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The contents of this report reflect the views of the authors, who are responsible
for the facts and the accuracy of the data presented herein. The contents do not
necessarily reflect the official views or policies of the Federal Highway Administration or
the Texas Department of Transportation. This report does not constitute a standard,

specification, or regulation.
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Chapter 1

HISTORICAL OVERVIEW OF TRANSPORTATION INFRASTRUCTURE

1.1 Introduction

The history of transport systems is a history of evolutions within revolutions.
Revolutions can be seen in the technological mutation from the mail-coach to the
steamship to the railroad to the automobile to the airplane. These have transformed
and extended the spatio-temporal range of commercial and private activities,
leading to unprecedented levels of performance in terms of speed, quality of service,
spatial division of activities, and integration of economic spaces. The evolutionary
envelopes within these revolutionary jumps reveal a process of gradual replacement
of old technologies (within each revolution) by new and innovative systems along
structured and ordered development trajectories that can be formalized by simple
mathematical models. Older transportation systems are made obsolete through
technological advance (and economic development), and new ones are introduced
that are better adapted to the continuously changing social, economic, and
environmental boundary conditions. For example, catalytic converters and anti-lock
braking systems were considered innovative technologies 30 years ago. Today, the
evolutionary path of the automobile has been such that all gasoline powered
automobiles are equipped with catalytic converters, and over 80% of all new
passenger vehicle models have anti-lock braking systems. It is the advancement of
technology that has determined the trajectory of both the revolutions and the

evolutions in our transportation system.

Previous studies suggest an intriguing evidence of long-term regularities in
the evolution, diffusion, and finally, the replacement of several families of
technologies that have historically constituted our transport system, thus facilitating
a prospective and tantalizing look into the future. These studies have established
that both the revolutions and evolutions in transportation as seen over the last few

centuries can be modeled using logistic functions.

First, we will examine the results of some of these studies to establish the
veracity and accuracy of using logistic models for predicting both the revolution and
the evolution in transportation. Next, we will detail how logistic models work and

how they can be used to predict market acceptance, and the rate of diffusion of any



technology. We will also discuss how these models can be modified to include the
effects of many competing technologies. Finally, we detail how to use these models

for our study.

1.2 Historical Revolutions in Transportation

The first major transportation revolution we consider for historical
predictions occurred with the age of canals. Canals represented a fundamental
infrastructure construction effort towards reducing natural barriers in order to
connect coastal and inland waterways in an interconnected transportation
infrastructure grid. At the same time, canals were the first powerful motor of the
industrial age. Waterways facilitated new flows of goods, unprecedented exchanges
between regions, specialization of labor, and access to more distant energy and raw
material resources. Local fuel-wood shortages were resolved by substituting with
coal, a higher energy-density fuel, the transport of which was made possible by
canals. The age of canals started about two centuries ago and lasted almost one
hundred years. By the end of the 19th century most national canal systems were in
place and many links were already being decommissioned. Eventually the canals

had to yield to the vicious competition from railroads, including hostile takeovers.

The first railways were constructed in the 1830s and they were able to extend
the range, speed, and productivity levels previously achieved with canals. In time,
the United States was covered with an elaborate network of railway systems.
Together with railways, a new era of coal, steam, steel, and the telegraph began. The
great railway era lasted until the 1930s. Despite further construction of railway lines
in developing countries, the global railway network has (because of the
decommissioning of lines in industrialized countries) remained constant, at a level
just under 1 million miles since the 1930s. Railways have consequently lost their
dominant position (around 80 to 90 percent of all passenger and ton-mile

transported in the 1920s and 1930s) in the transport sector throughout the world.

Around the turn of the 19th century, the automobile was born and became
the symbol of modern industrial development along with oil, petrochemicals,
electricity, the telephone, and assembly-line (Fordist) manufacturing. Following the
development of road infrastructure, the automobile again facilitated an increase in
the speed and performance of the transportation system. The flexibility of an

individual mode of transportation became affordable for a wider social strata, and it



was only about three decades ago that some of the disadvantages of the automobile

became socially transparent.

The last in this sequence of infrastructure revolution is air transportation.
Once more, air transportation also promoted an increase in the productivity level of
the transport system in terms of speed, range, and comfort. However, its associated
infrastructure is “dematerialized” to right-of-way air corridors, with only control
and communication and the connecting nodes to other transport modes (airports

and hubs) relying on physical structures.
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Figure 1.1 Length of canals, railroads, surfaced roads, and federal airways in
the U.S. [Adapted from: Griibler & Nakicenovic (1991).]



