009 

NHTS data. Although this method was rather simple, it still to some extent considered the 

traffic condition and travel speed in energy estimation process. The road network 

developed for VMT calculation was established based on inter TAZ travel time and travel 

speed. For road segments located within different areas, such as urban, suburban, and 

rural, different travel time and travel speed were assigned. 
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The Greenhouse Gas (GHG) is the type of gas that traps heat in the earth 

atmosphere. Environmental Protection Agency (EPA) defined four major types of GHG 

as Carbon Dioxide (CO2), Methane (CH4), Nitrous Oxide (N2O) and air conditioning 

refrigerant (HFC-134a).  In 2010, a total of 6882 million metric tons of CO2 equivalent 

were emitted into atmosphere, 27% of which came from transportation sector (EPA, 

2013). According to EPA data, CO2 occupies up to 95% of the GHG emissions within 

transportation fields, while the other three types only account for 1-5% of GHG 

emissions. Global Warming Potentials (GWPs) were applied in this study to convert the 

emissions of three minor GHG gases into equivalent CO2 emissions. The higher the 

number of GWP, the more heat the gas is likely to capture compared with CO2. The GHG 

emissions composition and CO2 equivalent calculation standards are listed in Table 3.1.  

Table 3.1: GHG emissions composition and Global Warming Potential (GWP) standards 

GHG Emissions Type  GWP
1 
 Percentage  Emission Calculation 

Standard
2
 

    Carbon Dioxide (CO2)  1 95-99% 8.8Kg  CO2/gallon  

Methane (CH4)  25 

1-5% 

Associated the travel mile and 

age of the vehicle.  Nitrous Oxide (N2O)  298 

Air Conditioning Refrigerant (HFC-

134a)  

1430 Donôt have clear standard, 

depends largely on the condition 
of the car service.  

1. GWP: global warming potential, used to convert the emission into CO2 equivalents. 

2. Data Source: EPA 2012 

 

Compared with Methane, N2O is commonly considered as more harmful, as its 

global warming potential (GWP) is much higher. Additionally, there was no sufficient 

information to estimate Methane emission. Therefore, Methane emission was not studied 

in this paper. Although the Air Conditioning Refrigerant (HFC-134a) has the highest 

GWP among the three minor GHG gases, it was not included in GHG calculation, as the  

latest vehicle technology was able to eliminate this type of gas emission.  
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3.4. Regression Models Development 

OLS regression models were first established on different spatial scales: regional, 

urban area and non-urban area for both study years 2001 and 2009. The ñDò variables 

included in this research were: employment accessibility, retail service accessibility, road 

density, and Diversity (Entropy Index). The objectives of model development were 1) to 

explore whether the elasticitites between travel behavior and built environment remained 

the same over study period, 2) to determine how they were likely to change with the 

variation of D-variables over time and 3) to check whether spatial factors should be taken 

into considerations. Market incremental tests were conducted to find out if separate 

models should be accepted for urban and non-urban areas. If indeed the travel patterns 

were spatially auto-correlated, spatial models, such as spatial-lag and spatial-error models, 

would be developed to explain the travel behaviors for the entire region. This kind of 

comparison could provide more information for metropolitan level of policy decision 

making process. 

3.5.Analysis Framework Summary 

 

Figure 3.4: Research Flowchart 
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To summarize, a top-down analysis method was employed in this research. First 

the regional travel pattern was analyzed for the entire metropolitan region based on the 

trip generation and distribution methods in four-step model. Then the trip distribution 

results associated with the two specific study areas were extracted and energy 

consumption and GHG emissions were estimated for those areas. The results from the 

above research steps were compared not only spatially between central Phoenix and 

Gilbert, but also longitudinally between years 2001 and 2009. In addition to the 

descriptive comparison analysis, Ordinary Least Square (OLS) models as well as spatial 

regression models were developed to quantify the elasticities between built environment 

associated variables and motorized travel behavior patterns. The underlying reasons to 

longitudinal changes were also discussed, in the hope that it could provide new 

perspectives for decision makers to support their land use policy making process. The 

detailed research flowchart is illustrated in Figure 3.4. 
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CHAPTER 4 

