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SUMMARY

After decades of standstill in intercity passengal in the United States, the
Obama administration recently started major inited to implement high-speed ground
transportation projects that are expected to imprthe nation’s transportation system
significantly, addressing most prevailing issuég Icongestion and energy prices while
having positive effects on the economy.

This study evaluates and compares two high-spemthdrtransportation systems
that have the potential to improve intercity pageerransportation in the United States
significantly: the wheel-on-rail high-speed systamd the high-speed maglev system.
Both high-speed ground transportation systems vesauated with respect to 58
characteristics organized into 7 categories assatiaith technology, environmental
impacts, economic considerations, user-friendlineggerations, political factors, and
safety. Based on the performance of each systexadh of the 58 characteristics, benefit
values were assigned. In order to weight the redaimportance of the different
characteristics, a survey was conducted with tramapon departments and
transportation professionals. The survey producemjhting factors scoring each of the
58 characteristics and the 7 categories. Applyingnalti-criteria decision making
(MCDM) approach, the overall utility values for fegt system were calculated based on
the benefit values from the systems comparison taedweighting factors from the
survey.

It was shown that the high-speed maglev systenergemglly slightly superior

over the wheel-on-rail high-speed system. Becdusenagnitude of the difference in the

XVi



overall performance of both transportation systésnsot very big, it is recommended
that every project in the high-speed intercity pager transportation market consider

both HSGT systems equally.
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CHAPTER 1
INTRODUCTION

1.1. Context and Purpose

Railroads in the United States have a long histbrythe mid-18' century, the
railroads provided connections between the frondied the emerging United States.
Railroads determined where new cities would be dedn becoming an important factor
for economic and social development. At the begigrif the 28 century, almost all
intercity passenger trips were by rail. Many “higfeed” trains were in operation in the
years that followed. There were railroads in Wistorhat reached speeds of 115 mph as
early as 1936. By the early 1950s, half a dozdroeads ran trains at speeds of 100 mph.
However, the passenger rail business faced significhallenges in the late 1950’s and
1960’s. Competition with the automobile and aiireaused many of the most profitable
lines to lose money. In addition, both automobiid air travel benefitted from taxpayer
support (Schwieterman, 2007, p. 13). The interdtegaway system, for example, was
built with a 90 percent share funded by the fedgoalernment.

With almost all private passenger rail companie$ ol business by 1971,
Congress created Amtrak as a federally-owned cop@imce Amtrak’s start, federal
involvement in funding intercity passenger rail hasinly consisted of capital and
operating subsidies annually appropriated from geniends (GOA, 2010b, p. 3). As
opposed to the interstate highway system thatngdd by motor fuel taxes, there has
been no dedicated funding source for passengeinraile United States. Vuchic and
Casello (2002, p. 37) note that “the government @odgress consider[ed] minimizing
operating assistance to intercity passenger railsgavices (i.e. Amtrak) more important

than maximum passenger attraction.” This is onsaeavhy automobiles and air travel



serve most of the intercity passenger market inUhged States — in some corridors,
their market share is up to 97 percent (Liu & Dez@)4, p. 19).

Today, Amtrak operates a nationwide rail networlattlserves about 500
destinations in 46 states on 21,000 miles of roateds employs about 19,000 people
(Amtrak, 2007, p. 1). America’s only recent stepoithe high-speed rail business has
been the introduction of the Acela Express in tletieast Corridor in 2000. The Acela
Express is the fastest train in North America, ragrbetween Boston and Washington
D.C. and reaching its maximum speed of 150 mph @b-mile portion of its route
between Boston and New Haven. On other sectionseleet Boston and Washington
D.C., the top speed is 135 mph (Amtrak, 2007, pUsdulating tracks, a mediocre on-
time performance, and relatively frequent mechdnprablems, however, hinder the
Acela Express from convincing the general publictled benefits of high-speed rail
(Schwieterman, 2007, p. 14).

After decades of standstill in U.S. passenger mjlwsystems, the Obama
Administration recently instigated a new interestthe implementation of high-speed
ground transportation systems. Shortly before BeegéiObama took office, the Passenger
Rail Investment and Improvement Act (PRIIA), endciie October 2008, had set some
foundations for high-speed rail as it provided alb®4 billion over five years for three
new intercity and high-speed rail grant programd tasked states with setting up rail
authorities to establish state rail plans for pagee and freight rail (GOA, 2010b, p. 3)
(Dutton, 2010). After President Obama took officggh-speed rail became an even more
important policy issue in transportation. Most pimoemtly, the American Recovery and
Reinvestment Act (ARRA), enacted in February 208@&matically increased federal
funds for high speed intercity passenger rail fi8h20 million in fiscal years 2008 and
2009 combined to $10.5 billion available in fisgaar 2010 (GOA, 2010b). The $8
billion that the Recovery Act provided for thesejpcts and another $2.5 billion in fiscal

2010 appropriations (Dutton, 2010) have attractesigattention from states and others



who are planning to develop or improve intercitggenger rail service (GOA, 2010a, p.
1).

ARRA has established a new federal role in, andrigeml an unprecedented
amount of federal funds for, intercity passengdr Mdirty-seven states and the District
of Columbia submitted 259 applications totaling rapgmately $57 billion for the $8
billion that ARRA made available (GOA, 2010b, p.(§QOA, 2010a, p. 2). In January
2010, the Federal Railroad Administration (FRA) @mmced that 62 projects in 23 states
and the District of Columbia had been selecteceteive the funds (GOA, 2010b, p. 7).
The largest grant went to California ($2.34 biliidor the nation's most ambitious and
most developed plan, a service between Los AngeldsSan Francisco with speeds of
up to 200 mph (320 km/h) that will later be extethde Sacramento and San Diego
(GOA, 2010b, p. 7). This system enables passengdravel from Los Angeles to San
Francisco in less than three hours, or half the tintakes to drive (Rosenthal, 2010).
Florida received $1.25 billion to construct an 8denfong high-speed track from Tampa
to Orlando (Walsh, 2010) on which trains will benrat speeds of up to 168 mph by
2014. An extension to Miami is planned to be fieidlby 2017 (Rosenthal, 2010). These
projects are, however, the only ‘true high-speat] paojects to receive funding from
ARRA. Two other projects funded by ARRA (lllinoisé Pennsylvania) are considered
‘higher-speed rail’, which means that speed is going tagmgaded to higher speeds than
conventional rail, but not as much as to reachelspeeds that are traditionally defined
as ‘high-speed rail’ (see below). The hegispeed rail project in lllinois aims to increase
top speeds to 110 mph for existing service betw@kitago and St. Louis. With $1.1
billion, it received the third highest single grdrmim ARRA (GOA, 2010b, p. 7). The
other 20 projects funded by ARRA, financially thejor part of the grant program, are
all conventional railway projects (GOA, 2010b, p. 8

The purpose of this thesis is to examine and coenffeg technological options

available for those high-speed ground transporiagistems that have been referred to as



‘true’ high-speed rail, i.e. high-speed intercitgsgenger rail that reaches speeds of up to
300 km/h (186 mph) and higher. While conventionalver-speed rail is another
important part of an integrated, multi-modal pagsertransportation system, this thesis
focuses orhigh-speedground transportation systems whose very goa ftd increase
the domain in which railway is the superior mode aoly in convenience but also in
speed or travel time (Vuchic & Casello, 2002, p).38Besides high-speed ground
transportation systems that are based on the céhsgheel-rail interface (wheel-on-rail
high-speed rail), this premise can also by fuldiliéy another high-speed ground
transportation system that is based on magnetitaten: the high-speed maglev system.
The goal of this thesis is to evaluate these tvgh{sipeed ground transportation systems

based on the demands of the American intercityguaggs transportation market.

1.2. High-Speed Ground Transportation Systems

Different authors have used the terms ‘high-speedrgl transportation (HSGT)’
and ‘high-speed rail (HSR)’ in different ways. Thiesis follows Liu and Deng (2004, p.
19) who stated that “there are two distinguishechnelogies under the high-speed
ground transportation (HSGT) umbrella: high-speatl (HSR) and magnetic levitation
(maglev).” Since the term high-speed rail has thepauthors been used to describe both
high-speed rail and maglev, this thesis will use tdrms ‘wheel-on-rail high-speed rail’
and ‘high-speed magleVv’ to distinguish both tecbgas more precisely. As opposed to
terminology, many different authors agree that HS&/Btems are by far the most
efficient means for transporting large passengdumues with high speed, reliability,
passenger comfort, and safety (Vuchic & Casell@22(®. 34) (Liu & Deng, 2004, p.
19). Accordingly, they can be considered one ofrfest promising solutions to provide
improved intercity passenger transportation inWinged States. Because both systems —

wheel-on-rail high-speed rail ad high-speed magleun on electricity, they also do not



rely on foreign oil imports (Rosenthal, 2010) ame thereby a means to achieve a higher
degree of energy independence. In many aspectdwthesystems are, however, very
different (Liu & Deng, 2004, p. 19) which calls fa& detailed evaluation of, and

comparison between, the two systems.

1.2.1. Wheel-on-Rail High-Speed System

Wheel-on-rail high-speed rail uses the same mechhmprinciples as the first
railways that emerged in England in the beginnifithe 19" century as well as the first
transcontinental railroad that connected the Aitaanhd Pacific coasts of the United
States in 1869. Support, guidance, propulsion, taa#ling are all achieved through the
transmission of forces between steel wheels am ités. The more complicated part of
the definition is what makes a conventional ratt@ahigh-speed rail system. According
to Guirao (2005, p. 109), “the term ‘high-speed’ rai traditionally applied to all rail
vehicles running at speeds of between 200 and 890 kbetween 124 and 186 mph).
The term ‘very high-speed rail’ is reserved foirtgarunning at more than 300 km/h (186
mph).” Directives of the European Union on the iaperability of the Trans-European
high-speed rail system define rail with speeds esfslthan 200 km/h (124 mph) as
‘conventional railways’; with speeds between 20d @60 km/h (between 124 and 155
mph) as ‘upgraded conventional lines’; and withesjseof more than 250 km/h (186
mph) as ‘high-speed lines’ (Guirao, 2005, p. 10®gtting the threshold a bit lower,
Vuchic and Casello (2002, p. 36) define high-speéld‘as rail system providing regular
services at speeds exceeding 200 km/h (124 mph)”ahd Deng (2004, p. 19) add that
“high-speed rail represents advanced wheel-onpaskenger systems generally on new,
dedicated rights-of-way.” Consistent with the ahotrey also say that “these trains
currently operate in regular revenue service atimam speeds of about 300 km/h (186

mph)”.



In the United States, definitions of high-speedlitend to depart from what seems
to be accepted international standards. The 2008seRger Rail Investment and
Improvement Act (PRIIA) defined high-speed rail “as$ least 110 miles per hour”, a
much lower speed than in countries with more adednwetworks (Dutton, 2010). The
Federal Railroad Administration (FRA) distinguishastween “conventional passenger
rail (operating at speeds up to 79 miles per hdugher-speed passenger rail (operating
at speeds up to 150 miles per hour), and high-spakdervices (operating at speeds of
150 miles per hour or more) (GOA, 2010b).” In tHeA™ ‘Vision for High-Speed Rail
in America’ (USDOT, 2009) the speed range from frfil@s per hour through 150 miles
per hour is called ‘high-speed rail-regional’ whitele high-speed rail that exceed 150
miles per hours is called ‘high-speed rail-express’

This thesis follows the internationally most comnu&iinitions concerning ‘high-
speed rail'. Thus, a wheel-on-rail high-speed sysie a passenger rail system that is
designed to reach maximum travel speeds in comailesperation of around 300 km/h
(186 mph) and whose propulsion, guidance, ad sumystem is based on wheel-rail
interaction. Only those kinds of rail systems thfill this definition are examines in this
thesis, because “one of the goals in building tegbed rail systems has been to increase
the domain in which railway is the superior mode aoly in convenience but also in
speed or travel time (Vuchic & Casello, 2002, p).’3Fhese wheel-on-rail high-speed

systems are compared to the Transrapid high-spegtemsystem.

1.2.2. High-Speed Maglev

The second high-speed ground transportation systeamined in this thesis is
high-speed magnetic levitation (maglev). Today,réhare two high-speed maglev
systems operational. The Japanese MLX01 magleizesilsuperconductivity and a

guideway design that is based on repulsive magf@ties (Vuchic & Casello, 2002, p.



40). This system holds the world speed recordrted’ vehicles (581 km/h — 362 mph)
and is a promising technology. However, its guidgwasign is very different from that
of wheel-on-rail systems and its costs are not @atige to today’s wheel-on-rail high-
speed systems (cf. section 3.3.1 “Investment Cpsts”

The German Transrapid maglev system has alreadyibemmmercial operation
in Shanghai for more than eight years. In termisolignment characteristics and costs,
it is more comparable with wheel-on-rail high-spegdtems so that it is reasonable to
consider its application for the same travel markatwhich wheel-on-rail high-speed
systems are feasible. The Transrapid maglev systdnbe compared to the wheel-on-
rail high-speed system in this thesis.

The Transrapid maglev system is based on attractiagnetic forces that act
between the undercarriage of the vehicle that wraqmsind the guideway and the
magnets located in the guideway. These magnetiedopull the vehicle up to the
guideway and thus make the train hover. Magnetice® are also used for guidance,
propulsion, and braking of the maglev train. Tisisvhy the Transrapid maglev does not
need any wheels, axles, transmission, and ovenvgad. Mechanical parts of the wheel-
on-rail high-speed system are replaced by non-cgn@ectromagnetic systems. The
functional principle of the Transrapid’s noncontgmopulsion and braking can be
compared to that of a rotating electric motor whetsor (the stationary part of the
electric motor) is cut open and stretched alondy lsades of the guideway. Instead of a
rotary magnetic field, the motor generates an edetagnetic traveling field. The support
magnets in the vehicle serve as the rotor of teett motor. The whole propulsion
system of the Transrapid maglev is called a ‘syocbus longstator linear motor’.
Contrary to wheel-on-rail high-speed, the primaryogulsion component of the
Transrapid maglev system (i.e. the stator packshat installed in the vehicle, but in the
guideway. By supplying alternating current to that® packs, an electromagnetic

traveling field is generated that moves the vehipldled along by the vehicle-mounted



support magnets, which act as the excitation compioaf the longstator. Train speeds
can be regulated from standstill to a maximum dpggaspeed by varying the frequency
of the alternating current. If the force directioh the traveling field is reversed, the
motor becomes a generator that brakes the vehiule feeds energy back into the
network.

The operation of the Transrapid maglev system igelsg automated.
Conventional tasks of the train driver like conlirgy speeds and braking are completely
replaced by the Transrapid operation control syst@mansrapid International, 2006, pp.
4-5, 13) (Blank, Engel, Hellinger, Hoke, & Nothhaf2004, p. 65). Due to its
fundamentally different support, guidance, and plsipn technology, the Transrapid
maglev has been called by its designers the “fiulslamental innovation in railway
technology since the construction of the firstrcal (Transrapid International, 2006, p.

2).”

1.3. Recent Developments and Current Issues

As mentioned above, only two states of the 23 stdsed the District of
Columbia) that received funds from the ARRA arespurg ‘true high-speed rail’
projects. More than half of the ARRA funds go toojpcts that are classified as
‘conventional rail’. Still, the terminology in publdiscussion used to address the whole
$8 billion from the ARRA funds is ‘high-speed rail’/As Guirao (2005, p. 109) points
out, the classification of railway services “aseitconventional or high-speed [is usually
done] in the full awareness of the direct assammathat the customer unavoidably makes
between service quality and the epithet ‘high speethe description of trains.” Hence,
agencies tend to refer to their project as ‘higeesprail’ in order to promote and market
their projects even though these projects fall ispeed ranges that have standard

definitions as ‘conventional rail’ or at most ‘higlspeed rail’. As pointed out before, a



main objective of high-speed rail systems is taease the domain in which rail is a
competitive mode in speed or travel time (Vuchic€&sello, 2002, p. 34). As such, it is
important that the term ‘high-speed rail’ only bged for rail systems that fulfill these
speed and travel time requirement. Due to the highber of conventional rail projects
contained within the $8 billion of ARRA-funded peats, it has been criticized that
“most of the money [from ARRA] will be spent moraundanely on projects to speed up
conventional rail. [...] There are concerns that lpyeading the funds to so many
different projects in so many different states,wbn't be possible to make a real
difference in any one place (Rosenthal, 2010)."sAsh, there is a risk that the benefits,
which the term ‘high-speed rail’ stands for, wibhtrbe recognized by the general public
when many systems that are said to be ‘high-spaidare in fact ‘conventional rail’
projects that fail to offer the characteristic ghtime advantages that ‘high-speed rail’
offers.

Therefore, form a public policy perspective, sonuenber of (true) high-speed
rail projects should be selected for funding, whadfer good chances to show citizens
the benefits of high-speed rail on a successfuybgrating system. Instead, the federal
government spread the money to many different regia awarding the $8 billion in
ARRA funding. In the short run, it might be benédlcto promote improvements and
upgrades to existing infrastructure with the ternigh-speed rail’. In the long run,
however, one will face problems when trying to iempkent expensive, true high-speed
rail lines when the term ‘high-speed rail’ is allga associated with lower-speed speed
projects that fail to justify the allocation of higmounts of funding. Rather than trying to
improve the rail system at various locations siangusly, it would, in the long run, be
more effective to implement one or a few big, (jriegh-speed rail projects in an
optimally suited region. Such projects would setvedemonstrate the capabilities and
benefits of high-speed ground transportation antl asesolid foundation for the

implementation of further high-speed ground tramgimn projects in the country. The



two (true) high-speed rail projects included in thBRA funding (i.e. California and
Florida) perfectly serve this purpose. The Floridigh-speed rail project can be
considered a smart choice to show the benefitsigii-speed rail since it will be
implemented in a region (i.e. between Tampa an@r@d) that is strongly visited by
people from the whole nation. So, a high numbeAwofericans will get a chance to
experience the benefits of high-speed rail.

Transportation Secretary Ray LaHood said about-bBpged rail: “This is the
president's vision, this is the vice president&owi, this is America's vision (Rosenthal,
2010)." However, the infusion of $8 billion in ARRAInds is only a first step in
developing viable high-speed projects (GOA, 2010a5). Still, it provides a step
towards a different future for intercity passentgansportation. Both high-speed ground
transportation systems — wheel-on-rail high-spedéldand high-speed maglev — have the
potential to revolutionize the American transpooiatsystem. The following chapter

explains how the two HSGT systems will be evaluaiied compared in this thesis.
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CHAPTER 2
EVALUATION METHODOLOGY

This thesis develops an evaluation methodology dmmparing wheel-on-rail
high-speed systems and high-speed maglev systemsshawn in Figure 1, this
evaluation methodology consists of two main partse first part of the evaluation (cf.
chapter 0 “Systems Comparison”) is a holistic congoa of both HSGT systems, which
relies on different works by a variety of authdgath high-speed ground transportation
systems are evaluated based on 58 characteristjasiped into 7 categories associated
with technology, environmental impacts, economicsiderations, user-friendliness,
operations, political factors, and safety. For eatthe 58 characteristics, benefit values
are assigned for each system based on their pexfuen

These benefit values are the foundation for thersg¢@art of the evaluation (cf.
chapter 0 “Quantitative Evaluation”) that develapsighting factors for each of the 58
characteristics. The assignment of these weightintprs is based on a survey that has
been conducted with a variety of organizations eomed with high-speed rail, including
departments of transportation, regional and natidevinigh-speed rail associations and
agencies, engineering and consulting firms, ancbmalt agencies. Using a multi-criteria
decision making (MCDM) approach, the weighting festare then combined with the
benefit values from chapter 3. This procedure dated utility values for the wheel-on-
rail high-speed system and the high-speed maglstesyfor the 7 categories compared
(i.,e. technology, environmental impacts, economanstderations, user-friendliness,
operations, political factors, and safety) as wafi for both high-speed ground

transportation systems as a whole.
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Figure 1: Evaluation Methodology
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The technical evaluatio(cf. chapter 3 “System€omparison” is based on the
works of other researchers. One of the first Anaripapers that contrastwheel-on-rail
high-speed rail and higbpeed maglev was published in 2002 by Vuchic arskle(An
Evaluation of Maglev Technology and Its Compen With High Speed Rail, 20C.
This paper raises important questions that nedxktasked about the advantages of
HSGT system over the other. It also gives goodrméiion  the most important poin
of comparison. However, this paper is dy critical of the maglewsysten. Regarding
same physical facts, which were not easydetermineat the time of the article
publication, the authors use assumptions which terdisfavor the maglev system.is

is why Liu and DendLiu & Deng, 2004, pp. z-21) say that Vuchic’'s and Casellc
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“work has been masked by a clear bias toward [wbeekil] high-speed rail and
disfavor toward maglev. It also mixed the technaabreadiness and market values of
each technology; therefore the value of the artids been heavily discounted.” The
authors (Vuchic & Casello, 2002, pp. 46-47) evercuge a Federal Railroad
Administration (FRA) report (USDOT, 1997) of beifigolitically mandated to justify
maglev as a ‘solution’ [so that] the report decsglli compare[d] the speeds of the two
technologies.” This dissent against the FRA’s remmainly based on the accusation
that FRA used wrong assumptions in terms of spelesvever, the speeds used in the
FRA report (200 mph for wheel-on-rail high-speed eamd 300 mph for high-speed
maglev) coincide well with the speeds applied ialitg today. The assumed maximum
travel speeds in this thesis depart by only sewvencgmt from those used in the FRA
report. Still, some important questions raised bychMc and Casello’s have been
incorporated into this thesis. Similarly, importdatts about transportation systems in
general, which the article focuses on, are takemancount in the present thesis.

A more holistic work titled “Transrapid or Railroad Technical and Economic
Comparison” (Breimeier, 2002) was published in 2082 the title suggests, the author
focused on the most important technical charadiesias well as economic parameters.
Most sections of this work have the same structline advantages of the high-speed
maglev system are mentioned in the introductoryteseres, before the author then
elaborate on the associated disadvantages. Thelyindeassumptions also tend to favor
the wheel-on-rail system, which is why other aushargued that Breimeier should be
seen as having an anti-maglev bias (Schach, J&haumann, 2006). This thesis
incorporates all points of comparison included miBieier's work and, comparing his
results with those of other authors, aims to coom@ore neutral conclusions.