Figure 1.1 illustrates the development of the four major transport systems for
the U.S,, represented by the growth in length of their respective infrastructures. The
length of all four increased by more than four orders of magnitude over the last two
centuries. Each successive mode of transport expanded into an infrastructure ten
times larger than the previous one. It is also interesting to note that new
infrastructures overtook existing ones only when the latter started saturating, e.g.,

canals and railways in the 1840s, and railways and surfaced roads in the 1920s.

The first canals were built in the 1780s and reached a total length of 4,000
miles by 1870 before saturating and then declining; thus the expansion of canals
lasted about 90 years. The first railroads were built in the 1830s and saturation
started in the 1920s; again about 90 years later. By 1929 the total length of railroads
was more than 300,000 miles. Thus, railways saturated at almost ten times the level
of canals. Since then rail infrastructure has undergone a phase of rationalization, and
railways have experienced losses in market shares and volume, both for freight and
passenger transport. In fact, railways have virtually disappeared from the U.S.
market in intercity passenger travel, and consequently the size of the railway
network in the U.S. has decreased by about one-third, to some 200,000 miles.

The first high quality roads of significant length were introduced a century
ago. Today, surfaced roads are approaching saturation with about 4 million miles in
the U.S,, again larger by more than a factor of ten than the maximum length of
railways. Each successive transport infrastructure was thus not only an order of
magnitude larger than the one it replaced, but it also provided a service that was

almost ten times faster.

How do these data for each transportation revolution look when transformed
using a fractional logistic function? The deceptively simple answer to this question
is provided in Figure 1.2, which shows the expansion of the three physical
infrastructures in the U.S. normalized with respect to their respective saturation
levels (by plotting the relative length as a percentage of the saturation level). The
succession of individual infrastructure development can be described in terms of
three S-shaped logistic growth pulses (actual data are thin lines, estimated logistic
curves are thick lines). The development of canals, relative to the achieved
saturation level, was much quicker than the expansion of railways and roads. The
time constant of growth, At, is about 30 years for canals, 55 years for railroads, and

64 years for surfaced roads. The midpoint of the individual infrastructure growth



pulses (i.e., the time period of their maximum growth rate) are spaced at 55-year
intervals, as are their periods of saturation of expansion.
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Figure 1.2 Growth to limits of canals, railroads, and roads in the U.S. Actual

data are thin lines; estimated logistic curves are thick lines.
[Adapted from: Griibler (1991)]

It is remarkable that the saturation and onset of decline of all three
infrastructures coincides with the beginning of prolonged economic recessions (i.e.,
in the 1870s, 1930s, and 1980s). At the same time these periods of structural
discontinuity see the emergence of new transport systems: surfaced roads around
1870 and air transport in the 1930s. If we agree with Plutarch that history repeats
itself, then one could expect the maturing point of air travel and the emergence of a

new transport infrastructure within the next few years.

In periods of structural discontinuity, where old mature systems saturate and
new ones are born, a powerful image of the innovation triggering effects of
recessions/depressions prevails. The successive dichotomy of “boom” periods of
economic growth, followed by recessionary, even depression periods is known as

“long waves” or Kondratieff waves in economic development [Haritos (1987)].



The life cycles between birth, growth, and saturation and the start of
senescence (decline) of infrastructures are indeed very long, often spanning periods
in the order of a century. The duration of senescence can be even longer. The most
vital of the structures, however, are here to stay. Their immortality is marked by
providing different services than originally envisaged. More than a century after the
canal age, the remaining inland waterways are used for leisure activities, transport
of low-value goods, and irrigation. There are more sailboats today than there were
in the heyday of ocean clippers, but they have entered a different market niche
serving as pleasure boats. They do not carry any commercial goods, nor transport

people for their work trips.
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Figure 1.3 Growth in length of all transportation infrastructures in the U.S. in
fractional share of ultimate saturation level, logistic transform. Actual data

are thin lines, estimated logistic curves are thick lines. [Adapted from:
Grubler (1990).]

Despite the complex picture that emerges when analyzing the evolution of
individual infrastructures which overlap in their growth, saturation, and decline

phases, it is interesting to note that the length of the total transport infrastructure



again proceeds along an ordered evolutionary growth envelope, as shown in Figure
1.3.