CASE STUDY FOR PHOENIX METROPOLITAN AREA  

4.1.Data Source and Study Area 

4.1.1. Data Source 

2001 and 2009 National Household Travel Survey (NHTS) data were the major 

data source used in this study to produce Origin-Destination (OD) matrix for HBW and 

HBSH trips. NHTS is a periodic national household level travel survey aiming at 

facilitating transportation planners and policy makers. Up to now, there are two sets of 

NHTS data including 2001 and 2009. Previous to NHTS, Federal Highway 

Administration (FHWA) conducted National Personal Transportation Survey (NPTS), 

which could be dated back to 1969. Sates and Metropolitan Planning Organization 

(MPO) have the right to purchase more household samples in the area that they are 

particularly interested in. The 2009 NHTS for Phoenix Metropolitan area has 4707 

households, including not only the public accessible data, but also the add-on data 

purchased by the MPO, Maricopa Association of Governments (MAG). The spatial 

distributions of the 2009 NHTS sampled households and the ACS census tract level 

households were compared in Figure 4.1. The color of each census tract was assigned 

based on quantile classification method, i.e. each color represents 10% of the entire 

dataset. According to the result, the sampled households were proportionate to the total 

spatial distribution of entire households. The suburban area was slightly oversampled, 

while in urban area, especially in the center of Phoenix County, comparatively fewer 

households were sampled. The 2001 NHTS data only had 498 households for Arizona 

State and the sampled number of different household was not proportionate to the entire 

household population. Additionally, there was missing information regarding the location 

of those households, rendering it unfeasible to conduct trip production based on this 



18 

 

dataset. Fortunately, the FHWA also published 2001 NHTS transferability National files, 

including adjusted census tract level vehicle trip generation rates for HBW and HBSH, on 

their official website. Therefore, the transferability data was used in this research for 

2001 trip production. This dataset may not be accurate to estimate local travel behaviors, 

as it was adapted for each census tract based on 2001 NHTS data, 2000 Transportation 

Planning Package data and American Community Survey (ACS) data. However, to make 

it feasible to perform temporal comparison, this dataset was employed, as it was more 

comparable with 2009 NHTS data in the aspects of the survey and data processing 

methods. The trip travel time distribution from 2001 Arizona NHTS data was used to 

validate the trip distribution output. 

 

Figure 4.1: Comparison of Sampled household number (top) and actual household 

number (bottom) in 2009 

Source: Adapted by Author based on 2009 NHTS data and 2009 ACS data 
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The census tract level demographic and socio-economic information, such as 

household number, household size, average household vehicle ownership, and median 

household income, was obtained to estimate trip production using cross classification 

method. For year 2001, the 2002 census tract level summary file data from American 

Community Survey (ACS) was employed and the 2009 ACS data (5-year estimates) was 

used for 2009 trip production.  

The trip attraction process mainly relied on the 2000 and 2010 Phoenix 

Metropolitan area disaggregated employment data from MAG. The employment from 

2000 was reclassified with 2-digit Standard Industrial Classification (SIC) code, while the 

2009 data was marked with 6-digit North American Industry Classification System 

(NAICS) code.  

2000 and 2010 Phoenix Metropolitan area road network data was applied to 

implement trip distribution process. It has to be pointed out the road network data was 

quite crude, without advanced information such as average travel speed, number of lanes 

for each road segments, etc.  