The work of Liu and Deng (Liu & Deng, 2004), publesl in 2004 in the
Transportation Research Record, examined the Tapitshigh-speed maglev system in

the Beijing-Shanghai corridor in China. While thady appears to be generally neutral,
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some values (i.e. travel times for a certain aligntpthat are more strongly based upon
estimations rather than technical facts, tend tbeptimistic for the Transrapid maglev

system. Unfortunately, this study does (maybe dug language barrier) not incorporate
Breimeier's work even though it had been publishgdhis time.

By far the most thorough work comparing the Trapstahigh-speed maglev
system and the wheel-on-rail high-speed system iso@k by Schach, Jehle, and
Naumann (Schach, Jehle, & Naumann, 2006). It irmates Breimeier's work and
evaluates his assumptions and conclusions. Whigebihok does not lean towards one
system as strong as Breimeier’s work, a tendendgvor the Transrapid maglev system
is still discernible. Next to its thoroughness, arig¢he strengths of this work is the fact
that almost all underlying assumptions are clekily out so that they could be checked
and further calculations based on them. As such, bok by Schach, Jehle, and
Naumann is the most important source for this thdsi their conclusion, the authors
propose a multi-criteria comparison between wheetail high-speed systems and high-
speed maglev systems based on the principle okuadmefit analysis. They, however,
intentionally do not weight the different criteriaf comparison because of the
unavoidable involvement of subjectivity (Schach &uxhann, 2007, p. 143).

This thesis incorporates a weighting of all differpoints of comparison between
the two high-speed ground transportation systermsieCrease the level of subjectivity as
much as possible, the assignment of weighting fack@s based on a survey, conducted
with a variety of organizations that are concerwétl high-speed rail.

Additional sources for this thesis included arscteat focused on benefits of the
maglev systems as well as a variety of other papetdalked about the benefits of high-
speed rail or high-speed ground transportation imoge general sense (Thornton, 2009)
(Givoni & Banister, 2007) (Guirao, 2005) (LopezditTeixeira, Casas, Ubalde, &
Robusté, 2007) (Lopez-Pita, Teixeira, Casas, Blach& Ferreira, 2008) (Smith, 2003).
Other studies (Chen, Tang, Huang, & Wang, 2007)t(&iHerzberg, 2004) as well as
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manufacturer data sheets provided input for indigldpoints of comparison and
additional important individual facts and figures.

A number of agency and government documents (Theetlistates Conference
of Mayors, 2010) (USDOT, 2009) have been reviewadtliis thesis. These works in
particular deal with the specific needs, issuesd groblems relating to the
implementation of high-speed ground transportasigstems in the United Stated. Many
systems characteristics (e.g. clearances, rigtegf- ownership, etc.) as well as
regulations differ significantly from those in cddas where high-speed ground
transportation systems are more advanced. Oneylarty important issue that is being
addressed in almost every case is the use of mxisdil tracks. Doing so would offer the
potential to save large amounts of money, but,hendther hand, limit the performance
characteristics of high-speed rail systems sigaifity. The section about the ‘ability to
use existing railroad infrastructure’ is one of timest extensive of this thesis and its
analysis exceeds the evaluation of the other ctersiics.

As explained above, chapter 3 “Systems Comparistetérmines the benefit
values for each characteristic compared between tihe high-speed ground
transportation systems. In this context, it is im@ot to mention that this thesis does not
claim to incorporate the level of detail of an eregring study for a particular corridor.
Values for the various criteria, be it accelerat@raracteristics, construction costs, or
travel times, are stated, summarized, evaluatedl,campared. This is done to give the
reader a thorough overview and to establish a dolishdation for the assignment of
benefit values for each characteristic presentethapter 3.

Obviously, not all criteria are of an equal levdl importance. In order to
determine the corresponding weighting factors feetors of relative importance) for
each characteristic compared, a survey was cordlwath 46 organizations including
state departments of transportation, regional attbmwide high-speed rail associations

and agencies, engineering and consulting firms, aational agencies. The survey
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participants were asked to assign values of impoédrom “0” (unimportant) through
“6” (extraordinarily important) to each point of roparison. A Multi-criteria Decision
Making (MCDM) approach (Yoon & Hwang, 1995) wasrirepplied that combined the
benefit values and weighting factors for each dote which leads to the calculation of
utility values for the seven categories comparesl {echnology, environmental impacts,
economic considerations, user-friendliness, opamatipolitical factors, and safety).

Because a high number of the system propertiesvaily with different speeds,
the maglev train appears twice in this evaluatkor. the first step of the evaluation, the
maglev train is considered to travel with the samaimum speed as the wheel-on-rail
high-speed train, i.e. at 300 km/h (186 mph). her econd step, both train systems are
considered to travel with their own technically dde maximum speed, i.e. the wheel-
on-rail high-speed train travels with a maximumespef 300 km/h (186 mph) while the
high-speed maglev train travels with a maximum dpeke450 km/h (280 mph). The
main reason for this twofold comparison is the fdet a large amount of the system
characteristics change when travel speeds are ieaddih order to address these changes
sufficiently and, at the same time, trying to kekp evaluation procedure as simple as
possible, this two-part maglev definition was us&dcordingly the ‘three’ systems that
appear for each criterion are ‘wheel-on-rail higieed rail’ travelling with a maximum
speeds of 300 km/h (186 mph); ‘high-speed maglkvetting with a maximum speeds of
300 km/h (186 mph)’; and ‘high-speed maglev tramglwith a maximum speeds of 450
km/h (280 mph)'.

Only benefit values are assigned (an analysisititatrporates both benefit and
cost values would also have been applicable). BHgithe only difference between
benefit values and cost values is the directiothefscale. So, for example, the system
that performs better in noise emissions could eiffe¢ a low cost value or a high benefit
value for this criterion. Using only one type oflu@ assignments makes the following

steps of calculation easier. The scale of assignlabhefit values ranges from “1” (poor
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performance = minimum benefit value) through “5&y good performance = maximum
benefit value) for each individual characteristic.scale of five possible values was
chosen to offer as many values as necessary tgligh sufficiently among the
different properties and, at the same time, lirné humber of possible values. Benefit
values and weighting factors were then normalifdthpter 4 “Quantitative Evaluation”

explains in more detail how the normalization wadertaken.
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CHAPTER 3
SYSTEMS COMPARISON

This chapter presents a systems comparison of wlee high-speed ground
transportation (HSGT) systems included in this igiesheel-on-rail high-speed rail and
high-speed maglev. The chapter draws extensivelyaorariety of studies by other

researchers.

3.1. Technical Aspects
3.1.1. Acceleration

Besides top speeds, the acceleration is one omthie determinants for travel
times (cf. section 3.4.1 “Travel Time”) on a giveoute segment. Especially for shorter
distances, it is decisive how fast a train canhatctop speed. For wheel-on-rail high-
speed trains the acceleration is limited due tolthe friction coefficient between the
steel wheels and the rails. The acceleration ofenmodhultiple-unit trains (also referred
to as railcar trainsets), whose propulsion foraesesenly distributed among all cars of
the train, is higher than the acceleration of tradal trains where propulsion is
exclusively located in one or two power cars atehd of the train. Still, the acceleration
of wheel-on-rail high-speed trains is significanityver than those of high-speed maglev
trains. According to Schach, Jehle, and Naumanfg2p. 156), for instance, the ICE 3
wheel-on-rail high-speed train needs 324 second®doh a speed of 300 km/h (186
mph) while the Transrapid maglev reaches the s@®edsafter only 98 seconds. A speed
of 500 km/h (311 mph) is reached after 266 secohkisse values coincide well with the
acceleration that travelers experience on the Tirahsrapid maglev route for commercial

application in Shanghai. The Shanghai Maglev acatde with an almost constant
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acceleration rate until it reaches the top speeithiefroute of 430 km/h (267mph) after
approximately three minutes (Schach, Jehle, & Nauma&006, p. 158) (Siemens,
2006a).

The acceleration rate that is used in commerciataipn is dependent both on
riding comfort and technical capabilities. With pest to riding comfort the maximum
acceleration and deceleration rates used for comaha@peration are approximately 1.0
m/s? (Liu & Deng, 2004, p. 22). With the maglev dberates of acceleration are
achievable almost over the whole speed range. ateeis also independent of external
conditions like weather. With the wheel-on-rail t&ys, by contrast, acceleration rates of
1.0 m/s? are only achievable for very low speedgesnand only under optimal
conditions. According to Raschbichler (2004, p. flt§ coefficient of friction between
the wheel flange and the rail, which is decisivetfe transferable propulsive forces and
thereby for the achievable acceleration rate,gbligivariable so that acceleration rates in
commercial operation are mostly significantly lowlean 1.0 m/s2.

Table 1 compares the times needed to reach aylartepeed for both high-speed
systems based on the average acceleration forspae range. The table also gives the
distances that the trains travel until the desspded is reached. All the acceleration
values for the wheel-on-rail system are limited tu@hysical properties whereas this is
only true for the maglev system from 300 km/h (b&@h) on. The acceleration values up
to 300 km/h (186 mph) have been intentionally ledito a more conservative value of

0.9 m/s? to ensure riding comfort.

19



Table 1: Comparison of Acceleration Times

Transrapid Maglev Wheel-on-Rail HSR (ICE 3)
Speed | Time | Distance Avg. Speed | Time | Distance Avg.
Range | [s] [m] acceleration | Range | [s] [m] acceleration
[m/s?] [m/s?]
0-150 0-150
km/h 46 950 0.90 km/h 84 1,900 0.54
0-200 0-200
km/h 62 1,730 0.90 km/h 132 4,300 0.49
0 -300 0 - 300
km/h 98 4,300 0.90 km/h 324 17,900 0.34
0 -400 0 - 400
km/h 156 9,900 0.81 km/h
0 - 500 0 - 500
km/h 266 23,300 0.66 km/h

(Source: Schach, Jehle, and Naumann, 2006, p. 156)

Table 1 shows that the maglev system acceleratassfgeed of 300 km/h (186
mph) in a few more seconds than the ICE 3 wheealadrtrain needs to reach half that
speed. The distance the maglev has traveled byisherore than twice as long as the
wheel-on-rail trains distance. The maglev also meaca speed of 500 km/h (311 mph)
faster than the conventional high-speed train rea@90 km/h (186 mph). In agreement
with the values from Table 1, Liu and Deng (2004,2@) state that the high-speed
maglev needs approximately 4 kilometers (2.5 mitespccelerate to 300 km/h (186
mph), whereas the wheel-on-rail trains need apprately 20 kilometers (12.4 miles) to
reach the same speed. Accordingly, the followingelfie values for acceleration (cf.

Table 2) have been assigned.

Table 2: Benefit Rating for Acceleration

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 2 5 4

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau
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3.1.2. Braking Performance

Similar to acceleration, the achievable brakingiqrarance is also an important
factor for the travel time on a given route segmdihie higher the achievable braking
rate, the longer the train can travel at a higlpered. Furthermore, a higher maximum
braking rate increases the level of safety. Forwiheel-on-rail high-speed trains, the
braking rate is partially dependent on external dawons like temperature and
precipitation. The rate of deceleration of the reagystem, by contrast, is not dependent
upon weather conditions. It is solely limited by tmaximum level acceptable related to
passenger comfort. (Siemens, 2006c¢)

Wheel-on-rail high-speed trains have up to thrdéemint braking systems. A
regenerative brake converts kinetic energy intotetal energy and thereby slows down
the trains and feeds energy back into the powedesysA mechanical brake takes effect
directly on the wheel-rail interaction and thuswaodown the train at the expense of
mechanical wear. An eddy-current brake is additlgnapplied when highest braking
rates are necessary. Because the Transrapid nfaages significantly lower weight than
wheel-on-rail trains (cf. 3.1.5 “Train Weight”),dan reach higher braking rates with only
its regenerative brake than wheel-on-rail trains with all their braking systems being
applied simultaneously. To slow down the maglew phase angle of the travelling
magnetic field is shifted. This causes that thetibpa motor to become a generator. Just
like the regenerative brake of wheel-on-rail higleed trains, this slows down the
maglev and feeds back its energy into the poweplgupystem as electrical energy
(Siemens, 2006c¢). For cases of emergency, e.g.rpoutages, the Transrapid maglev
also possesses an eddy-current brake that en&blesaglev to reach the next station or
auxiliary stopping area (cf. section 3.7.8 “Evacabf Trains”).

Based on these physical properties, Table 3 coraptme values of braking

distances and times needed to reach a completefrsimpa given travel speed. The
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braking distance of the Transrapid maglev from eedpof 300 km/h (186 mph) to a
complete stop is just over half as long as theadst the wheel-on-rail ICE 3 needs from

the same speed. From a speed of 400 km/h (249 thphnaglev has a slightly lower

braking distance than the wheel-on-ralil train fraspeed of 300 km/h (186 mph).

Table 3: Comparison of Braking Distances and Timeantil Complete Stop

Transrapid Maglev Wheel-on-Rail HSR (ICE 3)
Speed | Time | Distance Avg. Speed | Time | Distance Avg.
Range | [s] [m] acceleration | Range | [g] [m] acceleration
[m/s?] [m/s?]
150-0| 44 930 0.96 150-0 84 1,700 0.48
km/h km/h
200-0| 58 1,576 0.94 200-0 108 3,100 0.53
km/h km/h
300-0| 87 3,600 0.95 300-0 168 6,900 0.49
km/h km/h
400-0| 117 6,725 0.98 400 - ¢
km/h km/h
500-0| 147 10,475 0.97 500 - (
km/h km/h

(Source: Schach, Jehle, and Naumann, 2006, p. 156)

In sum, Transrapid maglev trains can achieve tvaisehigh braking rates as
wheel-on-rail high-speed trains, taking into acdoboth physical and comfort-related
limitations. The absolute braking distance frompaexl of 300 km/h (186 mph) to a
complete stop is a bit more than half as long asrfaglev trains than for wheel-on-rail
high-speed trains. From a speed of 450 km/h (280) i@ braking distance of a maglev
train is somewhat longer than that for the wheelahsystem from 300 km/h (186
mph). Given these considerations, the following dfiénvalues in terms of braking

performance (cf. Table 4) have been assigned tonhdigh-speed systems.
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Table 4: Benefit Rating for Braking Performance

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h (300 km/h) (450 km/h)
Benefit Rating 3 5 4

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.1.3. Travel Speed

Travel time is one of the most important determisdar passengers in choosing
one mode over another. Travel time strongly depemdthe average travel speed, which
is dependent on maximum speed, acceleration, lyakite and dwell times at stations.
While the latter three are dealt with in other se (cf. section 3.1.1 “acceleration”,
section 3.1.2 “braking rate”, and section 3.5.3ffgling time at stations”), this section
focuses on maximum speeds.

Today, the fastest scheduled rail connection iropeiis the Spanish AVE wheel-
on-rail high-speed train that runs between Madnd Barcelona. For this 640-kilometer
(398 miles) line the train needs less than two arwhlf hours (Siemens, 2006a). This
means an average travel speed of more than 250 @®%hmph). According to Liu and
Deng (2004, p. 22), the maximum operation speedhefFrench TGV, the Japanese
Shinkansen, and the German ICE wheel-on-rail traires 300 km/h (186 mph). The
suggested maximum operating speed of the Transmapglev is 450 km/h (280 mph).
Design speeds for track alignment are sometimastagher in order to be prepared for
possible future speed upgrades. The highest degigeds for the wheel-on-rail system
are 350 km/h (218 mph) (French TGV and Spanish AVW#ereas the design speed of
maglev can be up to 550 km/h (342 mph).

Schach, Jehle, and Naumann (2006, p. 153) addirthéte future maximum
speeds for wheel-on-rail trains in commercial openawill be not significantly higher

than 300 km/h (186 mph). Liu and Deng (2004, p. &ee that the practical limits of
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wheel-on-rail HSR is around 300 km/h (186 mph) ttuthe increasing driving resistance
and mechanical wear with increasing speeds. Wbadayt “three different manufacturers
can provide [wheel-on-rail] trains designed to gperat 350-360 km/h (218-224 mph)”
(Thornton, 2009, p. 1902) “technical problems havevented significant commercial
operation over 320 km/h (199 mph) (Thornton, 2G09,916).”

For the maglev system, on the contrary, speedgdass of 550 km/h (342 mph)
are well within the technological limits (Liu & Dgn 2004, p. 22). Therefore, the
Transrapid maglev is assigned a higher benefihgat this category (cf. Table 5). For
the case that maglev is intentionally operatedhatsame speed as wheel-on-rail HSR (in
order to improve other parameters at the expenseeaxd, cf. chapter 0 “Methodology”)

the Transrapid is assigned the same rating as vamerlil high-speed ralil.

Table 5: Benefit Rating for Travel Speed

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 3 3 5

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.1.4. Wear and Degradation

Due to the physical contact between the wheel heddil, wheel-on-rail trains
are subject to wear (LOpez-Pita, Teixeira, Casashler, & Ferreira, 2008). The most
common models to determine wear are dependentemdspor non-high-speed railroads
there are empirical formulae that describe weareddpnt on speeds. These results,
however, cannot directly be transferred to highegptains. Gers, Hubner, Otto, and
Stiller (1997, p. 6) estimate that high-speed ra#lge, on average, to be replaced after 25
years. Breimeier (2002, p. 23) specifies the awedgability as 20 years. However, the

new high-speed track between Cologne and FrankiuGermany, which is operated
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with a maximum speed of 300 km/h (186 mph), hasnbesported to need rail
replacement only after five to seven yéars

A 2007 study conducted by Loépez-Pita, Teixeira, @&adJbalde, & Robusté
(Evolution of track geometric quality in high-spelges: Ten years experience of the
Madrid—Seville line, 2007), which was based on reiance data on the Madrid-Seville
high-speed line in Spain, focused on the wear aggadlation on the track. Based on data
from 10 years, the study found that track sectih®re the track deteriorates most
rapidly correspond to segments of the line runmwer short rigid structures like culverts
and the beginnings of the transition between bsdged embankments. Track sections
located on bridges also showed higher deterioratites. Since the evaluated high-speed
lines have not been in operation for long enoughestimations about the total lifetime
of the rails were made. Still, the study has showce again that wear and tear is a major
issue on wheel-on-rail high-speed rails that cafy die mitigated but never totally
remedied. The high circumferential wheel speedslyore micro skid results at the wheel
base point of the vehicle, which can reduce thestexable tractive force (Raschbichler,
2004, p. 15). Also so-called head cracks reducefatras their existence increases the
degradation rate. This is why rails have to be dgth regularly (Schach, Jehle, &
Naumann, 2006, p. 137).

One major advantage (and main characteristic) aflenasystems is their lack of
any physical contact between guideway and vehigteng their operation. Electronic and
electromagnetic components, which are essentialdarviree, are used in place of
mechanical components that wear quickly (Sieme@66R, p. 11). Because no part of
the vehicle touches the guideway, mechanical aetgron is simply non-existent in

maglev systems. This is why none of these partsevigr have to be replaced due to

! http://www.wdr.de/themen/verkehr/schiene02/bahste koeln_frankfurt/index.jhtml. Accessed April
26, 2010
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mechanical wear. Figure 2 shows the stresses ehdheotwo high-speed ground
transportation system puts on their respective eyuey. Due to the very small area
through which wheel-on-rail trains transmit thesadl to the rails, the point stresses on
the rail are very high. They range between 5000&0@0 kg/cm2 (500 and 800 N/mmg2)
in static load. Instead of point stresses, the Jnagid maglev only transmits plane loads
through its support magnets to its guideway thag argnificantly lower with

approximately 0.7 kg/cm?2 (0.07 N/mm?).

Figure 2: Comparison of Loads Transmitted to the Gideway

Wheel / Rail Electromagnetic levitation
point loads distributed loads

approx. 8.000 kg/cm? ]
(locomotive) } T‘tagc
approx. 5.000 kg/cm? e
(wagon) approx.
‘ 0.7 kg/lcm?
static load
+ > 30 % dynamic load + 10 - 15 % dynamic load

(Source: Raschbichler, 2006, p. 15)

For its low loads on its guideway and its non-cohfaopulsion, maglev systems
have been called zero-maintenance systems. Whgesthtement is obviously true for

mechanical parts, it is still an exaggeration. Braer (2002, p. 23), for instance, raises
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the concern that the maglev's guideway might, enetne absence of physical contact,
still be subjected to wear due to variation inftcafcorrosion and other impacts. He also
suspects that parts of the propulsion system adrehics might still need maintenance
or replacement for other reasons than mechanicar.wee also points out that the

exchange of wheels and rails of the wheel-on-ragh{speed system has become a
routine task so that associated costs are limi@ad.the other hand, maintenance and
replacement of elements of the maglev system cbal@xpensive when sophisticated
electronics or the magnets of the propulsion system involved. So, he raises the
guestion of whether the substitution of inexpensiearing parts on the wheel-on-ralil

high-speed system as compared to sophisticatett@iacparts on the maglev system is
economical.

Moreover, some engineers are concerned that theatiem gap of only 10
millimeters (0.4 inches) between the maglev’s supp@agnets and the longstator of the
guideway may create challenges due to potentidirgebf the guideway. The variation
of the gap should be controlled to less than onénmeter (0.04 inches) which might
require significant engineering inspection (Liu &y, 2004, p. 26) that could be seen to
somewhat outweigh the saved maintenance effort. SEHimee concern, however, can be
true for modern non-ballasted track substructunas are similarly sensitive to settling
and therefore require thorough inspections.

For both high-speed ground transportation systénis true that with increasing
speeds higher forces have to be transmitted betieewnehicle and its guideway. Only
on the wheel-on-rail system, however, can increagesbds cause increased wear and
tear. On the high-speed maglev systems any potedeigradation is independent of
speed. While maintenance costs are addressedtiars8c3.2 “Maintenance, Repair, and
Rehabilitation Costs”, this section focuses on phgsical properties causing wear and
tear. Following the above considerations, it isiobs that the material requirements and

the number of replacement parts are significantipdr for wheel-on-rail high-speed rail.
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Since not all of the questions raised above coaldriswered with confidence, the benefit

rating for maglev (cf. Table 6) must be temperethwaution.

Table 6: Benefit Rating for Wear and Degradation

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h (300 km/h) (450 km/h)
Benefit Rating 2 4 4

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.1.5. Train Weight
In general, a lower train weight is favorable dsalps to lower construction costs,
wear, and material consumption. Table 7 lists tleggtits and per-passenger weights of

different wheel-on-rail high-speed trains and thanbrapid high-speed maglev.