Here the growth in the length of all transport infrastructures is analyzed by
using an S-shaped growth model (a 3 parameter logistic function). A linear
transformation of the S-shaped growth or substitution process in the form of f/(1 —
f) on a logarithmic scale is presented, where f is the fractional growth (market share)
achieved at any particular point in time. The ratio of growth (current market share)
achieved over the growth (total market share) remaining to be achieved, when
plotted on a logarithmic scale, reveals the logistic growth or substitution process as a

secular linear trend with small annual perturbations.

Figure 1.3 presents an expanding niche in which individual transport
infrastructures rival for relative positions with respect to their share in the length of
all infrastructures. It portrays a remarkable behavior in the evolution of transport
infrastructures in the U.S,, in that the saturation and later decline of individual
infrastructures (canals first and later also railways) has up to the present been
“tilled” by the growth of newer infrastructures consistent with the logistic envelope
of Figure 1.3. This feature is frequently observed in the evolution of dynamic, self-
organizing systems in chemistry or biology. The growth of this envelope proceeds
with a At of 80 years, i.e., slower than the growth of any individual infrastructure
(ranging from a At of 30 years for canals to 64 years for the surfaced road network).
Should this process continue to unfold as it has in the past, saturation of roadways
would occur around 2030 at a level of around 5 million miles, i.e., with a value
around 25 percent higher than at present [Nakicenovic (1988)]. (It has been
estimated at a 90 percent probability that the saturation level will be between 4.6 and
5.2 million miles [Marchetti (1987)].)
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Figure 1.4 Substitution of transport infrastructures in the U.S., shares in
length, logistic transformation. Actual data are thin lines, estimated logistic

curves are thick lines. [Adapted from: Nakicenovic (1988).]

Within an expanding niche, individual transport infrastructures compete for
their relative importance (measured by their respective share in the total
infrastructure network) by replacing previously dominant transport infrastructures.
Figure 1.4 presents the structural evolution of the transport infrastructure in the
U.S., organized with the help of a multivariate logistic substitution model. This
particular representation shows the relative importance of competing infrastructures
and the dynamics of the structural evolution process over the last 160 years. In any
given period, there is clear market dominance (i.e., more than a 50 percent share)
and at the same time a simultaneous spread of transport activities over two or three
different systems. Thus, while competing infrastructures are all simultaneously

used, their mix changes over time.

Another observation from Figure 1.4 is that the phasing out of transport
infrastructures apparently takes increasingly longer time constants. While the
decline in the relative importance of canals proceeded with a At of 45 years, that of
the railways already required a At of 80 years. The decline in the relative importance
of road infrastructure is expected to be an even longer process with an estimated At
of 130 years. As a result, the maxima in the share of total infrastructure length
between railways and surfaced roads is about 100 years, indicating the considerable

time span involved in the transition from the dominance of one infrastructure



system to the next. Based on this assumption one could expect the period of
maximum dominance for airways to occur around the year 2040. This immediately
raises the question of what could be the next dominant infrastructure system
evolving after that: high-speed maglev, supersonic aircraft, or some other competing

new system?

The difference in the dynamics (Ats) of the growth of individual
infrastructures and their relative shares in total infrastructure length may appear at
tirst sight as a contradiction. However, this difference is the result of the complex
coupled dynamics of total infrastructure growth, and the growth and decline rates
of individual transport infrastructures. As the total length of infrastructures
increases, even the rapid growth of individual infrastructures, such as airways, will
translate only into slower growth rates in their relative shares. Once the growth
rates of an individual transport infrastructure fall behind the growth of the total
system, their relative share starts to decline. In the case of railways the share in total
infrastructure length began to decrease in 1870, whereas the railway network
continued to expand until the end of the 1920s. Similarly, the length of the surfaced
road network still continues to increase (despite being close to apparent saturation)

at relatively low rates, although its relative share started to decrease in the 1960s.

Thus, the total length of an individual infrastructure can still be growing, and
even be decades away from ultimate saturation and subsequent senescence in
absolute network size, but its share in the total length of the whole transport system
has already begun to decline. The saturation and decline in relative market shares
precedes saturation in absolute growth in a growing market (an expanding niche).
This implies that the eventual saturation of any competing technology may be
anticipated by the substitution dynamics in a growing market, such as for railways
as early as 1870 and for roads as of 1960. The infrastructure substitution model
presented in Figure 1.4, may, therefore, be considered as a precursor indicator

model, for the long-term evolution and fate of individual infrastructures.