4.1.2. Study Area 

Phoenix Metropolitan area was selected as the macro-area to analyze the regional 

travel pattern, as it would be unfeasible to estimate inter and intra zonal travel behavior 

without larger study context. The Phoenix Metropolitan area has a total of 2001 TAZs 

and an area of 11193.7 square miles. The total population increased rapidly during the 

study period from 3233820 to 4130721. Specific Transportation Analysis Zones (TAZs) 

within the Phoenix and Gilbert were selected to determine the impact of compact 

development on motorized travel behavior, energy consumption and GHG emissions. The 

selection process was based on the area attributes such as development density and total 

area, so that the two smaller study areas would have different development pattern but 

similar size. The study areas are illustrated in Figure 4.2.  
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Figure 4.2: Phoenix and Gilbert Study Areas 

Source: Adapted by Author 

 

The two study areas, Phoenix and Gilbert, had substantially different development 

patterns throughout the study period. The 2001 and 2009 average development density 

indexes for both of the areas were tabulated in Table 4.1. Gilbert has witnessed more 

intensive development in the past decade compared with Phoenix area. However, the 

overall development density in Phoenix area was still substantially higher in Phoenix, 

especially in the aspect of various kind of employment, where Phoenix was still six times 

more condensed than Gilbert study area in 2009.  

Table 4.1: Average density information for Phoenix and Gilbert in 2001 and 2009 

Study 
Area 

Area 
(Acres) 

Population Density Employment Density Road Density (Mile/acre) 
2000 2009 Change 2000 2009 Change 2000 2009 Change 

Phoenix 39934.4 8.54 8.68 2% 6.48 6.71 4% 0.0288 0.0291 1% 
Gilbert 24684.3 4.81 6.52 36% 0.94 1.35 43% 0.0133 0.0242 82% 

Data source: adapted by author using ACS population data, employment and road data from MAG. 
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In addition to the average densities change, the spatial distributions of condensed 

development within the two study areas have also changed slightly, as shown in Figure 

4.3. In phoenix study area, compared with the distribution in 2001, the residential density 

and employment density in 2009 were more evenly distributed, as the range (difference 

between the highest and lowest) of residential density declined slightly from 24.9 people 

per acre to 23.8 people per acres and the range of employment density decreased from 

88.5 employments per acre to 74.8 employments per acre. Such change indicated the 

decentralization of central urban area. On the other hand, the southeastern part of Gilbert 

study area has become more condensed in the past decade, due to the regional 

suburbanization process. 

 

Figure 4.3: Residential and employment density change for Phoenix and Gilbert 

Source: Adapted by Author based on ACS population data and Employment data from MAG 

 



22 

 

To convert the above mentioned census tract level data into TAZ level data, the 

census tracts were divided into smaller pieces, as the boundary of census tract and TAZ 

did not coincide with each other (i.e. some census tracts fall into two TAZs). The census 

tract level data was then reallocated to each smaller polygons based on area information. 

The TAZ-level data was then developed by aggregating all spatially intersected census 

tract data together. Eventually, the TAZ level demographic and socio-economic data was 

applied to implement the trip generation process for Phoenix Metropolitan area. The 

spatial distributions of these data are attached in Appendix A.  

 

4.2.Phoenix Metropolitan Area Regional Travel Pattern 

4.2.1. Trip Production 

4.2.1.1. Trip production with Cross Classification Method  

Although the cross classification method was used as the major trip production 

estimation method, different detailed processes were implemented for years 2001 and 

2009, due to data quality limitation. The specific procedures are discussed in the 

following paragraphs. 

Instead of using the 2001 NHTS survey data to generate the cross classification 

table, the NHTS transferability table was used to estimate generation rates for Phoenix 

Metropolitan area, as there was no sufficient sample number and trip attributes in 2001 

NHTS data. In the transferability table, households within each census tract were 

stratified into 25 categories by household size and vehicle number. Number of 

households, vehicle trip generation rate as well as HBW and HBSH adjustment index for 

each household category were provided in the table. The HBW and HBSH productions 

were estimated using the following formula for year 2001: 
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Where,  

i, is the type of trip, such as HBW and HBSH; 

j, is the type of household, classified by household size and vehicle ownership; 

k, is the k
th
 census tract. 