Table 7: Weights of the Transrapid Maglev and diffeent Wheel-on-Rail High-Speed Trains

Transrapid| ICE3 | TGV POS | Shinkansen| Velaro Velaro
Maglev’ N700-P RUS CN’
Passenger 438 415 380 636 604 601
Capacity
Weight 247.3 1 409t 4271 365 t 651 t 447 1
Weight per 0.56 t 0.99 t 112t 0.57 t 0.92 t 0.74 t
Passenger

Table 7 shows that the Transrapid maglev has afisantly lower per-passenger

weight than all the wheel-on-rail high-speed tragxgept the Japanese Shinkansen that

§Schach and Naumann, 2007, p. 142
Ibid.
* http://www.hochgeschwindigkeitszuege.com/franaigin tgv_est.htm Accessed June 1st, 2010
> hitp://www.japantransport.com/seminar/JRCENTRAI Adcessed July 12, 2010
® hitp://www.siemens.com/pool/en/whats_new/featmestow_to_st_petersburg/velaro_rus.pdf Accessed
July 22, 2010
" http://www.siemens.com/press/pool/de/materialsfatdy/imo/velaro_cn_en.pdf Accessed July 22, 2010
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shows almost the exact same value as the Transnaggtev. One important factor for
maglev’s lower weight is that, unlike the tradittdnvheel-on-rail systems, the propulsion
system of the Transrapid high-speed maglev is rainted on board of the vehicle, but
in the guideway (Siemens, 2006b, p. 21). This reduihe weight significantly. The
second most important parameter influencing theppssenger weight is connected to
the compactness of the train that is dealt witlthi@a following section (section 3.1.6
“Compactness of Train). While the ICE and the TG¥ 2.95 meters (9.7 feet) wide, the
Transrapid maglev measures 3.70 meters (12.1 f8et).the maglev can seat more
passengers on a given train length, which reduwepdr-passenger weight. The width of
Japanese Shinkansen wheel-on-rail bullet train.86 3neters (11.0 feet) ranges well
between the ICE and TGV wheel-on-rail high-speaihs and the Transrapid maglev.
This is one reason why the Shinkansen also shower per-passenger weight. Also,
the Shinkansen has a slightly lower seating widitth @ much lower share of first-class
seating than its European counterparts which higgsirther reduce the per-passenger
weight. All these properties combined make the &msen wheel-on-rail high-speed
train show the almost same value for per-passemngght as the Transrapid maglev (cf.
Table 7).

While the Transrapid maglev is 3.70 meters (12¢t)fevide, both the German
ICE and the French TGV wheel-on-rail high-speethsare about 2.95 meters (9.7 feet)
wide because clearance envelopes do not allow favider vehicle body. These
envelopes, however, do not apply for the UnitedeStaFreight cars in the U.S., for
example, are allowed a width of 10 feet and 10 éisc{10.83 feet). Only if they exceed
this width are they considered “excess width” card further regulations apply. The 10
feet and 10 inches equals 3.302 meters, whichmsstlthe width of the 3.36-meter-wide
(11.0 feet) cars of the Japanese Shinkansen. TweQminese Velaro CN and Russian
Velaro RUS wheel-on-rail high-speed trains, whichrevdeveloped based on the 2.95-

meter-wide (9.7 feet) Spanish Velaro E (AVE) andr@an ICE 3 trains, also show a
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widened car body of 3.265 meters (10.7 feet). Aslmadrawn from Table 7, the Velaro
CN and Velaro RUS trains therefore also have lom&ght-per-passenger values. Due to
the wider clearance envelopes on existing railrtiaels in the Unites States and the
freedom in defining clearance envelopes for comeplehew constructed high-speed
tracks, it can be assumed that such wider vehvwik®e used on future U.S. high-speed
lines. A fair comparison, however, has to assuneestime seating comfort (cf. section
3.4.3 “Comfort”) so that a realistic value for ther-passenger value of a wheel-on-rail
high-speed train operating in the United States$ nailge around a value of the 0.8 tons
per passenger (maglev: 0.56 tons per passenganmefdhe, Table 8 shows the following

benefit rating.

Table 8: Benefit Rating for Train Weight

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 3 5 5

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.1.6. Compactness of Train

The term compactness describes the external measfira car related to its
internal space. A short vehicle that offers the edloor space as a longer vehicle can
thus be considered more compact. A more compadtleels in general superior in
aerodynamic performance and more economical in s@sm@ects of infrastructure. For
example, platform lengths can be shorter to allowtie same transportation capacity,
which means that stations in general can be smal@re compact vehicles are used.

Even between different wheel-on-rail high-speednsiathere are differences in
terms of compactness. Multiple-unit trains, whoswing force is equally distributed

among all cars of a train instead of having the@idg force concentrated in one or two
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locomotives at the ends of the train, generallyehabetter seats-to-length ratio. This is
because “the full length of the multiple-unit tragavailable for seating, catering and
luggage storage. In other words, the space avail@bpassengers [is] increased by 20
percent from the same length of train.”(Siemen©62) This is true for the German ICE

3 and Japanese Shinkansen trains. The French T&¥lasomotives that decrease its
seats-to-length ratio. With the newly developed AG\Utomotrice a grande vitesse =

high-speed self-propelled carriage), the manufactof the French TGV also entered

into the multiple-unit train market.

In developing the Transrapid maglev, the engineldsnot have to take into
consideration the normal limitations of conventioral systems (Siemens, 2006c). The
width of the maglev vehicle could be optimized melyag a number of parameters like
passenger comfort and aerodynamic drag withoutniga® respect constraints like
standard track gauge that limits the width of whkaekail high-speed trains. Thus, the

Transrapid maglev shows better values in term ofpactness (cf. Table 9).

Table 9: Compactness of the Transrapid Maglev anditferent Wheel-on-Rail High-Speed Trains

Transrapid| ICE 3 TGV Shinkansen| Velaro Velaro
MagleV’ POS® N700-I" RUS" CN"

Passenger 438 415 380 636 604 601
Capacity
Length 128.3 m 200 m 200 m 204.7 m 250.3m 200.0 m
Compactness
(Length per 0.29m 0.48 m 0.52m 0.32m 0.41m 0.33m
Passenger)

zSchach and Naumann, 2007, p. 142
Ibid.
19 http://www.hochgeschwindigkeitszuege.com/franaigin tgv_est.htm Accessed June 1st, 2010
Y http://www.japantransport.com/seminar/JRCENTRAI Adcessed July 12, 2010
12 http://www.siemens.com/pool/en/whats_new/featmestow_to_st_petersburg/velaro_rus.pdf
Accessed July 22, 2010
13 http://www.siemens.com/press/pool/de/materialsfatdy/imo/velaro_cn_en.pdf Accessed July 22, 2010
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As pointed out in section 3.1.5 “Train Weight”, thew Chinese Velaro CN and
Russian Velaro RUS wheel-on-rail high-speed tragse comparatively wide car bodies
of 3.265 meters (10.7 feet). This can allow for+&@-8eating configuration (i.e. five seats
in one seating row), instead of the 2+2-seatindigaration on the ICE and TGV, which
improves the trains compactness. Due to the coradidas about clearance envelopes in
the United States it can be assumed that widercle=hiwill be used in the U.S.
Accordingly, the values of compactness for wheelaihhigh-speed trains in the U.S.
will range around the values of the Velaro RUSnsaiThe even better compactness
value of the Chinese Velaro CN train is achievedabgarrower seating arrangement,
which cannot be assumed to fulfill the comfort negnents of future U.S. high-speed
systems. Accordingly a length-per-passenger valapproximately 0.4 meters (1.3 feet)
for wheel-on-rail high-speed trains, compared t@lae of 0.29 meters (0.95 feet) for the

maglev system, leads to the following benefit maficf. Table 10).

Table 10: Benefit Rating for Compactness of Train

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 4 5 5

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.1.7. Flexibility in Track Alignment

Designing a track for a high-speed ground tranggpiort system is a complicated
task that involves the consideration of a great Imemof interrelated parameters. The
shortest way to connect two points is obviouslyraight line. Because of topographical
characteristics and property ownership, howevestraight-line connection is almost
never achievable. In reality, track alignment isa\hly constrained by topographical

properties like hills, slopes, rivers, creeks, andnds as well as protected habitats and
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human settlements, which force the guideway to defpam a straight alignment. The

extent to which the alignment of a high-speed gdotransportation system can depart
from a straight line is dependent on the minimummveuadii, the maximum achievable

longitudinal slope and the achievable rates of ghaof these two figures. All theses
parameters are limited for either technical or cantrfelated reasons.

The minimum possible curve radius of a guidewaydetermined by the
centrifugal forces that the passengers experiencenwhe train negotiates a curve.
Centrifugal forces are partially dissipated througl application of a cross slope (also
called cant) in curves, which deflects part of tdemtrifugal forces into normal forces.
This decreases the lateral accelerations that Hssemgers experience and thereby
increases ridership comfort. So, smaller radii banchosen for a curve with a given
travel speed when the cross slope is increasedmigb@mum cross slope, however, is
limited by physical and comfort-related propertiesr wheel-on-rail high-speed systems
it needs to be ensured that a train can safelpparén emergency stop at any location of
the track. So, cross slopes have to be limitechtblke the train to negotiate a curve at a
speed lower than its actual design speed withoutgb&n danger of tilting over or
derailing. The Transrapid maglev system, on thdraoy is designed in a way that in an
emergency a fixed emergency stop can always béedacf. section 3.7.8 “Evacuation
of Trains”). Also, it is technically impossible far Transrapid maglev to tilt over or to
derail because the train’s undercarriage wrapsnarits guideway (cf. section3.7.1 “Risk
of Derailment”). Therefore, cross slopes in cureésnaglev tracks can be significantly
higher (up to 12 degrees (Schwindt, 2004, p. 34h&8h, Jehle, & Naumann, 2006, p.
80)) than those of wheel-on-rail high-speed trdatanost 6.9 degrees (Schach, Jehle, &
Naumann, 2006)). Accordingly, maglev guideways bandesigned with smaller curve
radii for a given speed than tracks for the wheelal system. Corresponding values for

minimum curve according to different authors aneegiin Table 11.
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Table 11: Comparison of Minimum Radii for Horizontal Curves

Speed Minimum Radii for Horizontal Minimum Radii for Horizontal Curves for the
Curves for the Wheel-on-Rai High-Speed Maglev System [m]
High-Speed System [m] (cross slope: 12.0 degree)
(cross slope: 6.9 degree)
Own Siemens, Schwindt, | Schachetal.] Siemens,
Calculatiort* | 2006b, p.10 | 2004, p. 34 | 2006, p. 81 | 2006b, p. 10
200 km/h 1,406 1,500 8,55 900
300 km/h 3,165 3,300 1,920 1,937 1,700
350 km/h 4,307 2,637
400 km/h - - 3,415 3,444
450 km/h - - 4,360
500 km/h - - 5,382
550 km/h - - 6,455

The values by the different authors coincide quieli. The following statements
are based on the values by Schach et al. sincerdiesence the calculations of their
values. For a design speed of 300 km/h (186 mple)wheel-on-rail system requires a
minimum curve radius that is approximately 63 petageater than the minimum curve
radius for the maglev system for the same desigedpFor a maglev guideway with a
design speed of 400 km/h (249 mph), the minimunveuadius does not have to be
much greater (i.e. only approximately 9 percerdintthat for a track of the wheel-on-rail
system with a design speed of 300 km/h (186 mph).

The minimum curve radii on real tracks are mosthosen greater than the
theoretical minimum values from Table 11. The mimmcurve radius on the Spanish
high-speed line between Madrid and Seville is 4,0@ers (13,123 feet) for horizontal
curves that are designed to be negotiated withkd7@ (168 mph). The minimum curve

radius on the line between Madrid and Barcelonarevbiee projected maximum speed is

1 pased on formula from Schach, Jehle, and Naun29@8, p. 73
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350 km/h (218 mph) is 6,500 meters (21,325 feet)ciaves that are designed to be
travelled with maximum speed (Guirao, 2005, p. 1Tk) the Cologne-Frankfurt wheel-
on-rail high-speed track, the minimum curve rada$,350 meters (10,991 feet; cross
slope: 6.5 degree) for a design speed of 300 kir@6 (nph) (Schach, Jehle, & Naumann,
2006, p. 71).

The propulsion of wheel-on-rail trains is basedpbiysical friction. Because the
friction between a steel wheel and a rail is varyted, the acceleration, the deceleration,
and the maximum longitudinal slopes that thes@as$raan achieve, are limited. Maximum
slopes can, however, be increased when multipletuains are used. The propulsion
force of multiple-unit trains is distributed amondl cars of the train instead of being
concentrated in one or two locomotives which seagethe only traction units for
conventional trains. Due to the optimized distribatof driving force, a multiple-unit
trains can negotiate slopes about three times e&spsas the maximum slopes of
conventional trains whose whole driving force isdted in locomotives at the ends of the
train. On Siemens’s Velaro wheel-on-rail high-sp&agh, for instance, half of all axles
are driven, which ensures the ability to climb g=ds steep as 4 percent (Siemens,
2006a) (Liu & Deng, 2004, p. 22). In general, theximum slope of wheel-on-rail high-
speed lines in Europe, which are designed for plehinit trains, is by legal regulations
limited to 3.5 percent (Schach, Jehle, & Naumar@62 p. 79). As maglev trains use
magnetic power instead of friction to transmit drgy force, they can negotiate steeper
longitudinal slopes up to 10 percent (Schach, Jé&hMaumann, 2006, p. 82) (Schwindt,
2004, p. 34) (Liu & Deng, 2004, p. 22). Table 12e3 the minimum vertical radii for
crests (hilltops) for both systems according tdedént authors. Table 13 gives the

minimum values for vertical radii for sags (vallgys
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Table 12: Comparison of Minimum Radii for Vertical Curves in Crests (Hilltops)

Speed Minimum Radii for Vertical | Minimum Radii for Vertical Curves (Crest)
Curves (Crest) for the Wheel for the High-Speed Maglev System [m]
on-Rail High-Speed System [m]
Schach et al. Siemens, Schwindt, | Schach et al. Siemens,
2006, p. 80 | 2006b, p. 10 | 2004, p. 34| 2006, p. 83 | 2006b, p. 10
200 km/h 15,432 16,000 5,145 5,144 4,500
250 km/h 24,113
300 km/h 34,722 11,575 11,574
400 km/h - - 20,580 20,576
450 km/h - - 26,042
500 km/h - - 32,150
550 km/h - - 38,905

Table 13: Comparison of Minimum Radii for Vertical Curves in Sags (Valleys)

=

Speed Minimum Radii for Vertical | Minimum Radii for Vertical Curves (Sag) fo
Curves (Sag) for the Wheel-on- the High-Speed Maglev System [m]
Rail High-Speed System [m]
Schach et al. Siemens, Schwindt, | Schach et al. Siemens,
2006, p. 80 | 2006b, p. 10 | 2004, p. 34| 2006, p. 83 | 2006b, p. 10
200 km/h 10,288 14,200 2,575 2,572 3,200
250 km/h 16,075
300 km/h 23,148 5,790 5,787
400 km/h - - 10,290 10,288
450 km/h - - 13,021
500 km/h - - 16,075
550 km/h - - 19,455

All in all, the corresponding values do not diffsignificantly between the

different authors. It can be seen that for bottstsr@and sags the Transrapid high-speed

maglev system has significantly lower values fomnimum radii. As opposed to

horizontal curves for which different physical peofes (i.e. maximum achievable cross

slopes) determine the minimum curve radii, the irdoi vertical curves are solely

dependent on the maximum values of vertical acatter. These values are hardly

constrained by physical properties, but limitedetsure certain levels of comfort. The
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vertical acceleration on which the minimum radii f@rtical curves in the above tables
are based upon, differ by a factor of four. Eveautfh this is in line with existing
regulations, it has to be questioned whetherjiigtfiable to make passengers experience
vertical accelerations four times as high in a reagrain compared to traveling in a
wheel-on-rail high-speed train. That these asswmptmight not hold true is considered
in the assignment of benefit values.

It is still true that high-speed maglevs can harsléeper slopes than wheel-on-
rail high-speed trains. So, based on smaller mimmadii and steeper maximum
longitudinal slopes for a given speed, BreimeidlO@, p. 12), Liu and Deng (2004, p.
22), and Schach, Jehle, and Naumann(2006, p. 88 dlgat maglev guideways can be
more easily integrated into a given topography.sTbifers significant advantages,
especially in hilly or mountainous terrain or ireas were smaller radii are required due
to buildings or other infrastructure systems. Hoe nhew California high-speed rail
system that is planned as a wheel-on-rail systemngtance, operating speeds had to be
reduced on the track segment “from Palmdale southteavard the Los Angeles region
[...] resulting from physical constrains, such asckracurvature typical for heavily
urbanized areas (The United States Conference gbida2010, p. 10).”

The advantages of the high-speed maglev systemhcavgver, not come into
play in all alignment situations due to limitatioofthe rate of change in track slope. As
such, it might not be possible to take advantagbehbility of a maglev train to “climb”
steeper slopes when the distance necessary toreanvkat track into a certain slope
would be too long (Breimeier, 2002). Concerns thatessive guideway superelevations
in curves are not acceptable for vehicles whichehstanding passengers” (Vuchic &
Casello, 2002, p. 42) do, by contrast, not appedet very relevant since vehicles for
long-haul trips are generally not designed to acuodmte standing passengers, but

rather to offer every passenger a seat.
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Another advantage of the high-speed maglev systentsi suitability for an
elevated alignment (cf. section 3.2.1 “Land Consuomg). The maglev’s undercarriage
wraps around its guideway which has an appearahce leeam bridge. To form an
elevated track, not much more than just addingroohkiis necessary. Such an elevated
guideway supports a more flexible alignment singeupt changes in the terrain can be
more easily compensated by adjusting the heigtiteotolumns that support the elevated
guideway. For the wheel-on-rail high-speed systeisithsk is more complicated. Tracks
for the wheel-on-rail system are, for reasons afstmction costs, up to heights of 10
meters (32.8 feet) preferably designed on embantem@nstead of bridges), which
requires extensive earthmoving (cf. section 3.2.antl Consumption”) (Lépez-Pita,
Teixeira, Casas, Ubalde, & Robusté, 2007).

An option to increase either the flexibility in ghiment or travel speeds in a given
alignment for the wheel-on-rail system is the ukglting trains. Tilting trains are trains
that have a mechanism enabling the train to tilthe inside of a curve. From the
passengers’ point of view, this means that thmgjitnechanism (in addition to the given
cross slope of the track) increases the angle sigdie horizontal. So, a higher share of
the centrifugal forces on the passengers whileetiay a curve can be deflected as
normal forces. This means that the lateral acceberdhe passengers experience will be
lower for a given speed when the tilting mechanisrapplied. For tilting trains used in
Europe, speeds can be 21 percent higher for argngiurve radius (Schach, Jehle, &
Naumann, 2006, p. 75). More sensitive people, hewesxperience the tilting of the
train as unpleasant. Furthermore, the tilting systaly changes the tilt of the passenger
compartments. The way the wheels run on the raibtschanged by the tilt system. This
means, that the wheelset of the train just trawéls a higher speed through the curve
without respective changes in cross slope or dthek design parameters. The additional
forces, which are thereby applied to the wheels raild, increase mechanical wear of

these components. Moreover, it has been arguedahalting trains speeds higher than
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230 km/h (143 mph) cannot be assumed to be feaSbleach, Jehle, & Naumann, 2006,
pp. 76, 84). This is why the application of titliicains appears to be an option for
existing tracks whose alignment cannot be changtter than for new tracks for which
higher design speeds are desired.

In summary, the high-speed maglev system offersenflexibility in alignment
than the wheel-on-rail system. Especially for hamial curves, minimum curve radii are
lower due to physical system characteristics. irtyi] the maximum longitudinal slopes
of the high-speed maglev system are (also due ysiqdl properties) more favorable for
a more flexible alignment. In terms of minimum iaftir vertical curves the maglev
system also performs better when compared for eapaaimum travel speed (i.e. 300
km/h — 186 mph). Also, the suitability of the magleystem for an elevated guideway
benefits flexibility in alignment. Therefore, theagiev system is for a given speed
significantly more flexible in alignment than theheel-on-rail high-speed system. If
higher travel speeds are chosen for the magleemsysthe minimum radius has to be
increased and the maximum rate of change in slapddibe decreased. Summing up all
relevant parameters, the flexibility in alignmeiitasomaglev traveling at 450 km/h (280
mph) is similar to that of the wheel-on-rail systéraveling at 300 km/h (186 mph).

Consequently, the benefit values shown in Tableave been assigned.

Table 14: Benefit Rating for Flexibility in Track Alignment

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 3 5 3

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.1.8. Driving Resistance
In its brochures, the manufacturer of the Transrapaglev advertises “the total

absence of friction [as] a central feature of theanBrapid’s propulsion system
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(Transrapid International, 2006).” However, thetet@ent about the total absence of
friction is true when only mechanical friction isrsidered. Wheel-on-rail high-speed
systems are subjected to rolling resistance duleetinteraction of the wheels on the rail.
Since the maglev vehicle does not have any physa#hct to its guideway, there indeed
is no mechanical friction between the vehicle amel guideway. There is, however, a
magnetization resistance which the Transrapid maglesubjected to. According to
Breimeier, the weight-specific value of this eleatiagnetic resistance is greater than the
rolling resistance of the wheel-on-rail high-spegdtem. Only due to the lower vehicle
weight of the maglev (cf. section 3.1.5 “Train WHaif), does the magnetization
resistance force which is taking effect on the reaglehicle become smaller than the
rolling-resistance force of the wheel-on-rail systé¢Breimeier, 2002, pp. 19, 57).
Schach, Jehle, and Naumann (2006, pp. 175-176) \givg similar values for the
magnetization resistance force of the maglev. Thalues for the rolling resistance
forces of the wheel-on-rail high-speed system &amyever, a multiple higher than
Breimeier's value. They suspect that Breimeier'suga are only applicable for ideal
conditions (new wheels and rail, straight alignmerthout curves etc.). All values are

summarized in the following Table 15.