We conclude this discussion on the long-term (centuries) revolution of
transport infrastructures in the U.S. by pointing out how both simple and
multivariate logistic functions can be used to predict the overall state of the
transportation infrastructure. This analysis not only provides an insight into the
growth of individual transportation infrastructure, but also how substitution effects
can start the decline of one mode while the next revolutionary mode is on its

ascendancy. The logistic equations also clearly show the regularity in the rise and



fall of the importance of individual transport infrastructures. This regularity
appears consistent even during very disruptive events like the depression of the
1930s or the effects of major wars. The conjecture is that this stable behavior may be
the result of an invariant pattern in societal preferences with respect to individual
transport infrastructures, resulting from differences in the performance levels (seen
as a complex vector rather than represented by a single measure) inherent to
different transport infrastructures and technologies.

In the next section we examine how evolutionary improvements of technologies

in the short-term (decades) can be analyzed and forecast using logistic functions.

1.3 Technological Substitutions and Evolutions in Transportation

A general model for technological substitution (i.e., the acceptance and wide
spread use of a technology in any industry) can be closely modeled using a
simplified form of the original Volterra-Lotka equation [Marchetti (1988)]:

dN . -
T:aiNi_ﬁz A; NN, (Equation 1)
j-1

The properties of the solutions to these equations have been described by
Montroll and Goel (1971) and more recently by Nakicenovic (1988). For our
purposes, is the number of substitutions that can occur for the “species” of
technology i (e.g., the total number of automobiles that could be outfitted with a
certain technology), is the rate of growth of i in the absence of predation
(competition from a competing technology), and is the cross-section of interaction

between “species” population i and “species” population j.

A physically intuitive example of a special case (The Malthusian Case) can be
built for a population of automobiles that can be outfitted with a new technology,
say a GPS-based navigation system. Other things being equal (such as economic,
societal, and environmental variables), the rate of this transformation is proportional
to the number of automobiles that could be outfitted with the device immediately
and the total number of automobiles that are not outfitted with the device. A further
assumption is that all automobiles will be ultimately outfitted with the device.

Using homogeneous units, we can define N(t) as the number of autos with GPS

10



units at time t and N as the total number of auto that have the potential to be
outfitted at time t=0 before the technology substitution starts. The “multi-species”

Volterra-Lotka equation simplifies to the “single-species” Verhulst equation:

c:j—l:l = aN(N - N) (Equation 2)
Whose solution is B
N

N(t) = Equation 3

(® 1+exp(at + f) (Eq )

Where is integration constant sometimes also written as, is a constant
independent of the size of the population. Dividing both sides of the equation by ,

extracting the exponential term, and taking the logarithm, we can obtain:

In % =at+ f (Equation 4)
Where fis given by
f= % (Equation 5)

N Is the “niche” and the growth of the “population” is given as the fraction of the
niche it fills. The graph of this simple case is shown in Figure 1.5.

11
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Figure 1.5 Various stages in the diffusion of new technology in the
market place. This is the classic S-shaped logistic function (as
represented in the log-function of equation 3) plotted on a linear
scale. A log transform will give a straight line with a slope equal to
alpha (a) and the intercept equal to beta ([3),

(Data source: Equation 4)

The previous analysis has been done with the assumption that there are no
competitors (“single-species”). Similar analysis can be done for two or more
competitors (similar technologies competing for the same population of autos), and

it can be shown that the resultant function is of the form:

1 .
f,()=1- ; 1+ exp(at—f) (Equation 6)
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1.4 Organization of Report

This report is organized into six chapters. Chapter 1 provides the historical
and mathematical framework for this report. In Chapter 2 we examine trends in
transportation by looking at historical data. Chapter 3 provides a survey of some of
the innovative technologies that would impact transportation over the next few
decades. Chapter 4 deals with the changes expected in automobile and its use as an
intracity personal transportation system. The issue of intercity transportation is
discussed in Chapter 5 where Maglev systems are examined in detail. Chapter 6
concludes this report by providing recommendations to TxDOT for consideration in

their state wide planning and implementation of transportation services.