The trip production cross classification table for 2009 was generated using 2009 

NHTS data. The sampled households were classified into 48 categories by household 

size, household vehicle ownership, and household income. The numbers of HBW and 

HBSH trips were aggregated by household types. The trip generation rates for each kind 

of household category were then calculated using the following formula. The cross 

classification table for households within only one people is tabulated in Table 4.2 and 

the entire table can be achieved from Appendix B. 

 

Where, 

i, is the type of trips, such as HBW or HBSH; 

j, is the category of household. 

 

Table 4.2: 2009 HBW and HBSH trip generation rate 

Household 

size 

Household 

vehicle 
Household income 

HBW  

generation rate 

HBSH  

generation rate 

1 <=1 1=<$10,000 0.167 1.542 

2=$10,000-$19,999 0.140 1.364 
3= $20,000 to $34,999 0.288 1.268 

4= $35,000 to $49,999 0.580 1.232 

5= $50,000 to $69,999 0.577 1.282 
6> =$70,000 0.545 0.955 
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>1 1=<$10,000 0.200 1.000 

2=$10,000-$19,999 0.182 1.000 

3= $20,000 to $34,999 0.091 2.364 
4= $35,000 to $49,999 0.304 1.174 

5= $50,000 to $69,999 0.647 1.118 

6>=$70,000 0.548 1.290 

Source: Adapted by Author 

 

The calculated trip generation rates were assigned to TAZs based on their average 

household size, household vehicle ownership, and household income, estimated using 

2009 ACS data. The TAZ level trip productions were then calculated by multiplying the 

number of households within a specific TAZ with the corresponding generation rate. The 

TAZ level HBW and HBSH production results for 2001 and 2009 are shown in Figure 

4.4 and Figure 4.5 separately. The detailed formula for production calculation is shown as 

below: 

 

Where, 

i, is the type of trips, such as HBW or HBSH; 

k, is the k
th
 TAZ. 

 

Figure 4.4: 2001 (left) and 2009 (right) HBW Trip Production Result 

Source: Adapted by Author 
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Figure 4.5: 2001 (left) and 2009 (right) HBSH Trip Production Result 

Source: Adapted by Author 

 

The final trip production results by trip purpose for both study years are displayed 

in Figure 4.6. Although this study focused primarily on HBW and HBSH trips, three 

other kinds of trips such as Home-based Social and Recreational (HBSO), Home-based 

Other (HBO) and Non Home-based Trips (NHB) were also estimated here, so that the 

final results could be compared with the original NTHS data to validate the trip 

production outputs.  The major trip purposes distributions remained stable in the past 

decade, as HBSH and NHB trips were still the most dominant (>50%) trip purpose. 

According to the trip production results, the total trip number within Phoenix 

Metropolitan area increased by 57% from 8.0 million to 12.6 million. The number of 

HBW trips increased by 40%, from 1 million to 1.4 million. Meanwhile the population 

number within the region increased by approximately 35%.  
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Figure 4.6: 2001 and 2009 Trip Production Result 

Source: Adapted by Author 

 

4.2.1.2. Trip Production Result Validation  

To validate the trip production results, the trip composition was compared with 

that from NHTS data. The 2001 trip productions and NHTS survey results are illustrated 

in Figure 4.7. Compared with the survey data, the 2001 trip production result had a higher 

portion of HBO trip and a lower portion of HBSH trips. The other trip type percentages 

were similar with the survey data. There were three possible reasons to such difference: 

1) The 2001 NHTS Data summary was for the entire Arizona State; 2) the 2001 NTHS 

sample size was rather limited, as it was obtained from FHWA website without add-on 

data; 3) The trip generation rate was not directly generated from the survey data but 

provided by transferability table, which was adjusted by FHWA based on national data. 

The difference indicated that in 2001 compared with national average, residents in 

Phoenix Metropolitan area tended to shop more frequently. 
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