Table 15: Comparison of Rolling Resistance Forced the Wheel-on-Rail High-Speed System and
Magnetization Resistance Forces of the High-Speedddlev System

Speed [km/h]| Rolling Resistance Forces of the WheeMagnetization Resistance Forces of

on-Rail High-Speed System [kN] | the High-Speed Maglev System [kN[]
Breimeier (p. 56) Schach et al. (p| Breimeier (p. Schach et al. (p.
175) 57) 176)

100 5.0 10.7 4.3 3.7

150 5.9 14.1 5.5 4.6

200 6.8 18.9 6.5 5.4

250 7.7 25.0 7.3 6.1

300 8.7 32.5 8.1 6.8

350 9.6 41.4 8.9 7.4

400 - - 9.6 8.0

450 - - 10.2 8.5
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From a speed of 100 km/h (62 mph) or more, aeradimalrag is the most
important component of resistance (Schach, JehleN&umann, 2006, p. 177).
Aerodynamic drag is mainly dependent on the shépleeovehicle. The maglev system is
highly advantaged in this category because itsgdesould be optimized in terms of
aerodynamic performance (cf. section 3.2.3 “Noiseidsions”). No specific vehicle
clearance envelope like that which exists for tine&-on-rail system has to be taken into
account. Furthermore, the maglev system does na hay pantographs (power pick-
ups) or wheelsets, which are among the main sowfcasrodynamic drag on the wheel-
on-rail high-speed system (Breimeier, 2002, p. T8 values of aerodynamic resistance
forces of both high-speed ground transportatiotesyrovided by both Breimeier and
Schach et al. are given in Table 16. For both systdhe values of Schach et al. are
somewhat lower than those of Breimeier’s valuesirAdll, however, the values coincide
quite well. Both support the conclusion that maghas to travel at least 50 km/h (31
mph) faster than wheel-on-rail high-speed trainsesubjected to the same aerodynamic

forces in the higher speed ranges.

Table 16: Comparison of Aerodynamic Resistance Foes of Both Systems

Speed [km/h]|  Aerodynamic Resistance Forces of theAerodynamic Resistance Forces of
Wheel-on-Rail High-Speed System [kN]the High-Speed Maglev System [kN]
Breimeier (p. 56) Schach et al. (p| Breimeier (p. Schach et al. (p.

179) 57) 180)

100 5.5 5.7 4.0 3.5

150 12.4 12.8 9.2 7.9

200 22.1 22.7 16.3 14.0

250 34.6 35.4 25.5 21.9

300 49.8 51.0 36.8 31.6

350 67.7 61.8 50.0 43.0

400 - - 65.3 56.1

450 - - 82.7 71.1

In addition to magnetization resistance and aeradhyo resistance, the high-

speed maglev system is subjected to a third kingsiEtance. The energy that loads the
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on-board batteries that feed the on-board suppagnets as well as on-board equipment
(e.g. heating, air-conditioning, light etc.) isrsanitted into the vehicle through electric
induction. The power that the support magnets rieethake the Transrapid hover is
nearly independent of its speed (Schach, Jehle,a&niinn, 2006, p. 182). It can be
calculated as a product of the inductive force #redvehicle speed. Accordingly, the
required inductive force is lower for higher spe€elsis inductive force is the same force
that takes effect on the maglev vehicles as ategsis force. Table 17 gives the values of
this inductive resistance force according to Brean@and Schach et al. As mentioned

above, this force decrease with increasing speeds.

Table 17: Inductive Resistance Forces of the Maglesystem

Speed [km/h] | Inductive Resistance Forces of thdHjg
Speed Maglev System [KN]

Breimeier (p. 57) Schach et al. (p. 180)

100 30.3 26.1

150 19.8 17.3

200 14.5 12.9

250 11.4 10.3

300 9.3 8.6

350 7.8 7.3

400 6.7 6.4

450 5.8 5.6

Furthermore, other resistance forces like thoseltreg from driving through
tunnels may take effect temporarily. Figure 3 shdtes values of overall resistance

forces for both high-speed ground transportati@iesys depending on speed.
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Figure 3: Comparison of Overall Resistance Forces
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According to these values, Breimeier concludes tipato a speed of 265 km/h
(165 mph) the ICE 3 wheel-on-rail high-speed transuperior over the Transrapid
maglev in terms of overall driving resistance (Breier, 2002, p. 20). Corresponding to
the values of Schach et al., this break-even pnispeed (i.e. the speed which has to be
exceeded for the maglev system to show a lowerrdyiresistance than that of wheel-on-
rail high-speed system) is approximately 170 knd®6(mph). It is common for both that
driving resistance is lower for the maglev systenthe higher speed ranges, i.e. the
speed ranges in which the trains travel most oftithe. Following Figure 3, resistance
forces are lower for the maglev travelling at 30k (186 mph) than those of the wheel-
on-rail high-speed ICE traveling at the same spEedvever, in case the maglev’s speed

is increased to 450 km/h (280 mph) its resistanocees exceed those of the wheel-on-rail
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ICE at 300 km/h (186 mph). Table 18 shows the ireddienefits of the two technologies

with respects to driving resistance.

Table 18: Benefit Rating for Driving Resistance

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 4 5 3

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.1.9. Integration of Stations into Cities

As pointed out in sections 3.1.5 “Train Weight” aBdL.6 “Compactness of
Train”, a high-speed maglev train is approximat8ly percent lighter per passenger
(maglev: 0.56 tons per passenger; wheel-on-rail H&bproximately 0.8 meters per
passenger) and 28 percent shorter per passenggte(m@.29 meters per passenger;
wheel-on-rail HSR: approximately 0.4 meters perspager) than a wheel-on-rail high-
speed train. While the lower weight of maglev tsaomly means that the structure of the
station can be a bit lighter, the shorter lengtithef maglev trains has a more significant
impact on station design as platforms can be shbyt¢he same percentage that the train
is shorter. This means a reduction in required lamdthe station, which can be very
beneficial in some inner-city areas having denseld@ment.

Another critical issue with integrating stationsoirtities is the track that leads to
and away from stations. Since they have to be efighrough dense development areas,
the more flexible alignment of the maglev system gection 3.1.7 “Flexibility in Track
Alignment”) is an advantage. Also the fact that gdeway of a maglev is more suitable
for elevated alignment is beneficial for inner-cétyeas with dense development. On the
other hand, the wheel-on-rail high-speed systemhtnige able to use existing

conventional railroad tracks to reach city-centeations.
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Summarizing the various influences, the maglevesgsgets a higher benefit
rating in this category. Because very high speedsa apply for approaches to stations,
both speed categories (300km/h and 450 km/h (186 amal 280 mph)) of the maglev

system are assigned equal values (cf. Table 19).

Table 19: Benefit Rating for Integration of Statiors into Cities

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 3 4 4

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau
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3.2.Environmental Impacts

3.2.1. Land Consumption

The amount of land consumed by a high-speed gratam$portation (HSGT)
system is dependent on the type of system as wdlleaway its guideway is constructed.
An at-grade track fully consumes the land belowghigleway plus additional land on the
edges of the track in which signals and the paststtfe overhead catenary wires are
located. Furthermore, additional land is often reeetb build embankments and cuts. An
elevated track, on the other hand, only consumeslahd which holds the columns
supporting the elevated track. The land under emagdd track can still partially be used
for other purposes. Other transportation purposesisually allowed under an elevated
guideway, as are other land uses like agricultdaordingly, all things being equal,
elevated guideways are in most cases superior avgrade tracks as it relates to land
consumption.

Different types of HSGT systems are not equallyadile for at-grade or elevated
track designs. As can be seen in Figure 4, theraadége of the maglev train wraps
around its guideway whereas the rails of the wioeetalil train are supported by a ballast
substructure that is (after dispensing loads thnoother layers of different materials)

settled on compressed soil.
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Figure 4: Cross Section of Tracks of High-Speed Mdgv and Wheel-on-Rail High-Speed Systems
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(Source: Transrapid International)

According to these specifications, the guidewayaofnaglev system has an
appearance of a beam bridge. To form an elevase#t,tnot much more than just adding
columns is necessary. For the most part, the Taprsimaglev route in Shanghai is an
elevated guideway (Schwindt, 2004, p. 39).

In contrast, the construction of an elevated gualeor a wheel-on-rail high-
speed line is more costly and complex. It is neags® build an extensive structure that
supports the track, its substructure and the paofstee overhead power lines. Besides
being wider than an elevated guideway for maglesse structures also have to be more
massive due to the heavier loads that they haveatoy (cf. section 3.1.5 “Train
Weight”).

For these reasons, European high-speed rail linas use the wheel-on-rail
technology are preferably designed with embankmamid cuts instead of elevated
tracks. The Spanish AVE high-speed rail line thatrects Madrid with Seville, for
example, is on embankments that exceed a heightOoimeters (32.8 feet) over
approximately 10 percent of the line (Lopez-Pitejx€ira, Casas, Ubalde, & Robusté,
2007).

Following these considerations, it is assumed itregel-on-rail high-speed tracks

will, if possible, be designed at grade, while neagtracks will mainly be designed as
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elevated guideways. Accordingly, a maglev trackit@average, consumes significantly
less land for its track than a wheel-on-rail HSREtesn. In addition, the Transrapid
maglev requires no land for access roads for sajetgnaintenance of the guideway
(Siemens, 2006b) (cf. section 3.7.8 “Evacuatior@iins”). Estimates in the differences
in land consumption (cf. Table 20) suggest that eldoa-rail high-speed rail needs
between 1.4 times (when both systems are desigripdde) and 25 times (when maglev
is designed on an elevated guideway and wheelibrH8R on a 12-meter-high

embankment) more land (Schach, Jehle, & Naumar06,2® 93). The values in Table
20 take into account the land needed for techrecalipment and power substations.
Some of these values also consider ecological atiig measures that consume

additional land.

Table 20: Land Consumption of the Wheel-on-Rail Hif-Speed Systems
and the High-Speed Maglev System

Alignment Land Consumption for Wheel- Land Consumption for High-
on-Rail HSR Speed Maglev
[m2 per m of double track] [m2 per m of double track]
At-Grade 16.0 11.5

At-Grade plus Mitigation

Measures (50%) 24.0 17.0
At a Height of 5 meters 35.0 (track on embankment) 2.0 (elevated guideway)
Ata Height of 5 meters plus 50.0 (track embankment) 3.0 (elevated guideway

mitigation measures (50%)

At a Height of 12 meters plug
Mitigation Measures (20% for  75.0 (track embankment) 3.0 (elevated guideway
HSR, 50% for maglev)

(Source: Schach, Jehle, and Naumann, 2006, p. 83)

The manufacturer of the Transrapid gives similalues (Siemens, 2006b).
Schach, Jehle, and Naumann (2006, p. 94) also comtuexample calculation for the
land consumption of a track segment for both systerheir calculations are based on

estimations on the share of the different typegutieway designs on a given track
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distance. They come to the result that a trackvfzgel-on-rail HSR consumes on average
4.5 times more land than the guideway of a higredpraglev system.
In sum, the Transrapid maglev consumes signifigaietis land for any type of

guideway design than wheel-on-rail HSR tracks whéads to the benefit rating shown

in Table 21.
Table 21: Benefit Rating for Land Consumption
Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 2 5 5

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.2.2. Energy Consumption

Energy prices have been rising over the last deeede most energy experts
believe that fossil fuel sources are limited. Th@mbustion of fossil fuels is also
recognized as a major reason for global climatexgbaThe transportation sector is a
major source of greenhouse gases, with these emsssteadily increasing (Smith,
2003). This is why new technology development ie thansportation sector should
support decreasing energy consumption. New tratedpmr systems should facilitate the
usage of renewable resources. Because both dksttriheel-on-rail high-speed trains
and high-speed maglev trains consume electric gnéngy could both be based on a
sustainable energy supply, depending on how thariglal energy is produced.

According to Givoni, Brand, and Watkiss (2009, fg7), energy consumption is
mainly dependent on the train technology, the gmagcal characteristics of the route
(flat vs. mountainous), and the spacing of intenatedstops along the route. The latter is
probably the one factor affecting energy consunmptitat operators have most control
over. Operators have to make a tradeoff betweeningake high-speed rail system

available to more passengers by stopping at mat®iss or decreasing travel times and
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energy consumption by stopping at fewer statioimss matter is also the cause for some
disagreement among different authors concerningetiergy consumption of the two
high-speed systems.

Furthermore, there is no agreement on which phlyspaameter energy
consumption should be related to. Breimeier (2002,21) argues that the energy
consumption per square meter of floor space shbeldsed since this is a “technical-
physical” measure that cannot be modified by api\a different seating layout. Schach,
Jehle, and Naumann (2006, p. 196), however, afavior of relating the specific energy
consumption to number of seats because this figurdirectly related to the actual
passenger transportation capacity of each traitesysAccording to them, the calculation
based on floor space is more questionable sinsdfithire can disguise the fact that not
all the floor space can be equally well used fatisg.

The conclusions in this thesis are based on a cwatibn of both approaches.
First, the specific energy consumption with resgecsquare meters of floor space and
travelled kilometers is examined. Both Breimeied(2, p. 21) and Schach, Jehle, and
Naumann (2006, pp. 193-198) state that the relatiease in energy consumption with
speed is lower for the Transrapid maglev systeitménrange of higher speeds due to its
lower aerodynamic drag. However, the authors gifferdnt absolute values for the
specific energy consumption at different speedscofading to Breimeier, the energy
consumption of the Transrapid maglev is higher tifathe ICE 3, the newest German
wheel-on-rail high-speed train, for any speed kgjure 5). Schach, Jehle, and Naumann,
however, say that from about 200 km/h (124 mph) the, high-speed maglev train
consumes less energy than the wheel-on-rail higedgprain (cf. Figure 6). These
differences mainly result from different underlyiagsumptions. Breimeier, being a critic
of maglev systems, uses rather pessimistic assongtiThe assumptions of Schach,

Jehle, and Naumann tend to be rather positive thther maglev system.
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Figure 5: Energy Consumption per Square Meters of Bor Area per Kilometer (Breimeier)
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(Source: Breimeier, 2002, p. 21)

Figure 6: Energy Consumption per Square Meters of leor Area per Kilometer (Schach et al.)
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Because a disproportionally high share of energyassumed during train
acceleration, the energy consumption per kilometatependent on assumptions about
the average distance between stops. Breimeieridskisometers for this parameter since
this value represents the average stop distandbeincurrent German long-distance
intercity network (Breimeier, 2002, p. 58). Applginthese considerations to the United
States, the average distance between stops nebddroreased since major cities in the
USA are significantly farther away from one anotti&an major cities in Germany. Only
in the Northeast Corridor are population densiiesilar to those in Germany.

Applying the measure of specific energy consumptietating to seats and
kilometers, results similar to those in Figure & forund. From a speed of approximately
160 km/h (99 mph), the specific energy consumptibtihe maglev per seat per kilometer
is lower than that of wheel-on-rail high-speed.r@he values in Figure 7 are drawn from
the comparison between the German ICE 3 wheeldbmrgh-speed train and the
Transrapid high-speed maglev by Schach, Jehle, Nawamann (Schach, Jehle, &
Naumann, 2006, p. 196) and from manufacturer’'srméiion on the Spanish Velaro E
wheel-on-rail high-speed train and the Transrapgh{speed maglev (Siemens, 2006a)
(Siemens, 2006b, p. 7). As pointed out, the valhyeSchach, Jehle, and Naumann tend to
be too optimistic. The manufacturer gives highdues for the energy consumption of
the Transrapid maglev. While the manufacturersueal for the Transrapid are
approximately 4-5 watt-hours per seat per kilomdtigher, the observation that the
Transrapid maglev shows lower energy consumptidnegafrom speeds higher than
approximately 175 km/h (109 mph) stays the same. vidiues of the two wheel-on-rail
high-speed trains (the German ICE 3 and the Sparetdro E), however, coincide very
well. This is arguably true to the fact that thdare E was developed on the basis of the
ICE 3. The values from Figure 7 confirm Rausch’®0&, p. 26) statement that the
Transrapid maglev consumes approximately the samnoeiat of energy at a speed of 400

km/h (249 mph) as the wheel-on-rail ICE 3 at a dp&E#e300 km/h (186 mph).
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Figure 7: Energy Consumption per Seat per Kilometes
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(Sources: Schach, Jehle, and Naumann, 2006, pSi&®ens, 2006a; Siemens, 2006b, p. 7)

Considering the above results, one has to concthdé for higher speeds

(exceeding approximately 175 km/h (109 mph)) thecdm energy consumption of the

maglev (no matter if calculated per square metémoor space or per seat) is lower.

Therefore, a higher benefit rating for the energgsumption at 300 km/h (186 mph) has

to be assigned to the maglev system. For traveldspef 450 km/h (280 mph), the energy

consumption of the maglev is a bit higher than tdfahe wheel-on-rail high-speed trains

at 300 km/h (186 mph) (cf. Table 22).

Table 22: Benefit Rating for Energy Consumption

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 3 4 2

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau
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3.2.3. Noise Emissions

Noise emissions can be categorized into three graljpNoise that results from
propulsion or machinery noise, 2) mechanical nodisat comes from wheel-rail
interactions and/or guideway vibrations, and 3pdgnamic noise. For lower speeds (i.e.
speeds below approximately 200 km/h (124 mph)) gisdpn and mechanical noise are
dominant. For higher speeds, aerodynamic noisenbesathe main source of noise
(Chen, Tang, Huang, & Wang, 2007). Because anyigdlysontact is eliminated in the
maglev system, mechanical noise does not exishéglev trains, which is advantageous
at lower speeds. Thus, a maglev train can appreachirban terminal in a densely
populated city center with higher speeds than aelwbe-rail high-speed train (cf. section
3.5.5 “Achievable Speeds in Urbanized Areas”).

For the higher speeds achieved on the main portbnlong-haul trips,
aerodynamic noise emissions are the only oneshhet to be considered. Figure 8
depicts noise levels at a distance of 30.5 metedsfierent HSGT systems as analyzed
by Chen, Tang, Huang, and Wang (2007) on the Sleamgaglev system. It can be seen
that the Transrapid maglev train emits less ndisa the three wheel-on-rail high-speed
system (i.e. the German ICE, the French TGV, aedldpanese Shinkansen) considered

in the study.
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Figure 8: Noise Emissions of different High-Speed ®und Transportation Systems
at a Distance of 30.5 meters dependent upon Speed
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(Source: Chen, Tang, Huan, and Wang, 2007, p. 440)

The values of Figure 8 coincide well with values tlee ICE 3 given by Schach,
Jehle, and Naumann (2007, p. 142) and Rausch (P0@8§) shown in Table 23. These
values have been measured at a distance of 25 an@2rfeet) from the respective
guideways. The noise emissions of the Spanish Y&akVE are very similar to those of
the German ICE 3 (e.g. 91 dB at 300 km/h (186 naghjompared to 90 dB for the ICE 3
at 300 km/h (186 mph)). However, the values forrtteglev system by Schach et al. and
Rausch are lower than those by Chen, Tang, Huamtg\Wang who derive their values
from measurements on the Shanghai maglev systecauBe this track is in commercial
operation, these values will be considered momngty. Despite the differences in the
absolute-number values for the high-speed maglstesy, all studies agree that noise
emissions of the maglev system are considerablgid@ar any given speed than those of

wheel-on-rail high-speed system.
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Table 23: Noise Emissions of different High-Speedr@und Transportation Systems

200 km/h 300 km/h 400 km/h
ICE 3 (Series 403) 85 dB 90 dB -
Transrapid (Series TR 08) 73 dB (75 dB) 80 dB 9l(em®dB)

(Source: Schach and Naumann, 2007, p. 142; andvalyarentheses Rausch, 2004, p. 25)

Besides noise levels, Chen, Tang, Huang, and W201@j/] also found through a
survey that onset rates of noise levels are algicatrfor residents adjacent to railway
lines. Onset rates describe how fast (decibelsspeond) noise levels increase. The
higher the onset rates, which are dependent orltispeeds, the more annoyed were
residents by traffic noise. For equal speeds, thglev performs better than any of the
wheel-on-rail high-speed trains since its noisele\are lower while onset rates are the
same. However, if the maglev train is operated wjikeds that exceed the speeds that
wheel-on-rail high-speed trains can achieve, batisenlevels and onsets rates increase
significantly so that more noise protection becomesessary.

In general, the emissions of aerodynamic noisedependent on aerodynamic
drag. The high-speed Transrapid maglev is, duts tatter aerodynamic design, superior
over wheel-on-rail high-speed in terms of aerodyicamoise emissions at a given travel
speed (cf. section 3.1.8 “Driving Resistance”).sTfact might raise the question of why
the design of wheel-on-rail high-speed trains i$ more a similar to that of maglev
trains. The problem is that the potential for stikaed design for conventional high-
speed trains is largely depleted. The width ofaintis constrained by the standard track
gauge of 1,435mm (4 ft/8in), which prevents a wider, but flatter desigrthe trains.
Furthermore, an electrically-driven wheel-on-raightspeed train needs to have a
pantograph (power pickup) to be supplied with eleity. These features as well as the
wheelsets are among the main sources of aerodynamse and the potential for

aerodynamic optimization of these features is lgrgepleted. According to the results
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from above, the benefit ratings for noise emissiamesassigned in Table 24 to reflect the

relative noise levels emitted by both high-speedesys.

Table 24: Benefit Rating for Noise Emissions

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 3 5 2

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.2.4. Interference with the Natural Environment

As discussed in section 3.2.1 “Land Consumptiot’isiassumed that maglev
systems are normally aligned on elevated guidewdysreas the normal alignment for
wheel-on-rail high-speed systems is at grade. Stheeareas where soils need to be
compressed are smaller for elevated guidewayshalgral water balance is in general
less disturbed in the vicinity of elevated guides/élyan near tracks that are designed at
grade. According to Gers, Hubner, Otto, & Stillé®97, pp. 6-8) approximately 180,000
cubic meters of earth per kilometer of double tr&8k8,809 cubic yards per mile of
double track) track have to be moved for a typwhéel-on-rail high-speed track in flat
topography, while for a maglev guideway in a simgavironment this figure is only a
qguarter as high (cf. 3.2.10 “Material and ResolComsumption”). The extent of earth-
moving gives a good impression on the amount oérfatence with the natural
environment.

According to tests at the Emsland Test Facility E)\\n Germany, no airflows
were detected below the elevated maglev guidewagnwdn maglev train passed by

(Siemens, 2006b, p. 9). Alongside the maglev guadean air flow speed of 10 km/h
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(6.2 mph}® was measured when the maglev train passes byaiheed of 350 km/h
(218 mph).

Furthermore, the separation impact of an elevatedlegvay is lower. “An
elevated guideway helps to preserve areas thae@igically sensitive or part of a
connected agricultural area. [...] The guideway careaésily adapted to any terrain, with
minimal influences on plants and wildlife (Sieme8606b, p. 19).” Animals can cross
below the track so that natural habitats are lessitbed. For at-grade tracks this is not
possible; measures specifically designed to enabimals to cross the guideway are
necessary. In European countries, where envirorahaegulations are particularly
stringent, major attention is paid to environmentapacts of transportation systems.
Therefore, various solutions to mitigate the nagagffects of at-grade railway tracks
have been developed. For example, wildlife crossittigit reconnect separated habitats
are commonplace for highway and railway projecisofextensive measures are used to
reestablish the natural water balance that has tséurbed through the implementation
of a major construction project. If these measwes effectively applied, interference
with the natural environment can be minimized.