1.5 Conclusions

The examples of long term diffusion and substitution of transportation modes
that have been presented here are for data from the United States. However, Griibler
and Nakicenovic (1991) have shown that the development of a particular techno-
economic trajectory follows similar paths in countries with fundamentally different
social and economic relations, technological bases, and initial conditions. The
underlying common thread present in all these examples of transportation
substitution is that the substitution is successful only when the new mode is faster
by a factor of ~3 compared to the old mode it replaces. This would suggest that the
TTC (Trans-Texas Corridor) should not be designed just for the relief of busy
corridors (or just to provide a bypass for congested "hot-spots"), but more
fundamentally, it should provide for intercity travel speeds of over 150 mph (240
kmph). Therefore, the high-speed passenger and freight system envisioned in the

TTC should take on a much more significant role than it has been accorded.
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Chapter 2
TRENDS IN TRANSPORTATION

2.1 Introduction

In the next chapter, a survey of technologies that could be enlisted for future
forms of transportation in Texas will be presented. Of these technologies, two will be
considered in greater detail in succeeding chapters. Before considering these
technologies, it is helpful to analyze the historical trends in transportation to
underscore why alternative modes of transportation should be given serious
consideration. These trends will illustrate future problems that may be faced by the

current modes of transportation.

2.2 Factors for the Growth in Driving

One of the results of increase in driving is Congestion. People typically
think that an increase in population is one of the greatest causes of traffic congestion.
This belief could easily be called the "congestion myth" because data suggests that
population growth is the least of several factors that cause congestion. Nevertheless,
population does have an effect on congestion, and looking at the trend in population
growth can give us an idea of the future of congestion.

The graphs in Figure 2.1 and Figure 2.2 shows the population of United States
and Texas respectively plotted against time in years. As the graphs indicate, the
population of the United States has been increasing steadily and is currently close to 280
million. If this trend in population continues, the United States will reach a population
of 300 million by 2020. Following the same path, Texas currently has a population of

about 22 million. By the year 2020, Texas could reach a population of 26 million.
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Figure: 2.1 Population growth in U.S. vs. time, (Data source: BTS)
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Figure 2.2 Population growth in Texas vs. time, (Data source: BTS)
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It is natural to assume that as the population increases, so does the number of
drivers. Data also suggests that the increase in driving is faster than the increase in
population, indicating that other factors besides population contribute to congestion.

The following graphs illustrate this phenomenon.
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Figure 2.3 Percent change in population and percent increase in the miles of

highways constructed, (Data source: BTS)

The graph in Figure 2.3 shows the percentage change in population and
percentage change in highway lane miles. The graph indicates that while there was a
22% increase in population from 1982 to 1987, there was a 33% increase in highway
miles. This indicates that the amount of highway construction during the said period

was growing more rapidly than population.
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Figure 2.4 Population growth and increase in population in major cities in

Texas, (Data source: TxDOT)

Figure 2.4 compares the percentage change in population with percentage
change in vehicle miles traveled (VMT) in some of the major cities in Texas. All
across the state, the percentage of change in VMT is at least double that of the

change in population. Reasons for that phenomenon may be found in Figure 2.5.
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Figure 2.5 Factors for increase in driving, (Data source: BTS)

Figure 2.5 depicts the relative weights of the various factors that are responsible
for the increase in driving. This U. S. Bureau of Transportation Statistics (BTS) data
dispels the population myth, pointing out that an increase in population is the least
factor for the growth in driving. An increase in trip lengths is the greatest reason for the
growth in driving. Other factors include an increase in the number of trips taken, a
decrease in vehicle occupancy, and a number of people switching from other modes of
transportation to driving.

Part of the reason for the increase in driving and the decrease in vehicle
occupancy has to do with the nature of households. There are more licensed drivers
per household today than ever before. At the same time, these drivers are more
likely to have their own cars than drivers of the past. Figure 2.6 illustrates this situation

of American drivers.
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Figure 2.6 Vehicles and licensed driver ratios, (Data source: BTS)

2.3 Number of Registered Vehicles

Figure 2.6 shows the vehicles per capita in Texas and the U.S., number of vehicles
per licensed driver and number of licensed drivers per household from 1950 forward.
As the graph illustrates, the vehicles per capita in the U.S. is currently around 0.8, more
than twice the amount of that in 1950. Licensed drivers per household have also
increased, with an average of 1.8 per household. In Texas, the vehicles per capita is
about 0.6. Due to more licensed drivers per household and the increasing vehicles per

capita, there will be more vehicles on the highways.
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Figure 2.7 Total vehicles registered in the U.S., (Data source: BTS)