As pointed out, however, an elevated system is ranwronmentally friendly in
the first place so that much less of the aboveroeatl mitigation is necessary.
Therefore, a higher benefit rating for interfereneéh the natural environment is

assigned to the maglev system as shown in Table 25.

1510 km/h (6.2 miles) equals approximately 5.4 knatich the Beaufort Wind Scale defines as a “light
breeze”; http://www.spc.noaa.gov/fag/tornado/begufoml Accessed June 17, 2010
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Table 25: Benefit Rating for Interference with theNatural Environment

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 2 4 4

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.2.5. Suitability for Co-Alignment with other Transportat ion Infrastructure

A major part of the total track distance of the nélrida high-speed rail system
is planned to be aligned along Interstate 4 (F4pm an environmental perspective, a co-
alignment of different transportation infrastrueus preferable since no further natural
habitats are usually affected. Not every high-speadsportation system, however, is
equally suitable to be co-aligned. Interstate higywesign standards (AASHTO, 2005)
mandate a minimum horizontal curve radius of 600ensg(1968 feet). A co-alignment of
either of the two HSGT systems with an interstaggnay where the minimum radius of
600 meters is applied would force extremely redwsyeeeds. According to section 3.1.7
“Flexibility in Track Alignment” a speed of 200 kim[(124 mph) is for the Transrapid
high-speed maglev achievable in curves with a saditd00 meters (2953 feet). Wheel-
on-rail high-speed trains need a minimum curveusdif 1,500 meters (4921 feet; i.e. 67
per cent higher than maglev) to be able to trav@08 km/h (124 mph). This means that
a co-alignment with design speeds of 200 km/h {@p4) is more easily achievable with
the maglev system. This can be particularly usé&fulapproaches to stations in city
centers where land use is very constrained.

If a higher travel speed is desired than that aldvy the curve radius of an
interstate highway, the new infrastructure will foeced to diverge from the existing
infrastructure in that section (alternatively orenalso consider changing the existing
infrastructure). Especially in cases where the HSGT system travels in the median of

an interstate highway, diverging from the existinfrastructure is a very complicated
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problem that usually requires bridge structuresvbich the new HSGT track crosses the
lanes of the existing interstate highway. This cbaxiously be more easily achieved with
an elevated guideway. Since the maglev system hrmore suitable for an elevated
guideway, co-alignment on the median of an intéestaeasier for a maglev system.

In summary, due to its lower minimum curve radimaglev system is more
desirable for co-alignment with existing transpboia infrastructure like interstate
highways. Furthermore, complicated design problenwhich the new infrastructure has
to diverge in alignment from the existing infrasture can be more easily handled with a

maglev system (cf. Table 26).

Table 26: Benefit Rating for Co-Alignment with Exiging Transportation Infrastructure

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 2 4 2

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.2.6. Need for Construction of Structures (Bridges, Tunnks)

The need for the construction of artificial struetsilike bridges and tunnels is to
a large extent dependent on the capability of thideyvay to fit into a given topography.
In Section 3.1.7 “Flexibility in Track Alignment't was shown that the maglev system
can handle lower minimum radii for horizontal cusvend higher maximum slopes at a
given speed. This leads to the conclusion thagh-Bpeed maglev guideway can be more
easily integrated into a given topography than @eldon-rail high-speed track, which
results in a lower number of required structurks bridges and tunnels (Siemens, 2006b,
p. 19).

The planning of a high-speed line between Dresderthe eastern part of

Germany and the Czech Republic, for instance, stiatve differences in the need for
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construction of structures between the two highedpsystems. The alignment would
have to cross a lower mountain range. Under thmigeeof a design speed of 300 km/h
(168 mph) a 9.4-kilometer-long tunnel would be rseey for the wheel-on-rail high-
speed system. The maglev system, on the contratydwmt need any tunnel for the
same speed. For a design speed of 400 km/h (249 timpimaglev system would need a
3.7-kilometer-long tunnel (Fengler, 2004).

In summary, a maglev track in general requires allemnumber of structures
than a track of the wheel-on-rail high-speed sysfBis is particularly important in hilly

or mountainous terrain. Table 27 shows the beretiiigs for both technologies.

Table 27: Benefit Rating for Need for Constructionof Structures

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 2 5 3

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.2.7. Aesthetic Impacts on Landscape and Cityscape

Within a city an elevated guideway is obviously matisible than an at-grade
guideway. So, an elevated guideway separates tyscape to a larger extent than does
an at-grade guideway. However, because a maglesiliray at a speed of 200 km/h (124
mph) emits a noise of 73.5 dB it is not signifidgdduder than the rule-of-thumb value
for normal road traffic (70 dB) (Siemens, 2006bhisTmeans that for a maglev up to a
speed of 200 km/h (124 mph) (in less constrainedr@mments even higher), no noise
barriers are required. The only visual obstructidng to a maglev guideway are the
beams and the columns of the guideway. There a®vediead catenary wires or posts
for these that further visually divide the cityseaphe height of the guideway beams and

thereby the extent of the aesthetic impact is dégeinon the length of these beams (i.e.
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the distance between two columns that supportltheeed guideway). Guideway beams
of a length of 12.4 meters (40.7 feet) have a heifjlapproximately 1 meter (3.3 feet)
(cf. Figure 9) and thereby only cause a rathertéichivisual division. By using these
beams, the passage below the guideway between wppoding columns is

approximately 11 meters (36 feet) wide. This isaliyuwide enough for a local or a

collector road.

Figure 9: Geometry of Guideway Beams for Elevated llglev Track
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In the open countryside an elevated guideway igleiFrom longer distances.
However, as explained in sections 3.1.7 “Flexipilih Track Alignment” and 3.2.6
“Need for Construction of Structures (Bridges, Tels)i’ a lower percentage of a maglev
guideway will have to be placed on bridges, whicé a major component of visual
impact.

In sum, the two systems can be considered apprésiyna@qual in terms of visual

impact for both a city and the open countryside Teble 28).
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Table 28: Benefit Rating for Aesthetic Impacts on kndscape and Cityscape

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 3 3 3

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.2.8. Barrier Effect (Physical Separation of Landscape ad Cityscape)

As pointed out in section 3.2.1 “Land Consumptioniaglev systems will be
constructed as elevated guideways for the mainqguouf the total track length. It is
largely accepted that the elevated guideway is r@dgaous in terms of physical
separation of landscape and cityscape (Schach &midan, 2007, p. 144). Physical
separation (contrasting visual separation; cf. igect3.2.7 “Aesthetic Impacts on
Landscape and Cityscape”) describes how peoplemasi and other modes of
transportation are impaired by the implementatiba oertain guideway into a cityscape
or landscape. This is why physical separationtisrofalled the ‘barrier effect’.

The concern about barrier effects due to transpontanfrastructure became
concern in the United States in the sixties aneésg®s when whole neighborhoods were
being divided because of the construction of thergtate highway system that was, in
contrast to highway systems in most European cmsptiocated through cities. There are
many famous examples were whole quarters of cie#anto an economic and social
decline after they had been physically separateah the rest of the city by an interstate
highway. Among these examples are the waterfrohtSam Francisco (Embarcadero
Highway) and Boston (Central Artery). In order &®verse the barrier effects, major
projects had to be conducted. The Embarcadero Highw San Francisco was torn
down in 1991; the Central Artery in Boston was ceked into a tunnel. This project,
commonly known as “The Big Dig”, was the most exgiea highway project in history.

The standard guideway beams for the maglev havgHsrof either 12.4 meters

(40.7 feet) or 25 meters (82 feet). As has beentpdiout in section 3.2.7 “Aesthetic
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Impacts on Landscape and Cityscape” the 12.4-nmpieteway beams allow for an
approximately 11 meter (36 feet) wide passage béhevguideway between two adjacent
supporting columns. This is usually wide enough dolocal or a collector road. The
longer 25-meter (82 feet) guideway beams allowtlfigr passage of a multilane arterial
road below the maglev guideway without locatingupporting column in the median of
the roadway. As such, dedicated crossover conginsctike bridges or underpasses are
unnecessary. This is an advantage because pedestdabicyclist underpasses are often
disliked for reasons of perceived safety. Becawusssover structures are expensive, just
as many as necessary will be constructed thus rgaym@ople to use more circuitous
routes to reach areas on the other side of thé&.tfus is why an at-grade guideway
usually has a major barrier effect on landscapeb atyscapes. They separate cities
physically whereas an elevated maglev guidewaytlier main part is just a visual
division that has been dealt with in section 3:A&sthetic Impacts on Landscape and

Cityscape”. Table 29 shows the benefit valueshiase been assigned for barrier effects.

Table 29: Benefit Rating for Barrier Effects (Phystal Separation)

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 2 4 4

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.2.9. Vibration

Due to the lack of physical contact during operatia passing maglev train
causes much less vibration than a wheel-on-raih-Bgeed train. The significance of
higher amounts of vibrations of wheel-on-rail tsaiis further increased by the higher
weight of these trains as compared to maglev traéiosording to Rausch (2004, p. 25),
maglev shows “appreciably lower vibration levelarthvheel-on-rail trains”. He argues

that the vibration emitted by a maglev at travedests of 400 km/h (249 mph) lie below
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those of a conventional train travelling at appnoxiely 135 km/h (84 mph). At a speed
of 250 km/h (155 mph) and a distance of 25 mei@?sféet) the vibration caused by the
Transrapid is below the human perception levela Alistance of 50 meters (164 feet), no
vibration is noticeable at all (Siemens, 2006b9)p.Therefore, maglev systems have to
be seen as superior in terms of avoidance of wdratover wheel-on-rail high-speed

trains (cf. Table 30).

Table 30: Benefit Rating for Vibration

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 2 5 4

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.2.10.Material and Resource Consumption

Materials and resources are, one the one hand,ucmts for the initial
construction of the HSGT system and, on the otla@dhduring the rest of the lifecycle
of the system. Giving general values for materiadl aesource consumption is very
difficult since these values underlie a high ramgevariation dependent on a specific
project. Gers, Hubner, Otto, and Stiller (1997, 8) chose sample plannings of either
HSGT system that they consider very typical foh@tHSGT system. To ensure the
fairness of the comparison both plannings are é&atat a similar, flat topography. The
material and resource consumptions (per kilometdwo-directional track) of the two

technologies are shown in Table 31.
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Table 31: Comparison of Material and Resource Consuption

Track for Wheel-on-Rail High-Speed Guideway for High-Speed Maglev
System (ICE 3; flat topography) (Transrapid; flat topography)
[per kilometer of double track] [per kilometer of double track]
Earth Moving 182,962 m?3 43,584 m3
Ballast 25,539 m?3 63 md
Gravel - 4,346 m3
Concrete 2,388 tons 4,653 tons
Steel 2,100 tons 1,796 tons
Aluminum - 20 tons
Bitumen 1,979 m3 -
Geotextile 12,024 m? -

While the amount of steel consumption for the abitonstruction of the tracks
for both systems is in a similar range, needs fbelomaterials differ significantly. The
extent of earth-moving is approximately four tintegher for a wheel-on-rail high-speed
track than for a maglev guideway in a comparalhé,tbpography. The consumption of
concrete, on the other hand, is about twice as fuglthe maglev system. Furthermore,
for the guideway magnet 20 tons of aluminum peprkitter of double track are
necessary. The consumption of other materials ti&kdast, bitumen, and geotextile is
only significant for the wheel-on-rail system.

Schach, Jehle, and Naumann (2006, p. 136) alsaanethie above figures. They
additionally take into account the percentage ahals over a certain track distance. As
pointed out in section 3.1.7 “Flexibility in Tradkignment”, the maglev system has a
higher flexibility in alignment so that it requiréswer tunnels. Since said comparison has
been tailored to the mostly hilly topography of @any, a percentage of tunnels of 30
percent for the wheel-on-rail system have beenmasduDue to the better flexibility in
alignment this figure is only 5 percent for the meagsystem. Since a high share of
tunnels increases the overall consumption of caecsgnificantly, Schach, Jehle, and

Naumann give values of consumption of concreteillyg terrain of 27.7 m3 (12.0 tons)
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per kilometer of two-directional track for the wihea-rail system and 5.7 m3 (2.5 tons)
per kilometer of two-directional track for the meglsystem. These results lead the
authors to the conclusion that “in almost all feelthe material consumption of the
Transrapid is lower as for the wheel-on-rail systef8chach, Jehle, & Naumann, 2006,
p. 135).

The underlying assumptions, however, do not halg tior the United States
because of the different topography. Except forfthgands in the northern part of the
country, Germany is mostly hilly. The continentahitéd States, including some of the
more densely populated regions, is mainly flathed th many regions no tunnels would
be necessary. This is why the conclusions in thesis on the values of Table 31. While
the wheel-on-rail system consumes more materialgyeneral, the maglev system
consumes higher amounts of more expensive matefiasrefore, the overall benefit

rating is assumed approximately equal betweenwtbesystems (cf. Table 32).

Table 32: Benefit Rating for Material and ResourceConsumption

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 3 3 3

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.2.11.Electromagnetic, Magnetic, and Electric Fields

According to Rausch (2004, p. 26), the magnetiddsien the Transrapid vehicles
and along the route are significantly below humaalth threshold values. This is equally
true for the electric and electromagnetic fieldBeé&s on the health of passengers, staff
and third parties are minimal. People who havethssre-makers can ride the Transrapid
maglev without any restriction. Because the gapveeh the propulsion magnets in the

guideway and the support magnet on the vehiclalg D0 millimeters (0.4 inches), the
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magnetic fields are very concentrated. Outsidegtgethe strength of the magnetic field
decreases rapidly. “Several research studies,dimgureports from the Research Institute
for Energy and Environmental Technology commissibipg Germany’s Federal Institute
for Occupational Medicine, confirmed that electrgmetic fields over the Transrapid’'s
entire frequency spectrum are significantly lowérart permissible limits set by

Germany's Federal Emissions Regulation. There #&ws tno adverse effects on
pacemakers or magnetic cards (Siemens, 2006b,”pgFigure 10 shows the strength of
magnetic fields at different locations inside thehicle. For comparison, the magnetic
field around a low-voltage halogen desk lamp ususticeeds 4.1T. The magnetic field

in a distance of 0.5 meters (1.64 feet) from avisien (with cathode ray tube) is

approximately 3.uT.

Figure 10: Strength of Magnetic Fields at differentLocations inside the Vehicle
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Contrary to the Transrapid maglev that is basedwglectromagnetic levitation,
the Japanese MLX01 (JR-Maglev), which is based leotr@dynamic levitation, has
stronger leakage fields. Because the gap betwesmulldeway and the vehicle in the
Japanese MLXO0L1 is significantly bigger (100 milliieyess — 3.94 inches), magnetic fields
inside the vehicle are very strong. Accordinglypple with heart pace-makers are not
allowed to ride this system. Also, credit cards atller devices that are sensitive to
magnetic fields must not be carried on the vehicle.

According to Brecher (2004), the magnetic fieldsidie the Transrapid TRO8 (the
model that is used on the commercially operatecktra Shanghai) are comparable to
magnetic fields on the French TGV Atlantique wheelrail high-speed train as well as
some American trains. However, because magnetidsfiare higher on maglev trains

than on most of the wheel-on-rail high-speed traihe benefit values in Table 33 are

assigned.
Table 33: Benefit Rating for Electromagnetic, Magn#éc, and Electric Fields
Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 4 2 2

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.2.12.Pollutant Emissions

Different kinds of emissions and pollutions occuep the lifetime of a
transportation system. First, emissions are diggthwhen raw materials for train and
track are extracted, followed by emissions durilg tproduction or construction
processes. Also emissions occur when trains ayelezt However, the most long-lasting
and easiest-to-calculate emissions occur duringratipa. To quantify pollutant

emissions, carbon dioxide (GQAs usually used as the main indicator. Other gnease
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gas (GHG) pollutants relevant to ground transpianainclude nitrous oxide (§O) and
methane (Ch). These have an even higher global warming pakmer mass of
pollutant than C@ However, they are emitted in much smaller quistitAlso, data on
CO, emission are more readily available (Givoni, BraadVatkiss, 2009, pp. 1-2).

All high-speed ground transportation systems aghliiiadvantageous over air
travel in terms of pollution. Givoni, Brand, and Wias (2009, p. 8) mention a study
conducted by the administration of the Eurd§taigh-speed-rail system that assessed
CO, emissions for trips between London and Paris Iplaaie and by the Eurostar high-
speed train. Travelling by aircraft, 168 grams @.GgCQ,) are emitted per passenger-
km, while travelling by Eurostar high-speed tramits only 17 gCQ per passenger-km.
This figure is based on today’s electricity generatmix in the United Kingdom and
France. Assuming that instead of the general UKggnmix, this calculation was based
on the energy mix of British Energy (BE) that hhise(the French energy mix) a higher
share of nuclear energy, only 11 gQéer passenger-km would be emitted. According to
the authors these values match well with figuresvdd from reports by the British
government.

For diesel trains, the emissions can directly bleutated with regard to fuel
consumption, type of fuel, and installed fuel gastment. For electrified train systems,
by contrast, emissions and pollutions occur indiyeat the power plant. That is why
“electric trains have virtually zero impact on lbaar quality at point of use, i.e.
alongside the rail network (Givoni, Brand, & Watki©n the right track? The role of rail
tackling climate change, 2009, p. 4).” Pollutionlyonccurs at the point of electricity
generation, which is usually away from densely paiea areas resulting in relatively

low impacts when compared to urban areas.

% The Eurostar high-speed passenger service connantion with Paris and Brussels and crosses under
the English Channel via the Channel Tunnel.
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The overall amount of C{emissions is determined by primary power needs and
the raw materials used to create and distributetretal power (Siemens, 2006b, p. 7).
Accordingly, the CQ content of electricity is dependent on the mixpdmary energies
used to generate electricity (coal, gas, nuclearewable (e.g. wind, hydro, solar), oil).

Table 34 shows the amounts of Cthat are emitted to produce one kilowatt-hour of

electricity.
Table 34: CO, Content of Different Forms of Electricity
Coal Oil Gas Nuclear Renewable
[9CO/kWh] [9CO/kWh] [9CO/kWh] [9CO/kWh] [9CO/kWh]
876 590 370 16 0

(Source: Givoni, Brand, and Watkiss, 2009, p’ 5)

In the United Kingdom, for example, “the operatiminelectric trains [...] results
in significantly less C@ emissions than for diesel operation. [...] While smawger
transportation by electrified trains caused thession of 54 gC@ per passenger-km,
passenger transportation by diesel train causeyC83 per passenger-km(Givoni, Brand,
& Watkiss, On the right track? The role of rail kheg climate change, 2009, p. 2). As
pointed out, this figure is dependent of the mixpoimary energy sources used to

generate electricity, which is given in Table 35.

Y The data for coal, oil, and gas was obtained filoerBritish Department for Business & Regulatory
Reform. The data for nuclear energy was obtainet #o study by the “Sustainable Development
Commission”. For renewable energy sources the camaseumption of zero emission was adopted
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Table 35: Primary Energy Sources for Electricity Gaeration in different Countries

Country Coal oll Gas Nuclear Renewable
[%] [%0] [%0] [%0] [%0]
United Kingdom'® 33.3 1.2 40.2 20.2 3.7
United States’ 51 1 17 21 9
France™ 45 1.0 3.7 78.3 11.5
Czech Republié’ 58.8 0.3 5.6 31.2 3.3

Combining the information on the G@ontents of different sources of primary
energy from Table 34 and the information on primamgrgy mixes from Table 35, we
can calculate that the generation of one kilowatirhof electricity in the United
Kingdom causes 451 grams of €@or the United States this figure is 519 grams of
CO,, about 15 percent higher. Given these considemstioperating electrified trains in
the United States causes a 10 percent lowerdd@ssion than operating diesel trains, on
the average, while in the United Kingdom operatabgctrified trains causes about 20
percent less C£emissions.

This is why Thornton (Thornton, 2009) argues thathe United States, “the
emission rates of electrified systems still shoduea that are not much lower than those
of systems that directly get their propulsion egdrgm fossil fuels”. He argues that this
because today’'s generation of electric energy & thited States is still highly
dependent on fossil sources of energy which teaddidguise the fact that electrified
systems can easily be operated as zero-emissiteansy# only the energy put into their

supply systems is changed to renewable sourcesolivious that “as the share of fossil

18 http://lwww.jimhadams.com/eco/UKEnergyMix2004.pdfossed July 2, 2010

19 http://www.eia.doe.gov/aer/pecss_diagram.html Ased July 2, 2010

2 http://ec.europa.eu/energy/energy_policy/doc/fatss/mix/mix_fr_en.pdf Accessed July 2, 2010
2 http://ec.europa.eu/energy/energy_policy/doc/fess/mix/mix_cz_en.pdf Accessed July 2, 2010
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fuels in the electricity generation mix decreasas,ncreases the advantage of electric
trains over diesel trains (Givoni, Brand, & Watki609, p. 9).”

Accordingly, Schach, Jehle, and Naumann (2006,4).siate that, due to the
different mixes of primary energy sources for aieity generation, the COemissions
caused by running a train in the Czech Republichaetve times higher than in France
where a very high share of the electricity generais achieved by nuclear power plants.
The values from Table 34 and Table 35 confirm thiéiérences in C@emissions due to
running electrified trains in these countries angdy however not as large as mentioned
above. While electricity generation in France cau&2 grams of COper kilowatt-hour,
this figure is approximately 7.5 times higher ie tGzech Republic where it causes 543
grams of CQ per kilowatt-hour. This value is comparable to flgare for the United
States (519 grams of G@er kilowatt-hour).

To fully use the capabilities of electrified systeno save greenhouse gas
emissions, the California High-Speed Rail Authodgmmitted itself to the exclusive use
of renewable energy to power the trains that wal on the new high-speed rail system
that they plan to implement. This means that thif@aia high-speed rail system would
be a true zero-emission system. While the aboveulzaions of CQ emissions with
respect to current data on energy mixes already slilvantages of electrified systems, it
is the existing systems like the French TGV systenthe Eurostar high-speed system
that have to be taken into consideration to recamrthe true emission-reduction
capabilities of electrified systems. The plans @alifornia show that it is already
possible to plan a zero-emission system based entriied high-speed ground
transportation systems. Accordingly, both systemieel-on-rail high-speed rail and

high-speed maglev, are assigned the highest besdii¢ in this category (cf. Table 36).

73



Table 36: Benefit Rating for Pollutant Emissions

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 5 5 5

1 = Minimum Benefit Value;
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3.3. Economic Aspects

3.3.1. Investment Costs

In order to compare two or more alternative investhoptions, the concept of
life-cycle costs (LCC) needs to be applied. Lifeleycosts encompass all costs that arise
from production; construction; operation; upgradingiaintenance, repair, and
rehabilitation (MRR); and potential disposal. Besauinvestment require a high volume
of expenditures over a comparatively very shosdtstr of time, they can pose a burden to
the implementation of a transportation system amaniting becomes increasingly
difficult. This is why investment costs are consetk in this section as a separate
category; other cost types will be dealt with ie fbllowing sections.

Capital costs (i.e. the sum of construction colstsgd-acquisition costs, and all
other one-time costs) for new wheel-on-rail higlkeegh systems are expected to be
significantly greater than capital costs for irtiig or improving conventional and
higher-speed passenger rail services. Based on repagetpons, construction costs to
initiate new conventional service on existing rigftway between Cleveland, Columbus,
and Cincinnati, Ohio, would be about $1.4 millicer pnile ($0.87 million per kilometer).
Similarly, improving existing services to higheregpls could cost about $1.9 million per
mile ($1.18 million per kilometer) for servicesoth Pennsylvania and Michigan; $11.8
million per mile ($7.33 million per kilometer) faervice from New York City to Niagara
Falls, NY; and $15.2 million per mile ($9.45 milligper kilometer) to establish higher
speed service from Charlotte, NC, to Washington, BE expected, these estimates are
lower than projections to develop new wheel-on-négih-speed services (often referred
to as ‘true’ high-speed rail) in Florida and Calif@, which would both require building
new dedicated track instead of using existing siftecture. Based on reported
projections, final design and construction for &rinigh-speed service between Tampa

and Orlando would cost approximately $36.7 millipar mile ($22.81 million per
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kilometer) and about $75.5 million per mile ($46r@Rlion per kilometer) for high-speed
service between Los Angeles and Anaheim (GOA, 20fppb11-12). These numbers are
in line with estimations by the National ConfererafeState Legislatures who expect
costs of about $65 million per mile ($40.4 millipar kilometer) (Dutton, 2010).

Schach and Naumann (2007, pp. 146-147) carriedcosit estimations for the
construction costs of the track (not including soflr operation, control systems, and
vehicles; not to confuse with capital costs frono\ad) for a hypothetical line section of
100 kilometers (62 miles) of either the wheel-oihtagh-speed system or the Transrapid
high-speed maglev system. In Figure 11 the reilthis comparison of construction
costs are shown. The authors took into accounstihehastic variations of the different
cost components due to potential differences inctieracteristics of the 100-kilometer
(62-mile) line segment. The mean costs for the Jnagrid maglev system amount to
EUR 21.53 million per kilometer of double track aBdR 17.69 million per kilometer of
double track for the wheel-on-rail high-speed systeThe standard deviation in
construction costs for the wheel-on-rail systenEI$R 1.0 million per kilometer of
double track, while the standard deviation for #ransrapid maglev system is EUR
0.456 million per kilometer of double track. Accord to Schach and Naumann, this
suggests a smaller risk of cost overrun for then3irapid maglev system. The reasons are
mainly seen in the higher ratio of tunnels for titeeel-on-rail system (cf. section 3.2.6

“Need for Construction of Structures (Bridges, Telsii’).
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Figure 11: Estimated Investment Costs for the ICE Weel-on-Rail High-Speed System
and the Transrapid High-Speed Maglev System
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(Source: Schach and Naumann, 2007, p. 147)

Breimeier (2002, pp. 66, 68) gives very similarued to those shown in Figure
11. However, his figures are only valid for flatthalignments where there is no need for
costly structures like bridges and tunnels. Acangdio his study, construction costs of
EUR 16.4 million per kilometer for wheel-on-railghi-speed rail and EUR 20.4 per
kilometer for maglev can be expected. Accordinghi® underlying assumption of both
authors, it has to be mentioned that these numibpresent very low values that can only
be achieved under ideal conditions. For a relatmaparison however, these number are
still meaningful.

A study by the Federal Railroad Administration (USD 1997) indicated that
maglev would have a somewhat (10-20 percent) higbst per mile than wheel-on-ralil
high-speed rail. After the publication of the worbks Schach et al. and Breimeier this
value can be verified as a very good assumptio8dmch et al. calculate investment
costs for maglev to be 22 percent higher than tHosevheel-on-rail while the same
figure according to Breimeier is 24 percent. Consenf Vuchic and Casello (2002, p.
43) that the investment costs of maglev might beuabnvo times greater than those for

wheel-on-rail high-speed rail are not supportedthlse studies. These concerns were
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based on earlier short-haul studies for the UnB&ates that arguably did not, by their
characteristics, represent very suitable markemseds for maglev so that the cost
comparison based on these lines becomes overlyanafale towards the maglev system.
For the Transrapid maglev project that was supptésezbnnect Munich’s airport with
the central rail station in the city center of Meimi construction costs were also estimated
to be approximately twice as high as for a wheelahhigh-speed track. On this short-
haul alignment whose environment is partially velgnsely populated, however, an
unusually high number of tunnels would have bearesgary. This increases construction
costs significantly and makes these numbers urseptative for an average track
alignment (Schach, Jehle, & Naumann, 2006, pp.2Z&Y)-: The general tendency seems
to be that the maglev system appears less pre¢emabierms of investment costs for
short-haul alignments.

Construction costs of those HSGT projects that Heeen implemented are higher
than those numbers by Schach et al. and Breimeden fibove. Especially the new-
constructed wheel-on-rail high-speed track betw@elogne and Frankfurt in Germany
has been criticized for its costs that exceededestienates. The investment costs of the
177-kilometer-long line (110 miles) were EUR 6 ibitl (Schach, Jehle, & Naumann,
2006, p. 79) which translates to EUR 33.9 milliear gilometer. Lopez-Pita, Teixeira,
Casas, Bachiller, and Ferreira (2008) say thatnlkdian costs for wheel-on-rail high-
speed lines in Europe are between $ 13 million &dd million (i.e. between EUR 8.8
million and EUR 27.2 million ($1 = EUR 1.47; 2008eaage)) per track kilometer,
depending on the function of the line. Assuming tha costs for the Cologne-Frankfurt
line are among the more expensive projects, thgseek coincide pretty well. The above
mentioned estimated costs for the proposed highespmil systems in Florida
(approximately $36.7 million per mile — $22.81 riaifi per kilometer) and Californian
(approximately $75.5 million per mile — $46.92 naifi per kilometer) also coincide well

when considering that these are capital costs pssagl to pure construction costs.
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For comparison, the estimated investment costsaf@roposed track for the
Japanese MLX01 maglev between Tokyo and Osakaafaist approximately 550
kilometers — 342 miles) are EUR 67 billion. Thisiats EUR 122 million per kilometer
(EUR 196 million per mile) which is, as pointed awithe introduction of this thesis, one
major reason why this thesis focuses on a compatisdween the Transrapid maglev
system and wheel-on-rail systems, leaving the MLRGlev system aside.

With the construction of the vehicles for the SHamigmaglev system, the
production process for the Transrapid maglev hasadly been mechanized and
automated to a large extent. Other parts like thdegvay beams have been standardized
reducing their number of types to three (Schwirgfip4, p. 38). Still Blank, Engel,
Hellinger, Hoke, and Nothhaft (2004, p. 78) expmstestment costs of wheel-on-rail
high-speed systems and high-speed maglev systefmgter converge in the future.

The next important part of investments costs aeectbsts for the vehicles. Witt
and Herzberg (2004, p. 97) state that the invedtroests for the maglev vehicles are
clearly higher than comparable cars for wheel-aherarail high-speed trains. This is, on
the one hand, due to not yet existing economiexcalie for maglev vehicles and, on the
other hand, a higher number of expensive electromieponents for the maglev vehicles.
Furthermore, the Transrapid’s manufacturer mentioras an advantage that “a single
supplier takes on responsibility for planning anesign, commissioning and
maintenance, as well as training of the operatieiggnnel (Siemens, 2006c¢)”. This can
certainly be advantageous in terms of managemeshtoaganization. It can, however,
also mean that the organization which is respoadits operating and maintaining the

facilities becomes more dependent upon a "singlgpleer’. As such, one could see

22

http://www.faz.net/s/Rub163D8A6908014952BOFB3DB13BFD4/Doc~EF43F9B10434D4980BA3F045
181BA1D69~ATpl~Ecommon~Sspezial.html Accessed 1dly2010
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certain disadvantages for the operator in negotiatjood deals for additional services.
This issue is, however, not necessarily exclusivithé maglev system. An operator of a
wheel-on-rail high-speed system will not be lesgehelent on a certain train
manufacturer. Even though there are, as oppos#tetmaglev system, multiple wheel-
on-rail high-speed train manufacturers in the miarkerdly any parts from one
manufacturer can be used on the system of anotheufacturer. Since there will be
competition between all kinds of high-speed grotnashsportation systems, it is highly
unlikely that neither the maglev manufacturer normwheel-on-rail high-speed rall
manufacturer will be able to take advantage frdiacck of direct competition.

The actual costs for the maglev vehicles are, duethe lack of enough
implemented projects, hard to determine. Schadiige Jand Naumann (2006, pp. 289-
191) estimate a Transrapid high-speed maglev toalre approximately EUR 42 million,
about twice as expensive as a ICE 3 wheel-on-igii-Bpeed train with a similar number
of seats, which costs approximately EUR 20 millidhe authors and the manufacturer
(Transrapid International, 2006, p. 14) say tha figure for the Transrapid maglev
should be lowered since approximately 30 percemefesehicles are necessary to reach
the same transportation capacity due to the higlebrevable operation speeds of the
maglev system (the train needs less time to triaaek and forth so that fewer trains are
necessary to operate with the same frequency).

In sum, the investment costs for the track are sdmé higher for the high-speed
maglev system (in the range of 20-30 percent) wdsetiee purchase costs for the maglev
vehicles are estimated to be about twice as higth@se for wheel-on-rail high-speed

trains. This leads to the assignment of the bewalfites in Table 37.
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Table 37: Benefit Rating for Investment Costs

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 4 2 2

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.3.2. Maintenance, Repair, and Rehabilitation Costs

Deterioration of the installations of a high-spegrdund transportation system
requires performing a series of maintenance opmeratin order to reach an acceptable
level of operability. According to Lépez-Pita , Xeira, Casas, Bachiller, and Ferreira
(2008, p. 13) the following elements can be invdlwe the maintenance of a railway
line: the track (i.e. rails, sleepers, fastenimgilpads, ballast); switches and crossings;
support structure layers (i.e. subballast, formefagoil layers); structures like bridges
and tunnels; signaling installations; telecommutnices installations; catenary; energy
supply of the electric line. The study, which thesenponents are drawn from, focused
on the wheel-on-rail high-speed system. It is obsidhat costs that arise from the
maintenance of these systems will be significaihdher for the high-speed maglev
system because some of the wheel-on-rail systeants fhat require regular maintenance
(e.g. the overhead catenary) simply do not existhenmaglev system. Other parts like
most track components are wear-free due to thecoatact support, guidance and
propulsion of the Transrapid maglev (cf. sectiah8:Wear and Degradation”).

The study of Lépez-Pita, Teixeira, Casas, Bachilerd Ferreira (2008, p. 17),
which was conducted on a representative selecfi@ummpean wheel-on-rail high-speed
lines, suggests that maintenance costs of the vameril system are distributed among
its subsystems as follows: 45-55 percent for tlaekir 3-5 percent for bridges and
tunnels; 20-25 percent for the catenary and poweply; and 17-22 percent for signaling

and telecommunications. Based on the observatidranalysis of the maintenance costs
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of the Paris-Lyon wheel-on-rail high-speed linewds calculated that the average cost
per kilometer of track was approximately 55 percehtthe maintenance cost of a
conventional wheel-on-rail track with equivalerdffic. This is due to three reasons: 1)
The uniformity of the high-speed rail (i.e. the TEaMdlling stock on the line; 2) the lower
axle charge of these high-speed trains; and 33ttiwt quality conditions imposed during
the construction of the line (LOpez-Pita, Teixeitasas, Bachiller, & Ferreira, 2008, p.
17).

Since one important advantage of the wheel-onhigh-speed system is the fact
that it can allow freight trains to be operatedtlom same track (cf. section 3.3.6 “Ability
to Use Existing Railway Tracks”), it is importard €onsider what consequences such
mixed operations would have in terms of maintenarasts. Such estimations have been
performed for the new high-speed line between Banee (Spain) and Perpignan
(France) that is slated for mixed traffic. With thddition of freight trains to the line,
maintenance costs for the track will be 27% higineostly due to the increase of rail
grinding and tamping needs. Maintenance coststf@rdrack elements like bridges and
tunnels, catenary and power supply systems, andalgig and telecommunications
systems, are not expected to change significatbcording to the share of track
maintenance costs among the overall maintenande @osincrease of approximately
11% in overall maintenance costs would be causedhbyaddition of freight traffic
(Lépez-Pita, Teixeira, Casas, Bachiller, & FerreB@08, pp. 17-18).

The total maintenance costs per kilometer of a-Bjgged line (with exclusive
high-speed passenger train usage of approxima@ytiins per track per day) have
been determined to be EUR 38,600 per year (L6pegz-Peixeira, Casas, Bachiller, &
Ferreira, 2008, p. 19). The authors state, howethext they were, for confidential
reasons, not allowed to disclose from which systeey drew the data. Due to the high
number of trains per day, however, it is probablgt this data comes from the French

TGV system.
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Schach, Jehle, and Naumann (2006, pp. 138-139)uctenti a similar calculation
based on data from Loos (Loos, 2003). Even thougly assume a significantly lower
number of trains per day (i.e. twelve trains pey)dthey calculate the almost exact same
total maintenance cost per kilometer per year oRE38,763. The fact that they thereby
give a higher value per train (i.e. same mainteaarst for fewer trains) is arguably due
to the fact that they relate their calculation tmther wheel-on-rail system than Lopez-
Pita et al. Although interesting, these differenaa$ not be analyzed any further, since
the quintessential question is only how these wammpare to the maintenance costs of
the high-speed maglev system. Based on data froos (lboos, 2003), Schach et. al.
(2006, pp. 138-139) calculate maintenance costthioilransrapid high-speed system to
be EUR 12,264 per kilometer per year (also assurnvigdve trains per day) and, thus,
only a third as high as maintenance costs for theelvon-rail system. Breimeier (2002,
p. 71) agrees that maintenance costs are highghdéowheel-on-rail high-speed system
than for the high-speed maglev system. He calculdbe wheel-on-rail system’s
maintenance costs, however, to be only 70 perceteh than those for the maglev
system (as opposed to the above 200 percent). Anatiportant property is that the
track maintenance costs increase with operatingdgspe the wheel-on-rail system. For
the Transrapid maglev system, the guideway mainnaosts are independent of
operating speed.

Vuchic and Casello (2002, p. 43), however, are eored that the maintenance of
the maglev system might be very sophisticated dubed very complex instrumentation
on the guideway and on the trains. These concerascarrelated to Breimeier’s
suspicions that the maglev’'s guideway might, evethe absence of physical contact in
operation, still require costly maintenance workf. (section 3.1.4 “Wear and
Degradation”) in case components fail for othersogs than wear. While it was shown
above that the Transrapid maglev system has inrgesignificantly lower maintenance

costs, it still has to be considered that failupéshe electromagnetic components can
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cause high costs. Therefore, the difference irb#reefit rating for the two HSGT systems

has to be lowered which leads to the benefit ratingrable 38.

Table 38: Benefit Rating for Maintenance Costs

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 2 4 4

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.3.3. Operation Costs

Operation costs refer to all costs which do notobgl to one-time costs.
Accordingly, maintenance costs can also be coumtedoperation costs. For their
complexity, however, they have already been treatdtie previous section separately.
The remaining operation costs include energy, pgrslp insurance, ticketing, marketing
and some other minor cost factors.

Because both high-speed ground transportationragsaéee fed by electric energy,
the energy costs almost solely depend on theiertsfe amount of energy consumption.
As it has been pointed out is section 3.2.2 “En€2gysumption”, the Transrapid maglev
has a lower energy consumption when both systees@erated with a maximum speed
of 300 km/h (186 mph). If the maglev system is, boer, operated at 450 km/h (280
mph), the level of its energy consumption exceéads$ of the wheel-on-rail high-speed
train at 300 km/h (186 mph).

Different authors (Witt & Herzberg, 2004, p. 96)réBneier, 2002, p. 72) state
that personnel costs of the maglev system are &egbd¢o be lower. If the maglev is
operated with higher travel speeds, less vehictesngcessary to achieve the same
transportation capacity, which leads to a reductibaperation costs (Siemens, 2006b, p.

11) as a smaller vehicle fleet requires fewer dpegaand maintenance personnel (cf.
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section 3.3.1 “Investment Costs”). Another impottiatt is, that the Transrapid maglev
has a fully automated operation and therefore dumdsrequire a driver on the train
(Transrapid International, 2006, p. 14).

In sum, operation costs of the maglev system aserdhan those of the wheel-
on-rail system. If the maglev system travels wiifjhler speeds, the share of energy costs
among total operation cost increases while othstsdike personnel costs decrease.

It is also interesting to point out that every HS&/Btem has its individual cost-
optimal speed. While some costs like investmentscasd personnel cost decrease with
increasing speeds (less trains and thereby lesomeel is needed), other costs like
energy costs and maintenance cost increase witeasing speeds (maintenance costs
are, however, only dependent upon travel speethéowheel-on-rail high-speed system)
(Breimeier, 2002, pp. 33-34). An optimization whicbnsiders all speed-dependent cost
factor leads to a certain optimal speed where @stshe lowest. This cost-optimal speed
is higher for the maglev system than for the wharekail system.

A study by Witt and Herzberg (2004, p. 102) trieddetermine a break-even
point at which overall system costs (i.e. the camabon of investment costs,
maintenance costs, and other operation costs)pmrexmately the same for both HSGT
systems. Due to the higher investment costs ofntlaglev system, overall costs are
higher for the maglev system at first until the tceavings, which correspond to lower
maintenance costs and operation costs, balanah®tigher investment costs. Witt and
Herzberg estimate that this break-even point wellreached after 30 years of operation
according to the current state of the art. Theyuarthat the break-even point will
probably be reached earlier (they estimate 15 ydarduture systems due to the higher
development and cost savings potential of the magystem (cf. section 3.6.3 “Potential
for Further Development”).

As described above, the evaluation of operatiosdesds to the assignments of

benefit values shown in Table 39.
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Table 39: Benefit Rating for Maintenance Costs

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 3 4 4

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.3.4. Ridership Generation

The number of passengers attracted to a transjportsystem (i.e. its ridership)
depends on travel fare, travel time, frequency, footh punctuality, accessibility to
stations, and integration with other modes of tpantion. Based on a joint gravity
model which uses the generalized cost of each efatrailable mode of transportation
together with a modal split model (logit model)e ttraffic on a certain transportation
system can be calculated dependent on the aboaenpters (Guirao, 2005, p. 114). For
example, it is one the most basic laws of trangpiort that decreasing the travel time
results in an increased ridership just as doesdsurg travel fares.

Some of the above factors do not differ very mueltween the two HSGT
systems (i.e. comfort, cf. section 3.4.3 “ComfarOthers do not directly depend on the
type of HSGT system, but on operational charadtesishat can be chosen independent
of the train technology (i.e. frequency, cf. seat®4.2 “Arrival Frequency”). Possible
differences in ridership are mainly dependent @vdt time, travel fares, and system
integration.

The various European high-speed rail systems heoxeeg the potential of HSGT
systems to attract ridership. Even in cases whaiteoad connections already existed
between given origin-destination pairs, HSGT haseased ridership. Between Madrid
and Seville, for instance, train service alreadistex prior to the inauguration of the
Madrid-Seville high-speed line in 1992. It had arke& share of 13 percent in 1990.

Since the inauguration of the high-speed line,aberall number of passengers has been
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continuously growing. In 2000, high-speed rail flratharket share of 41 percent. While
part of the ridership is comprised of former ridefsother modes, the high-speed line
also induced traffic as it offered travel opporties that did not exist before. For
example, it became feasible for employees to comnwary long daily distances,

resulting in the term *high-speed commuter’. In geaticular case of the Madrid-Ciudad
Real city pair on the Madrid-Seville line, this iagt on mobility has had some very
important local territorial implications (GuiraoQ@5, pp. 113-115).

The Spanish high-speed rail experience also ilites¢r the combined effects of
travel time, travel fare, and frequency. Due to rigtructuring of existing train services
which occurred along with the inauguration of thadvid-Seville high-speed line, some
connections (e.g. Madrid-Huelva and Madrid-Cadizyveed a decline in ridership. On
the connection between Madrid and Huelva, whichigdgr uses the Madrid-Seville
high-speed line, the underlying changes had beeadaction in frequency of direct
services from 42 to 14 services per week and aifi@rease of 35 percent. A travel time
reduction of 41 percent was the only simultanecositive impact that could not fully
outweigh the negative impacts (Guirao, 2005, p)114

As explained in section 3.5.8, the integration loé tHSGT systems into the
existing transportation infrastructure does nofedikignificantly between both systems
except for the integration with conventional rahgces (e.g. regional trains, commuter
trains) where the wheel-on-rail high-speed systeas hhe advantage. Also, an
interconnected high-speed system can be achieveel @asily for the wheel-on-rail high-
speed system (cf. section 3.5.7 “Ability to CreateConnected High-Speed Ground
Transportation Network”). On the other hand, thghhépeed maglev system benefits
from its lower travel times, especially if it issagned to travel with maximum speeds of
450 km/h (280 mph) (cf. section 3.4.1 “Travel TimeTravel fares are assumed to be

approximately equal between both HSGT systems qeftion 3.4.4 “Travel Fare”).
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Summarizing the various influences, the followirenéfit values for ridership generation

(cf. Table 40) have been determined.

Table 40: Benefit Rating for Ridership Generation

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 4 4 5

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.3.5. Chances to Acquire Grants

The implementation of high-speed rail projectsastly and requires substantial
up-front public investments (GOA, 2010a, p. 1).dther countries with high-speed
intercity passenger rail systems (e.g. France,nJapa Spain), the government generally
funded the majority of the up-front costs of higieed rail lines (GOA, 2010a, p. 3). This
illustrates that the chances of a high-speed graxamdportation system to acquire public
grants are essential for the success of its impi¢atien. The enormous importance of
such funding can be seen in the award of $8 bilfrem the American Recovery and
Reinvestment Act (ARRA) that elevated high-speedugd transportation projects to
reach more professional discussion.