Figure 2.7 shows the number of vehicles registered in the U.S. (in millions) as a
time series. As the graph indicates, currently, there are about 220 million registered
vehicles in the United States. By the year 2020, there will be more than 300 million.
The number of registered vehicles are increasing as a result of increases in vehicles per

capita as well as the growth in the number of licensed drivers.
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Figure 2.8 Vehicles registered in Texas vs. time, (Data source: TxDOT)

Figure 2.8 shows the number of vehicles registered in Texas from 1915 to 2000.
Also the number of trucks and autos registered has been separated. Currently, there
are approximately 14 million vehicles registered in Texas. Both the number of
automobiles and trucks are growing. The distinction between trucks and
automobiles is necessary if one is to fully grasp the impact that vehicles are having
on the roads. Truck traffic is more detrimental to the pavement than automobile
traffic. One pass of an 18-kip ESAL (Equivalent single axle load) is equivalent to 5,000

passes of a passenger car.
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Figure 2.9 shows the increase in the vehicle miles traveled form 1982 to 1997 in
some of the major cities in Texas. As the graph illustrates, five major cities in Texas

witnessed a tremendous increase in vehicle miles traveled between 1982 and 1997.
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Figure 2.10 Vehicle miles traveled in Texas vs. time, (Data source: BTS)
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Figure 2.10 shows the VMT in the U.S. from 1992 to 2002. The estimate for
January, 2002 shows 220 billion vehicle miles traveled on the U.S. highways. This
amount is a 30 billion point increase over the estimate of 1993. For the most part, the
increase in vehicles miles traveled has remained steady. In order to get a clearer

vision of the areas most seriously affected, figure 2.11 breaks this trend up into urban

and rural sectors.
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Figure 2.11 Vehicle miles traveled in urban and rural areas in the U.S. vs. time,

(Data source: BTS)

As figure 211 illustrates, the urban sector is witnessing a much greater
increase in vehicles miles traveled than the rural sector. Figure 2.12 illustrates the

increase of VMPT for trucks.
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Figure 2.12 Vehicle miles traveled by the trucks in the U.S. vs. time, (Data source: BTS)
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Figure 2.13 Percentage of VMT for autos and trucks, (Data source: BTS)

Figure 2.13 indicates the proportion of VMT by Automobiles and Trucks from
1970 to 2000. Trucks traveled about 200 billion miles in 2000, making up 40 % of the
total vehicle miles traveled. While the percentage of automobiles is higher than the

percentage of trucks, the percentage of automobile VMT is decreasing while the
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percentage of truck VMT is increasing. Looking towards the future, the percentage
of vehicle miles traveled by trucks could increase by more than 400% by the year

2020.
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Figure 2.14 Ton-miles of freight carried vs. time, (Data source: BTS)

Figure 2.14 illustrates the increasing ton-miles of freight transportation. In the
last forty years, the ton miles of freight have increased by over 50%. This trend
promises to keep growing in the future.

Figure 2.15 breaks down the ton miles of freight into three different methods of

transportation: rail, truck, and water.
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Figure 2.15 Modes of transportation for ton miles of freight carried vs. time,

(Data source: BTS)

While barge/ships are the cheapest means of transporting freight, it is used
much less frequently than rail or intercity trucking because it is relatively slow, and
limited in the regions it can serve. Intercity trucking is currently behind first class
rail transportation; however, trucks are catching up quickly.

Comparing the percentages of the U.S. NAFTA trade and various modes (truck,
rail, pipeline, air, water, etc) used for transportation shows that trucks are the major
carriers of freight both in terms of value and weight. Figure 2.16 illustrates this statistic

for Texas roadways.