The ARRA funds impose a set of requirements thatrie be fulfilled in order to
be eligible for the funding. Future grant prograce be expected to have similar
requirements. Among the ARRA requirements that Hzeen discussed the most is the
deadline that ARRA funds be spent by Sept. 30, Z@Litton, 2010). This requirement
might be tough for those ‘true’ high-speed rail jpobs, which this thesis is focusing on.
A report by the Government Accountability Office @&, 2010b, p. 17), which
incorporated interviews with industry stakeholdestates that “design, testing, and

production of new passenger rail cars can take haggvfrom almost 2.5 years to almost
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9 years.” This means that for more extensive ame@-tonsuming projects the time frame
can be challenging as only seven years are leiit ARRA funds must have been spent.
On the other hand, it has been proven that, if sesrg or desired, even the most
demanding projects can be implemented very quicKkiye Shanghai maglev system, for
instance, started commercial operation in Decer2béB, less than three years after its
construction began in March 2001.

Another requirement of ARRA funding is that the ragrcan only be spent in the
United States. While such a requirement is logasalt was the very reason for passing
ARRA to support the American economy, it is notgbke for either high-speed ground
transportation system to have 100 percent of atspaanufactured in the United States
(GOA, 2010b, p. 20)Both high-speed ground transportation systemkswuilely require
some special parts. For various reasons, it mightitreasonable to force them to be
produced in the United States. For example, it ighdisproportionally expensive to set
up production facilities for parts of which onlyary low number is required. Still, major
portions of planning, construction, and productpyocesses can be achieved within the
United States. This is equally true for both higleesd ground transportation systems.

Other chances to acquire funds are state bondaldicgprivate-partnerships.
California voters, for instance, have already anteal in a 2008 ballot initiative the
issuance of $9 billion of municipal bonds. The ctetg proposed high-speed system for
California is, however, estimated to cost approxetya$40 billion. Therefore, authorities
in California (similarly in Florida) are planning tnclude public-private partnerships into
their funding programs(Dutton, 2010). The quintesisé question for the private sector
will be their confidence in the investments intghtspeed ground transportation systems.
Thorough economic analyses will determine the chsnto establish a profitable
investment. If either HSGT system is designed pigder a given market so that a good
profit can be expected, private investors will rfatvor or disfavor either system.

Concerning public bonds, which need to be apprdwetioters, the wheel-on-rail high-
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speed system might be in an advantaged positiaze Skepticism about the maglev
system tends to be a little higher (cf. section13‘6ocietal Acceptance”).

In sum, some ARRA requirements are difficult tdfifufor both HSGT systems.
Neither system can be expected to be significaatlyantaged over the other by the
demands of ARRA grants as well as future grantsgrbmt initiatives, which involve
ballots, the maglev system might be slightly disadaged. This leads to the assignment

of benefit values as shown in Table 49.

Table 41: Benefit Rating for Chances to Acquire Grats

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 4 3 3

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.3.6. Ability to Use Existing Railway Tracks

The ability of high-speed trains to use existindroad infrastructure is one of the
major points in the current discussion about thplémentation of high-speed ground
transportation systems. Therefore this sectiomis af the most extensive in this thesis.
Besides the abilities and disabilities that the BR®GT system show in terms of ability to
use existing infrastructure, this section also gwes step further and addresses potential
problems presented by the use of existing railinfdstructure.

According to Vuchic and Casello (2002, p. 33) “[when-rail] high-speed rail
has a huge advantage over maglev due to [its] coiilgg with existing rail networks.”
Although there are technical differences betweendeno high-speed rail and
conventional rail, high-speed trains still travel the same basic type of infrastructure as
today’s freight and passenger trains. Maglev, an dbntrary, operates on an entirely

different type of guideway.
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The following paragraphs analyze to what ex today’s higl-speed trains in
other countries use existing conventional (i.e. -highspeed) rail infrastructur
Following Guirao (2005, p. 11( there are four cases into which \can group the
different ways of operating a network that includegh-speed lines and conventior

(i.e. slower) rail linesFigurel? illustrates these cases.

Figure 12: Different Cases of Using Rail Infrastructure
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In Case 1, higlspeed trains never share tracks with conventio@hd. This
complete segregation of rolling stock be foundtoday only in Japan on the Shinkan:
lines (Vuchic & Casello, 2002, p. 4 that belong to the JR Central and the JR \
companies.

In France, higlspeed rail lines are exclusively used for |-speed passenger
trains (LOpezPita, Teixeira, Casas, Bachiller, & Ferreira, 200814. High-speed trains
can, however, also run on conventional li(Guirao, 2005, p. 110)Accordingly, the
French trainnetwork is considered to be Case 2. The highestesbhthe network

however, is operated separa, which corresponds to Case 1. A very similar situz
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can be found on the newest German high-speed Bteelen Cologne and Frankfurt.
Here, high-speed trains only use conventional loreshe last few miles that connect the
newly constructed high-speed line with the traatiehs in the city centers (Case 2). For
the major part of the distance, however, high-speaiths run exclusively on the new
high-speed rail tracks where no other trains agzatpd (Case 1).

The Spanish rail network corresponds to Case 3reTaee a few types of trains
that can use the high-speed lines on their routg (e Talgo 200). High-speed trains,
however, have never been used on the conventigtalork (Guirao, 2005, p. 110),
which is basically due to the technical incompétipiof conventional and high-speed
lines. Conventional lines were traditionally cansted in Iberian gauge (1.668 meters —
5 feet 5% inches) while the newly constructed high-speeeliare standard gauge (1.435
meters — 4 feet% inches). The conventional trains that operate hen $panish high-
speed lines are exclusively lower-speed passengjes t(Guirao, 2005, p. 115) (Lopez-
Pita, Teixeira, Casas, Bachiller, & Ferreira, 200815). Freight trains are prohibited on
the Spanish high-speed network (Guirao, 2005, p).Xase 4 can be found in Germany
and Italy where high-speed trains run on (upgradedyentional lines while lower-speed
trains also run on high-speed lines over signifigaortions of the network (Guirao, 2005,
p. 110).

As the high-speed maglev system uses a compleféyaht type of guideway, it
cannot operate on any conventional rail track. Adicmgly, it has been criticized that “an
additional guided system like a high-speed magletesn which is not compatible with
railway means a further specialization in the tpamsation market and thereby a
limitation of its application opportunities. The phrementation of the maglev system can
technically be seen as the introduction of a newkirgauge (Breimeier, 2002, p. 11).”
The wheel-on-rail high-speed system is the onlyesysthat can be operated on existing

rail infrastructure.
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The combined operation of high-speed trains anigtiterains on either newly
constructed high-speed lines or upgraded freightines, however, can cause problems
in many respects. As pointed out in section 3.3Maihtenance, Repair, and
Rehabilitation Costs”, high-speed lines on whichnvanmtional passenger and freight
trains are run in addition to high-speed trainsehigher maintenance costs. Lopez-Pita
(Approximation to the Compatibility between Highega Passenger Trains and
Traditional Freight Trains, 2000) has shown tha dommon operation of high-speed
passenger trains together with conventional passetrgins and freight trains would
cause increases in maintenance costs between 2Gamercent, depending upon the
number of freight trains and the number of passetrgéns. Similar estimations have
been performed for the new high-speed line betvigamcelona (Spain) and Perpignan
(France) that is slated for mixed traffic (cf. sent3.3.2 “Maintenance, Repair, and
Rehabilitation Costs”). With the addition of fretginains to the line, maintenance costs
for the track will likely be 27 percent higher aoderall maintenance cost would increase
by approximately 11 percent (LOpez-Pita, Teixe€asas, Bachiller, & Ferreira, 2008,
pp. 17-18). This means that monetary savings thiatbe achieved when existing tracks
are upgraded instead of constructing new tracksbeapartially outweighed by higher
maintenance costs that arise because of the cothbperation of high-speed trains and
conventional trains.

Furthermore, combined operation reduces the capatia line significantly as
very long headways between conventional trainshagiad-speed trains are necessary due
to the huge differences in operation speeds. Fifj8rehows the time-distance diagrams
of a hypothetical 50-kilometer (31-mile) segmentadfigh-speed line. The left part of the
figure depicts exclusive high-speed train operatbthis line segment. The headway is
chosen as five minutes. Because all trains travédl the same speed (300 km/h — 186
mph), their headways stay constant on the wholeneagy The right part of the figure

depicts mixed operation with high-speed trainsv@liag at 300 km/h — 186 mph) and
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freight trains (traveling at 100 km/h — 62 mph).drder to ensure the same minimum
headway as in the left part of the figure (i.eefminutes) the second high-speed train
(HST 2) cannot enter the line segment earlier tAamminutes after the freight train
entered it. Otherwise, the high-speed train woadehto slow down after the freight train
in order to maintain the 5-minute headway. As altdhe second high-speed train cannot
arrive at the end of the line segment any eaitiant40 minutes after the first high-speed
train had entered the line segment. On the linenseg with exclusive high-speed train
operation, the seventh train has already arrivatieaend of the segment at this point of
time (i.e. after 40 minutes). An option to remedhe tcapacity problem with mixed
operation can is to add an additional track tontiaén line, which the freight train can use
to let the high-speed train pass. Even applyingdhmeasures, it is still impossible to
reach capacities of rail lines that are exclusiaggrated with trains of one single speed.
Furthermore, the schedules would have to be coatelihwith busy commuter and

freight lines that ply the roufé.

2 http://www.latimes.com/news/local/politics/la-megh-speed-rail-20100612,0,5073909.story Accessed
June 17, 2010
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Figure 13: Capacity of High-Speed Lines in Separatand Mixed Operation
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Due to these capacity problems, a full separatfqrassenger and freight traffic is
planned for the proposed HSGT system for the Chirgsijing-Shanghai corridor in
China. On the existing line, passenger trains esticted to very low speeds to maintain
a reasonable capacity (Liu & Deng, 2004, p. 24).

In the United States, most railroad tracks aregtely owned (GOA, 2010b, p. 1).
This increases the complexity of mixed use of liags as access agreements must be
negotiated with the private owners. These agreesmanst specify how costs, such as for
maintenance-of-way, are to be shared, or alterelgtiwhat access charges must be paid
(Zarembski & Cikota, 2008, p. 30). Moreover, it Heeen reported that freight railroad
companies are also concerned about questions lufitlacoverage for passenger rail
providers operating on their tracks. This is aonagrrier for host railroads as they see a
risk of getting involved in substantial liabilityagms in case of an accident involving a
passenger train on their tracks, even if the frteighroad was not at fault (GOA, 2010a,
p. 4).

The introduction of double-stack container transgteyn on railroads has made

freight transportation significantly more econonhicioday, double-stack container
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transportation accounts for almost 70 percent @rmodal freight transport shipments in
the United States. All lines, on which containers &ansported double-stacked, are
diesel-operated and have no overhead catenary. i¥hikie to the fact that railcars
carrying double-stacked containers have too higblearance to fit underneath the
overhead catenary. There are only few examplesdwadk that combine electrification
and double-stack container transportation. In Ghinatainers which have lower heights
(8 feet — 2.44 meters) than ISO standard contaifgefeet 6 inches — 2.59 meters or 9
feet 6 inches — 2.89 meters) are used in doubtd-stperation under catenary. From
India, it is reported that freight-only corridorseabeing constructed with a particularly
high overhead catenary of 7.45 meters (24.44 tmye the rail, which is high enough
to run freight cars with double-stacked containenslerneath it* While solutions for
combining electrification with double-stack congirtransportation exist, an overhead
catenary at the standard height usually precludabld-stack operation.

It has also been argued that in the western UrStates, where cities and towns
are newer and have in the last 50 years grown diaggigvay corridors rather than along
railroad corridors, the use of existing railroadrastructure would disadvantage the
accessibility of the high-speed system. Insteapresentatives of the Rocky Mountain
Railroad Authority, which is considering implemergihigh-speed ground transportation
in Colorado, recommended a new high-speed groamgportation system on new tracks
along the interstate corridors as this would cohtiee population centers much better.
Upgrading freight railroad tracks or building nesadks parallel to freight rail corridors
would be cheaper in terms of capital costs. Acemydp the Rocky Mountain Railroad

Authority, however, such lines are suspected tdebs profitable and ‘true’ high-speed

2 http://lwww.venix.eu/intermodal-freight?start=3 Assed July 15, 2010
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rail is not feasible when tracks are shared witkigiit trains due to the limited
compatibility of the two systenfs.

According to the Federal Railroad Authority’s Hi§ipeed Passenger Rail Safety
Strategy, it is also considered ‘general best practto operate passenger trains with
speeds exceeding 150 mph (241 km/h) on a dedicegbtdof-way, i.e. on a railroad
track which is reserved for the exclusive use afhkipeed passenger trains (GOA,
2010b, p. 14). The plans of the California High-&p®&ail Authority are also based on an
entirely new system, i.e. a system with dedicatghtiof-way (Schwieterman, 2007, p.
17). The only existing high-speed passenger ravice in the U.S. (i.e. the Acela
Express in the Northeast Corridor) runs on upgrasesting freight tracks. Many of the
problems of this service are directly related @ tise of existing tracks.

In the future, there will surely be agencies thatide to implement new systems
and agencies that decide to accept the abovemedtibmitations in order to save
investment costs and base their passenger radreysh existing freight lines. Besides all
the technical, economic, and operational aspee#tsvad, these decisions will arguably
be very political. The above limitations in usingisting freight lines should be
considered in these decisions to the full extehe d&im of this section is, however, not to
rate the importance of the capability to use exgstnfrastructure (cf. chapter 0), but the
analysis of the purely technical capabilities. ims maglev trains can never use existing
rail tracks. Wheel-on-rail high-speed trains cansdan a technical sense. Especially in
urbanized areas where trains cannot run very fastdnere the acquisition of new right-
of-way is expensive or impossible, the ability teeuexisting railroad tracks can be
advantageous. The French TGV, for example usesectiowal railroad lines with speeds

up to 220 km/h to connect with many city-centetistes. Considering the wheel-on-rail

% http://coloradoindependent.com/50016/study-putsredlo-high-speed-passenger-rail-price-tag-at-22-
billion Accessed July 15, 2010
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system’s general capability of using existing bl tracks and all the limitations that

apply in doing so, the benefit values in Table 4¥ehbeen determined.

Table 42: Benefit Rating for Ability to Use Existing Railroad Tracks

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 3 1 1

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau
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3.4. Aspects of User Friendliness

3.4.1. Travel Time

According to Vuchic and Casello (2002, p. 34), “af¢he goals in building HSR
systems has been to increase the domain in whicks the superior mode not only in
convenience but also in speed or travel time.” &fwee, a short travel time is one of the
main characteristics determining the quality of ighkspeed ground transportation
system. In general, travel time is dependent upawvet speed (cf. section 3.1.3 “Travel
Speed”), acceleration (cf. section 3.1.1 “Accelerd), braking characteristics (cf.
section 3.1.2 “Braking Performance”), dwell timesstations (cf. section 3.5.3 “Dwell
Time at Stations”), the achievable speeds in udmghiareas (cf. section 3.5.5
“Achievable Speeds in Urbanized Areas”) and distdmetween stations (cf. section 3.5.6
“Suitability for Varying Distances between Statindt is essential that the influences of
all these parameters are considered to achieveaningéul comparison of travel times.

Vuchic and Casello elaborate on travel times qextensively. They argue that
“‘increases in maximum speed have decreasing mérgaias in travel time savings
(Vuchic & Casello, 2002, p. 35).” They base thastesment on the fact that for a trip of a
given distance, an increase in maximum speed iritjeer speed ranges has a lower
effect on decreasing travel times than the sanrease (in absolute numbers) in speed in
lower speed ranges. They state as an example nhimiceease of the maximum speed
from 200 km/h (124 mph) to 250 km/h (155 mph) se&&sminutes on a distance of 250
kilometers (155 miles). An increase from 400 kniZH§ mph) to 450 km/h (280 mph)
only saves 3.9 minutes on the same distance. Exaaesl effect could be observed on the
Madrid-Ciudad Real-segment of the Madrid-Sevillghhspeed line in Spain. On this line
segment, part of the 300 km/h-fast (186 mph) AVd&ns had been replaced by other,
lower-power trains with a maximum speed of 250 kif#/85 mph) at the beginning of

2005. Still, the travel time on this 171 kilometéwag (106 miles) line segment has
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remained almost the same (Guirao, 2005, p. 111gsé nelationships, however, are only
true for comparisons among the same transportatistem where the maximum speed is
the only parameter being changed with acceleraboaking rate, dwell times at stations
and all other parameters kept constant.

In a fair comparison between two different tranggioon systems, all the travel-
time-relevant parameters that are different betwheriwo compared systems have to be
taken into account, i.e. besides maximum speedsaaiseleration, braking performance,
achievable speeds in urbanized areas etc. Sucltwdatn has been conducted for the
1,462-kilomter-long (909 miles) proposed alignmehthe Beijing-Shanghai corridor by
Liu and Deng (2004, p. 25) (62 percent of the distaon a tangent; 38 percent of the
distance along curved alignment). They calculateotétical travel times (i.e. for
unconstrained alignment, not taking into accouny apeed reductions in urbanized
areas) of 3.5 hours for maglev and 5 hours for Wwhee&ail high-speed rail. They base
these estimations on assumed maximum travel spgedlS0 km/h (280 mph) and 300
km/h (186 mph) and acceleration rates of 1.0 mid2Ga4 m/s? for maglev and wheel-on-
rail high-speed rail, respectively. These figuredude dwell times at stations. Modifying
these values based upon assumed speed reducticseciions with constrained
alignments, they estimate that travel times wowddapproximately 4 hours for maglev
and 8 hours for wheel-on-rail high-speed rail. Bea the results of other sections of
this thesis (e.g. section 3.1.7 “Flexibility in Tka Alignment” and section 3.5.5
“Achievable Speeds in Urbanized Areas”) it has & dgreed that increases in travel
times due to constrained alignment will generakydignificantly greater for wheel-on-
rail high-speed rail than for high-speed maglew &nd Deng’s values, where the overall
travel time of wheel-on-rail high-speed rail is ¢t@ias high as the maglev’s travel time,
however, seems to overestimate the differencesramelttime increases. Because

alignment constraints also increase the travel tiorethe maglev system, an overall
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travel time of 5 hours for the maglev (and 8 hoims wheel-on-rail high-speed rail)
appears more realistic for the 1,462-kilomter 1¢@@° miles) proposed alignment.

A similar comparison conducted for a hypothetic@D-kilometer (62 miles)
alignment by Breimeier (2002, p. 18) does not appeeaningful because it is solely
based on different maximum speeds neglecting @iffegs in all other parameters.
Sequentially, he shows that differences in traweketbetween wheel-on-rail high-speed
rail travelling at 300 km/h (186 mph) and high-speeaglev traveling at 400 km/h (249
mph) were only marginal.

In sum, the maglev system has a significantly bgterformance in terms of
travel time than the wheel-on-rail high-speed syst&ven for the case in which the
maglev system travels with the same maximum speetha wheel-on-rail system, it
performs better in terms of travel time due tditgher acceleration and braking rates and
its higher achievable speeds in areas with a cansdl alignment. Table 43 shows the

corresponding benefit values.

Table 43: Benefit Rating for Travel Time

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 3 4 5

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.4.2. Arrival Frequency

The arrival frequency is an important measure &iednining ridership. A higher
arrival frequency will have positive impact on nigleip generation as well as customer
satisfaction. Through a higher arrival frequencyrengpontaneous travelers are attracted

because they do not necessarily have to plan tfigiway in advance. Instead, they can
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just enter a train station anytime knowing thatvii not take long until the next train
arrives.

The actual arrival frequency on either of the twaint systems is a measure that
will be defined through the economic optimizatidrttee overall system operation. Both
systems have a minimum headway (cf. section 3.&apécity”) that determines a
minimum frequency that each system can achievesdhminimum headways are,
however, ten minutes or even lower, which repre$aguencies that are usually not
applied in the long-haul transportation market. réfare, the arrival frequencies in daily
operation are almost independent of the high-sggednd transportation system. Both
systems offer the ability to operate with any frexgey that is determined to be optimal in
terms of overall system operations optimizationafTis why both systems, for any
assumed maximum travel speed, are assigned tharmaxibenefit value in terms of

arrival frequency in Table 44.

Table 44: Benefit Rating for Arrival Frequency

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 5 5 5

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.4.3. Comfort

The ridership comfort of a transportation systendependent on a number of
objective parameters as well as many parametetsutigerlie subjective impressions.
The objective parameters include ride quality (ewvipration, accelerations, and
centrifugal forces), seat spacing, air-conditioningise, entertainment equipment and
facilities for communication. The more subjectivelrceived parameters include interior

design, choice of materials and colors, lightnitgy e
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By definition, the more objective comfort paramstelo not differ very much
among different transportation systems. Insteadsdhparameters are used as input
parameters to determine other system charactetigfior instance, maximum lateral
accelerations are predefined based upon riderstipfast. Then, these acceleration
values are used to determine other values likermum curve radii etc. (cf. section 3.1.7
“Flexibility in Track Alignment”). Therefore, theiffierence in terms of ridership comfort
between the different high-speed ground transporiatystems does by definition not
vary significantly.

Both HSGT systems share a number of considerabigorb advantages over
airplanes. As both systems are surface transpamtatystem there is no take-off which
many travelers experience as stressful. Furtherntareelers can use more appliances
than on an airplane. They can make calls with tbelir phones and use power plug-ins,
which allow them to use their laptop computers waithtime limits by battery runtimes.

On modern trains, the arrangement of the seatbeanodified easily. Especially
the seating pitch can be changed quite quickly.aF@ir comparison, however, the same
values have to be used, which the other categofiesmparison were based on. These
values are all based on the respective lower trelask on each train system, i.e. those
classes that make up the greatest share of seatschrirain.

On the German ICE wheel-on-rail high-speed traisgat widths are
approximately 0.55 meters (1.80 feet). On the $paAVE one double seat measures
1.075 meters (3.52 feet) in width (i.e. one seatdavidth of approximately 0.54 meters
(1.77 feet) (Siemens, 2002). The Japanese Shinkatragns have wider cars and
therefore allow for 5 seats in one row, which hewdths between 0.44 meters (1.44 feet)

and 0.46 meters (1.51 fe®t)Maglev cars are even wider (approximately 3.7@ense—

2 http://www.jrkyushu.co.jp/shinkansen-name/indexhpuol Accessed on July 12, 2010
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12.13 feet) so that 6 seats per row are possibleh & seating arrangement would allow
for seats width of 0.48 meters (1.57 feet) (Schdehle, & Naumann, 2006, p. 146).