26



70

B VALUE O WEIGHT
60
50
|_
zZ
W 40
O
% 30
o
20
0 | wm | I |
Truck Rail Pipeline Air Water Other and
Unknown

Figure 2.16 Percentage of NAFTA freight transported in Texas by various modes,
(Data source: BTS)

Figure 2.16 shows the percentage of freight transported through various modes
of transportation in Texas. The graph shows, that Texas relies a great deal more on

trucks to transport freight than any other mode of transportation.
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2.4 The Congestion Index
While all of these statistics on vehicles illustrate the growing trend in traffic
congestion, it is helpful to analyze the congestion index as well. The following

charts illustrate the congestion index for a variety of cities in Texas.
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Figure 2.17(A) Congestion index for major cities in Texas, (Data source: TTI)

1.0
0.9
<
3 os —_
c / .
= / Brownsville Corpus Christi
c
S 0.7
O 06 ’
S os
0-4 L} L} L} L} L} L} L} L
1980 1982 1984 1986 1988 1990 1992 1994 1996 1998

Year

Figure 2.17(B) Congestion index for major cities in Texas, (Data source: TTI)
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Figures 2.17(A) and 2.17(B) indicate the congestion index for some cities in Texas
from 1982 to 1997. The congestion index is the ratio of the travel demand to the capacity
of roadways during peak periods. From 1982 to 1993, most of the metro cities first
show an increase and then a decrease in the congestion index. However, the years
between 1995 and 1997 witnessed a constant increase in the roadway congestion
index. An index value greater than 1.0 indicates problematic congestion. While
Brownsville, Corpus Christi, and Laredo appeared to be less than 1 in 1997,
Beaumont's index ran dangerously close to 1.0. A look at the other graph reveals
that Dallas, Austin, and Houston were already in the danger zone in 1997. Fort

Worth and San Antonio were each at an index of .9, slowly approaching 1.0.

2.5 Consequences of Congestion

Congestion wastes time, energy, and money. Figure 2.18 illustrates the average

time it takes drivers to travel to work in the United States.
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Figure 2.18 Average travel time to work in the U.S. (Data Source: BTS)
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Over the last two decades, the average travel time to work in the U.S. has
increased from 22 minutes to 24 minutes. If we project this rate into the future, the

average time could increase to 27 minutes by 2020.
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Figure 2.19 Fuel wasted due to congestion vs. time, (Data source: TTI)

Figure 2.19 shows millions of gallons of fuel wasted due to congestion from 1982
to 1997. According to this graph Dallas, Fort Worth, San Antonio, Austin, and El
Paso have all witnessed a significant increase in the amount of fuel wasted due to
congestion. Dallas has shown the highest increase in the amount of fuel wasted,
going from 30 million gallons wasted in 1982 to 165 million gallons wasted in 1997.
San Antonio went from wasting 15 million gallons in 1982 to 60 million gallons in
1997. Austin and Fort Worth followed similar trends. El Paso witnessed the

smallest increase in wasted fuel.
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Wasting fuel and time in traffic raises a variety of concerns. One concern is large
amount of money lost annually. Figure 2.20 illustrates the annual congestion cost per
driver in major Texas cities. The graph takes into consideration both the wasting of fuel

and time.

12

®1994 m1996 " 1997
10 o

2]111111IIL

Houston Austin Corpus Laredo
Antonlo Christi

Cost per Driver ($Hundreds)

Figure 2.20 Congestion cost per driver in Texas, (Data source: TTI)

The cost of congestion is felt in other areas as well. As congestion increases, so
does the cost of truck freight and service operations. These costs have negative impacts
on the manufacturing industry and the service sector, and are passed on to the

consumers.
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2.6 Fuel Consumption

Of course, an increase in gasoline prices is not just due to the amount of fuel that
is wasted because of congestion. Gas prices rise as fuel becomes scarcer and
more difficult to access. As the U.S. does not produce enough petroleum to rely on
its own resources for consumption, fuel must be purchased from foreign countries. The

following graph illustrates this problem.
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Figure 2.21 Petroleum production and consumption in the U.S., (Data source: DOT)

As shown in Figure 2.21, the U.S. consumption of petroleum far exceeds its
production, with the transportation sector consuming a great percentage of the
petroleum consumed. Figure 2.22 specifically looks at the amount of energy that is

consumed by the transportation sector alone each year in the U.S.
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Figure 2.22 Total energy consumed by transportation sector,

(Data source: DOE)

Figure 2.22 illustrates the total energy consumed by the transportation sector
from 1960 forward. The transportation industry’s yearly consumption of energy
resources has increased significantly since the 1960’s.

Figure 2.23 demonstrates the domestic demand for gasoline by mode of
transportation, breaking up transportation into categories of "highway" and

"non-highway."
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Figure 2.23 Domestic demand for gasoline by mode of transportation,

(Data source: BTS)

According to the graph, the demand for gasoline by highway modes of
transportation increased linearly from 1960 to 1975. After that time, the increase was
slower. Between 1990 and 1992, the demand for gasoline by highway modes of
transportation dropped but since 1992, the demand for gasoline by highway modes of
transportation has increased linearly. By contrast, the demand for gasoline by
non-highway modes of transportation has remained almost constant since 1960,
decreasing by just a minimal amount. The overall demand for gasoline by non-
highway modes of transportation is significantly less than the overall demand for

gasoline by highway modes of transportation.
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Figure 2.24 breaks down the energy consumption of the highway modes of

transportation into two categories: 1) Autos and light vehicles, and 2) Buses and trucks.
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Figure 2.24 Total energy consumption, (Data source: BTS)

The demand for gasoline has been somewhat erratic for autos and light

vehicles, but there has been an overall increase in consumption. Buses and trucks

however, have witnessed a steadier increase over time.
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Figure 2.25 Fuel consumed per vehicle, (Data source: BTS)
In consideration of the fact that VMT is increasing, this chart illustrates that fuel
efficiency is also, increasing. Figure 2.26 illustrates the increase in fuel consumption

per capita.

700

600

500 /’
-

4_————\/”””

N
o
o

W
o
o

200

100

Fuel Consumed per Person

0 1 1 1 1
1950 1960 1970 1980 1990 2000
Year

Figure 2.26 Fuel consumed per capita, (Data source: BTS)
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Figure 2.27 Fuel consumed by trucks, (Data source: BTS)
As shown in Figure 2.27, from 1970 to 2000, the trucking industry has witnessed

an almost a 270% increase in fuel consumption.
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Figure 2.28 Miles traveled per gallon, (Data source: BTS)
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Figure 2.8 illustrates that while trucks are witnessing a rise in their consumption
of fuel, they are not experiencing an increase in miles traveled per gallon of fuel. Unlike

other vehicles, their fuel efficiency is not increasing.

2.7 Alternate Fuel Vehicles
Vehicles of this type offer a way for consumers to do their part in alleviating
energy related problems in the U.S. Figure 2.29 illustrates the number of alternate fuel

vehicles sold throughout the U.S.
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Figure 2.29 Alternate fuel vehicles sold in Texas, (Data source: BTS)

Figure 2.29 shows the number of Alternative vehicles sold in the US from 1992
onwards. From 1992 to 1993, there was an initial surge in the market for alternate
fuel vehicles. Since 1993, the purchase of alternate fuel vehicles has risen gradually.

Vehicles using alternate fuel touched a figure of around 450,000 by year 2001.
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A variety of drivers seek out alternate fuel vehicles. Figure 2.30 illustrates the

different types of vehicles that are using alternate fuel.
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Figure 2.30 Alternate fuel consumption by various modes of transportation,

(Data source: BTS)

As the pie chart indicates, 50% of alternate fuel vehicles are light duty trucks.

The next major users are vans at 28%. Automobiles follow with 21%.
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Figure 2.31 Alternate fuel vehicles purchased per state,

(Data source: DOE)

California is the leader in the market of alternate fuel vehicles with Texas
following close behind. However, these statistics change somewhat when the number
of alternate fuel vehicles is normalized with the population of each state. When this is
considered, as shown in Figure 2.31, Nebraska comes in highest followed by Indiana
and Oklahoma.

Alternate fuel vehicles employ a variety of different resources that take the place of
petroleum. The following graph gives us an idea of the different kinds of resources

being used and suggests the popularity of each.
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Figure 2.32 Fuel used for alternate fuel vehicles, (Data source: DOE)

Among the different types of alternate fuel used (LPG, CNG, E85, M85, and
electricity), liquefied petroleum gas (LPG) is the most widely used, followed by
compressed natural gas (CNG). The use of M85 has stabilized over the years. Both
E85 and electricity have recently become increasingly popular. Figure 2.33 illustrates

the increase in electricity consumption for alternate fuel vehicles.
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Figure 2.33 Electricity consumption by alternate fuel vehicles,

(Data source: DOE)

Figure 2.33 shows the amount electricity consumed (in gasoline equivalent
gallons) in the U.S. As the graph i