Seats on the Japanese Shinkansen trains havehaopilcO4 meters (3.41 feet).
Seat pitches on the ICE used to be 0.97 meter8 {8et), but have been reduced to 0.92
meters (3.02 feet) to increase capacity. The Spanish AVE also hasaaitch of 0.92
meters (3.02 feet) (Siemens, 2002). The seatseof tAnsrapid maglev are assumed to be
arranged with a seat pitch of only 0.86 metersX2e@t). This offers advantages in terms
of capacity that have been considered in the gooreding section. In terms of comfort,
however, the lower seat pitch is obviously a disexd&ge. For comparison, seat pitches
on airplanes of United Airlines are between 0.78emse(2.56 feet) and 0.81 meters (2.65
feet). Those on Air Canada are 0.81 meters (2651

As pointed out in section 3.1.6 “Compactness ofififrat is assumed that for
high-speed trains in the United States the widesigas of wheel-on-rail high-speed
trains (i.e. approximately 3.25 meters — 10.66)fegt be used. This can either increase
seating space and, thus, seating comfort or tratatfmm capacity. Consistent with the
calculations of section 3.1.6 “Compactness of Tré@wider trains will improve weight-
per-passenger and length-per-passenger values$, assumed that wider cars will
improve capacity rather than further increase theell of comfort. Consequently, seat
widths are assumed to be approximately the sanmtnsystems. Interestingly, the first
class vehicles of the Shanghai maglev system @ssdime seats as the first class wagons
of the ICE 3 wheel-on-rail high-speed trains (Ldba& Kob, 2004, p. 53) which
illustrates how comparable both train systems arerlly in terms of seating comfort.

For the higher assumed seat pitches on the wherdHosystem and comparable

seat widths, the following benefit values for comfaf. Table 45) have been assigned.

27 http://www.smavel.com/index.php?aid=723 Accesseduy 12, 2010
2 http://www.smavel.com/index.php?aid=723 Accesseduy 12, 2010
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Table 45: Benefit Rating for Comfort

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 5 4 4

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.4.4. Travel Fare

From October 2003 on, the travel fare on the Shaingtaglev was between $6
and $7 (Liu & Deng, 2004, p. 26). As no long-hawdglev system exists yet, this is the
only available information about travel fares omaglev system. Because the Shanghai
maglev system is a short-haul airport connectibns inot meaningful to compare its
travel fare with those of wheel-on-rail high-spessdtems, which cover extensive long-
haul networks. Furthermore, travel fares are oolg minor extent dependent on the train
technology. Of course, investment costs need tpai@ off as well as maintenance and
operation costs are expected to be covered as amigiossible by travel earnings. The
exact travel fares do, however, depend on finarstrategies, which do not depend on a
certain high-speed system technology.

In sections 3.3.1 “Investment Costs” through 3'®peration Costs”, it has been
pointed out that the maglev has, in general, higmegstment costs than the wheel-on-
rail high-speed system, but, on the other handetowaintenance and operation costs.
Accordingly, there will be a break-even point afteich overall costs of the maglev
system will be lower than those of the wheel-ohggstem. The time of this break-even
point can be altered by the choice of travel fatgsfor instance, travel fares on the
Transrapid maglev system are selected higher thasetof the wheel-on-rail high-speed
system, the break-even point will be reached earlie

Final travel fares will be determined by more coaxpkeconomic optimization

processes. According to the basic laws of trangport which describe the
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interdependence of ridership, travel time, and drafare, section 3.3.4 “Ridership
Generation” already evaluated both system in tesimexpected ridership. Due to the
direct interdependence between travel fares arefstiip generation, an assumption of
either figure had to be made in order to make &stant about the other. Section 3.3.4
stated that ridership on the maglev system wille d¢ travel time savings, be higher
when travel fares are comparable. In order to beistent, this section has also assumed

that travel fares will be on a similar level, ahdgs have the same benefit value (cf. Table

46).
Table 46: Benefit Rating for Travel Fare
Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 5 5 5

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.4.5. Number of Transfers

As described in section 3.3.6 “Ability to Use Exigt Railway Tracks”, the high-
speed maglev system can only be operated on dedigaideways, whereas the wheel-
on-rail high-speed system can generally also ugstiey railroad tracks if related
limitations are considered acceptable. One bewéfthe capability of using non-high-
speed rail tracks is the potential to reduce thabwer of transfers. Figure 14 illustrates

how transfers can be reduced or totally avoided.
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Figure 14 Expected Number of Transfers on Different HSGT Sgtem:
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Both parts of the figure show the same selectiofour cities and three tovs. In
either part of the figurehe new high-speed ground transportation tiaenects the fo.
cities. It is assumed that the three towns aradireonnected to City C by conventiol
railroads(e.g. freight ra lines). As the maglev higbpeed train cannot travel on &
existing conventional railad tracks, a traveler who wartsgo from City A to TowrB
has to switch trains in City C. Through a good gnétion of the different modes
transportation (e.g. integrated fare structureraioated schedul, cf. section3.5.8
“Integration with Existing Transportation Infrastructt”) this canbe achieved withot
major lossof comfort and time. Ideally, only a very short wahside an intermod:

terminal is necessary to switch from the mainlimgh-speed maglev train to a regiol

train or commuter trainyhich travels on the existing conventional line iconnects City

C with Towns B and C.
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On the wheel-on-rail high-speed system this transé® be avoided. Operation
can be organized in a way that a subset of aly dilns that travel the mainline between
the four cities departs from the mainline at Citya travels the rest of its trip on the
existing conventional railroad line between City &add Towns B and C. Such an
operation, however, also poses limitations. Ascthreventional railroad line between City
C and Towns B and C is not specifically designed high-speed trains, only a very
limited speed can be achieved on this line, eveopijrades have been made to it.
Furthermore, operational limitations might applyhé line is owned by a private freight
rail company, which is the most common case in lméted States. Moreover, the
operation on the conventional line is only possilole case it is electrified. An
electrification might, however, cause limitatiors freight railroad operations on this
line (e.g. double-stack container transportatidnsection 3.3.6 “Ability to Use Existing
Railway Tracks”). Train frequency on the secondarg will also be lower as, for traffic
demand reasons, the major share of all trainshaie to travel the main line. If ways to
remedy obstacles and to accept limitations aredptwwever, the wheel-on-rail high-
speed system has the potential to avoid a tramsf@ity C. According to Vuchic and
Casello (2002, p. 43), a reduced number of trassfen often offset the travel time gains
achieved by higher speeds.

Because of the higher number of required transbérthe high-speed maglev
system and the technical, even though limited, lodipaof the wheel-on-rail high-speed
system to avoid transfers, the following benefiluea (cf. Table 47) have been
determined. The case with the faster-travelling lmagystem is assigned a higher
benefit value than the slower-travelling one, sit@nsfers are more tolerable due to

travel time savings.
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Table 47: Benefit Rating for Number of Transfers

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 4 2 3

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.4.6. Service

On-board services are affected in only a limited/Wwa the type of high-speed
ground transportation system. Technically both ftsghed ground transportation systems
are capable of carrying facilities that allow theegmaration of food on-board.
Traditionally, most railways carried dining carshiah tried to resemble a full-service
restaurant as much as possible. Such dining caes mezessary due to long travel times.
German ICE trains also carry dining cars even thabhgy have been running at a deficit
for many years now. They are, however, considemgubitant to keep those passengers
who regularly use them when riding a train as ausis of this mode of transportation.
Today, it is more common to have food served topdgsengers at their seats. As such,
only a small facility is necessary to prepare meafsile the extra seating space in a
fully-equipped dining car can be saved. This isadigurue for both high-speed ground
transportation systems. In case, however, a madiional dining car should be desired,
the wheel-on-rail system is advantaged since tieeadready experience with carrying
this type of cars on this train system.

All other on-board services like entertainment anfbrmation can be almost
equally well offered on either high-speed grourahg$portation system. Accordingly, the

following benefit values (cf. Table 48) are assine
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Table 48: Benefit Rating for Service

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 5 4 4

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.4.7. Accessibility of Stations

The accessibility of stations is dependent on thaation within a city, which
determines how many potential customers live ctosié and perhaps even more by the
station’s connections to local modes of transpiomatlike metro, light-rail, or bus
networks. Parking facilities also influence theesstbility of stations.

Accessibility of stations and the optimization cddk alignments with respect to
travel time can contradict each other. This camlbgerved on parts of the French high-
speed rail network where stations have been neargteucted on greenfields outside of
medium-sized cities. Thus, the time needed to trdwwveugh the city to reach city-center
stations, which almost always require significamédguced speeds, can be saved. In these
cases, transportation planners deemed lower ttemes between two major cities more
important than an improved accessibility of thehhgpeed system for the concerned city.
Whether such designs will be applied to future F8gked ground transportation systems
is less dependent on the applied train technolbgtrather on travel demand forecasting
analyses that determine which option generatekigieer overall ridership.

In older cities of the United States, city-centairt stations already exist. As
opposed to European cities where central trainosiatoften serve as a hub for local
transportation systems like metro, light-rail, aisknetworks, city-center train stations in
U.S. cities are often less strongly connected talltransportation systems. Due to the
existing land use and infrastructure, they stifeothe best locations for stops of HSGT
systems in most cases. While wheel-on-rail highedpteain can reach these stations on

existing railroads tracks, maglev high-speed system also be connected to these
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stations as the integration of a maglev system rinugbanized area is generally
uncomplicated due the flexible alignment charastes of the maglev system.
Additionally, part of the station’s platforms wouiéhve to be converted from wheel-on-
rail platforms to maglev platforms.

In many newer U.S. cities, for example in the Weststates, passenger rail
stations do not exist. Here, the crucial questsoimaw easy new stations can be integrated
into a given city. As explained in section 3.1.8tégration of Stations into Cities”, the
integration of a maglev station might be somewlaaiex due to lower land requirements
and the higher flexibility in the alignment of tgaideways that connect the new station.

The extent to which a station of either systenoisnected to the rest of the city is
determined by the city’s efforts to expand and iowerlocal transportation systems. The
success of a high-speed rail system will be higldgendent on these efforts to establish
integrated, intermodal transportation connecti¢tmy well local agencies advance local
transportation system is, however, mainly a pdaltfirocess that is not directly related on
the choice of either HSGT system. Because eitheGHSystem can be perfectly
accessible in case local transportation systemsdesggned to connect to the HSGT

station, both systems are assigned the maximunfibeakies as shown in Table 49.

Table 49: Benefit Rating for Accessibility of Statns

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 5 5 5

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.4.8. Baggage Transportation

Convenience in transporting Baggage on either bgged system is mainly

dependent upon the interior design of trains asosgg to the train system. For both
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systems there have been some plans and recentatmms that make baggage

transportation easier and more convenient for pagss. For the maglev airport

connection in Munich, for example, it was plannealttarge airline companies could sell
their tickets directly at the central rail trainatbn where passenger could also
immediately check-in and claim their baggage. Thgdgage would then be taken directly
to the airport so that the passenger would not baware about it anymore while riding

the maglev to the airport (Siemens, 2006b, p. A73imilar system already exists with

the so-called AlRail service. This is an integrat@drmodal product from Lufthansa and
Deutsch Bahn (Germany’s national railroad operatwaj offers integrated ticketing and

baggage handling for airline passengers that rdahdeparture airport on certain high-
speed rail lines. The trip to the airport by raihiandled like a feeder flight. The customer
only has to buy one ticket, check in only once, alaim his or her baggage also only
once.

Such services show how well different modes ofdpamtation can be integrated
in order to create a seamless, intermodal transfpant system. Similarly, other services
and facilities that ease baggage transportatioreeaity be integrated into both systems.
As mentioned earlier, there are almost no systeraracheristics that benefit or
disadvantage either system in terms of baggagspdoatation. As baggage handling is,
instead, almost exclusively dependent on the ojpe@t characteristics and interior

design, both systems are assigned the same bealefs in Table 50.

Table 50: Benefit Rating for Baggage Transportation

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 5 5 5

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau
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3.4.9. Image and Attractiveness

Besides technical, operational, and other asp&etssportation systems can be
considered more or less attractive for a varietyrezEsons. Oftentimes transportation
systems have a certain image that has developéichefand has since stuck with the
transportation system.

Some authors say that the maglev system, due tnate innovate technology,
has a higher attractiveness (Witt & Herzberg, 2G04€6). Others argue that it is solely
the higher travel speeds and shorter travel tinme$¢ make maglev more attractive
(Schach & Naumann, 2007, pp. 141-142). Vuchic aase@o (2002, p. 38) talk about the
“strong public appeal” of the maglev system becanfsés unique features. They also
believe that “it is likely that the shape and latitn of Transrapid [maglev] trains would
have a good public appeal (2002, p. 44).” They, dwew, also mention the significant
advances high-speed rail has made during the Fsye2ars. So, “it is in the final
consideration difficult to extract any major difégrces in attractiveness between the two
systems.” (Vuchic & Casello, 2002, p. 44)

This thesis follows this reasoning and argues that major mistakes are made
in operating and marketing either system, both isigbed ground transportation systems
are capable of having a very good image and a httlactiveness, with the maglev

system having slightly better values as shown ibld a1.

Table 51: Benefit Rating for Image and Attractivenes

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 4 5 5

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau
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3.5. Operations
3.5.1. Capacity

The capacity of a rail line is calculated by muitipg the capacity of an
individual train, i.e. number of seats, by the nembf trains that can travel the line per
hour (Liu & Deng, 2004, p. 22). The latter figure dependent upon the minimum
headway between two trains. The transportationagpaf a rail line is one of its most
characteristic advantages over other modes offaategtion. For comparison, only some
200 persons per hour per meter width of road cambeed with automobiles. With
buses 1,500 persons can be moved per hour on rtie redway width and with trains
this figure is approximately 9,000. (Smith, 2003245)

The minimum headway for the Transrapid high-speedglev system is
dependent on distance between power substationstrenérrangement of so-called
propulsion blocks. In case the substation is equdppith one propulsion block per track,
at least one drive control zone must remain frée/éen two trains following each other.
In case the substation possesses two propulsiakdylthe following train can enter a
drive control zone as soon as the train aheadéfas (Blank, Engel, Hellinger, Hoke, &
Nothhaft, 2004, p. 66). Consequently, for no camfagion can more than one train be in
one substation segment thus determining the mininm@adway for the Transrapid
maglev system.

It has been reported (Schach, Jehle, & Naumanrg,200209) that a minimum
headway of five minutes would be technically feksibor the maglev system. The
manufacturer calls this the ‘theoretical minimumadiay’ (Transrapid International,
2001). It has to be questioned, however, whethier ith applicable in reality since
distances between substations would have to bd shguideway sections where the
maglev travels with lower speeds, e.g. near statiBrminimum headway that can surely

be achieved is ten minutes. This figure is alsov@doin commercial operation as the
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Shanghai maglev system is designed to allow vehitte operate at this headway
(Siemens, 2006c¢). For the wheel-on-rail system,dWwegs of three minutes are
successfully applied on different routes of thenelre TGV and the Japanese Shinkansen
systems (Liu & Deng, 2004, p. 22).

The Beijing-Shanghai corridor, which Liu and Dengi®ork focuses on, is
arguably among the busiest high-speed ground toataton corridors in the world (Liu
& Deng, 2004). Based on an extra-long Japanesek&tsen train and a 10-section
Transrapid maglev (i.e. the maximum number of secticcording to its manufacturer)
they conclude that the capacity of both technokgg not reached in the Beijing—
Shanghai Corridor. However, the calculated headi@ayhe Transrapid maglev is much
closer to its minimum headway than that of the WAoeerail system. As stated above,
this corridor is one of the busiest in the worlctcArding to Liu and Deng, capacity is
less likely to be a consideration in any other idaons if it is not in the Beijing-Shanghai
corridor (Liu & Deng, 2004, p. 26).

Based on technical properties, however, it has Iseewn that the wheel-on-rail
system can reach higher maximum capacities thahigiespeed maglev system, which

results in the benefit values shown in Table 52.

Table 52: Benefit Rating for Capacity

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 5 4 4

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.5.2. Reliability
Reliability describes the ability of a system tafpem its functions in routine

circumstances, as well as hostile or unexpectatimistances, with little variation in
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performance. In case of a power outage, none ditbeHSGT systems can be propelled.
Because the wheel-on-rail system is supportedrgehanical system (i.e. the wheel-rail
interaction) its support can be maintained in cade a power outage. The
electromagnetically-based support of the Transrapadlev system is assured in case of
a power outage as well. Because the support ardhigee system is fed by on-board
batteries (Transrapid International, 2006, p. Bg train is able to maintain levitation
until the next stopping area is reached even irctise of the greatest possible assumed
disruption to operations. Just as for the wheefadh-system, nothing except the
propulsion gets lost in case of a power outages Pnoperty is called ‘safe hovering’
(Lobach & Kdb, 2004, p. 58).

Due to its more sophisticated propulsion, guidaame support system the maglev
system is considered by some as more vulnerabéelterse environmental conditions.
Due to the lack of mechanical contact to the gumleduring operation, for instance, the
influence of strong winds might be an issue. C@oesling tests have been conducted on
the Transrapid Test Facility (TVE) in Germany. Aaliag to these tests, cross winds and
gusts have little effect on the Transrapid becdtssactive control and guidance system is
designed to account for such impacts. Wind velegiof up to 108 km/h (67 mph) have
no effect on operation at all. It has also beervedothat the vehicle can be operated
without difficulty at speeds of up to 350 km/h (22@h) with wind gusts up to 150 km/h
(94 mph)(Transrapid International, 2006, p. 21)nkéi of such strengths can have effects
on the operation of almost any transportation systdence, it cannot be said that the
Transrapid maglev system was particularly senstiv&rong winds.

Lightning could be expected to affect the electrgne-based guidance and
support. According to Lobach and Kob (2004, p. $®wever, the Transrapid maglev
vehicles fulfill all lightning protection requiremés which means that it guarantees the
protection of the passengers against a directestfklightning. It also protects against

damage or destruction of safety-relevant subassesniblie to indirect lightning effects.
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It is known that weather conditions can have effemt mechanical friction. As
the propulsion of the wheel-on-rail high-speed eysts based upon friction, acceleration
performance can decrease in adverse weather comglite.g. when rails are wet or icy.
Rates of deceleration are similarly dependent @h sonditions. As modern high-speed
trains do, however, receive part of their brakimgvpr from non-friction based systems,
e.g. eddy-current brakes, deceleration is geneledly dependent on weather conditions
than acceleration. The rates of acceleration acdleration of the maglev trains are, by
contrast, totally independent of the weather camait (Siemens, 2006c¢). Since the start
of commercial operation of the Shanghai maglevesysn January of 2004, the technical
availability of service was 99.9% (Siemens, 20G6,5).

In sum, both HSGT systems have a very high religbDisruptions in the power
supply basically have the same effect on both syst®oth systems can handle adverse
weather conditions very well with only minor limitans. While wet or icy rails
decreases acceleration performance of the wheghibrsystem, strong winds may
require a reduction of travel speeds of the higkespmaglev system. Accordingly, both

HSGT systems are assigned the same benefit ratthgegpect to reliability as shown in

Table 53.
Table 53: Benefit Rating for Reliability
Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 5 5 5

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.5.3. Dwell Time at Stations

The dwell time at a station is mainly dependentrupgo parameters. First, the

train has to stop long enough to allow passengedisembark and embark. Secondly,
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some technical procedures must be completed. Fampbe, a maglev train has, for
safety reasons, to be de-levitated and groundemtdetople can disembark and embark.
Because the Transrapid maglev is automatically aipdrwithout a driver, safety rules
recommended that there be platform edge doors (PtBBsprevent people from entering
the tracks. The operation of such platform edgeslatso requires time (approximately
six seconds) (Schach, Jehle, & Naumann, 2006, p). 5o, the overall dwell time at
stations is approximately 30 seconds per stop hifgrethe high-speed maglev system
(Breimeier, 2002, p. 17) (Schach, Jehle, & Nauma00g, p. 171). To what extent other
system properties can outweigh an increased dwmed has been dealt with in section
3.4.1 “Travel Time”. The increased dwell times bktmaglev system results in the

benefit rating shown in Table 54.

Table 54: Benefit Rating for Dwell Times at Statios

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 4 3 3

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.5.4. Flexibility in Operation

As known from freight rail operations, the ability quickly couple and uncouple
cars in order to reassemble trains increases opaaatflexibility and economic
efficiency. Due to the optimization of such things aerodynamics and propulsion,
modern high-speed trains lack the ability to berali in configuration. A TGV train, for
instance, does not actually consist of individuakc Bogies are located between two cars
rather than at the two ends of each car. Whiledfiexs advantages in other categories of
comparison, this technology prevents changing tmaber of units in daily operation.

Instead, one train is considered one unit, whichaliways operated in the same
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arrangement. As opposed to the TGV, the indivicdteak of the ICE have their own
bogies. The first two generations of the ICE woliéde allowed changing the number of
cars. The third generation of the ICE (i.e. the ®Ehowever, represents a multiple-unit
train whose propulsion force is distributed eveaigong the whole train. As such, the
train does not have locomotives. Each car of tam tiulfills some of the functions that
were in preceding generations solely fulfilled lmgdmotives. For the ICE 3, eight cars
are considered one unit. No car can be taken otli®unit. The only way to change the
number of cars on an ICE 3 train is to couple tightecar ICE trains together. In daily
operation, this offers the chance to split one lehdeen-car train at the last station
before the track divergences into two less bussslinvhich can then each be travelled by
one of the two halves (i.e. eight-car units) of thk train. This operational strategy is
widely applied on the German high-speed rail nekwdtany French TGV trains also
offer the capability to be coupled with a secondrstrain of the same type.

A maglev train can consist of two through ten sewj i.e. at least the two end
sections plus from zero to eight middle sectiongerms of technical characteristics the
middle sections are all the same, which means tthgit number can technically be
decreased or increased. The required procedurehteve this, however, is not designed
to be employed in everyday operation.

In sum, modern wheel-on-rail multiple-unit trairsnconly be operated as a unit
with a fixed number of cars. Two short trains caowever, be coupled together, which
can be beneficial for certain operation strategié®e maglev offers the capability to add
or reduce individual cars, which is, however, tomplicated a procedure to be useful for
everyday operation. Accordingly, both HSGT systeares assigned a rather low benefit
value for this criterion. The wheel-on-rail systegets a higher value because the

coupling of two trains offers at least one optiorthange the number of cars.
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Table 55: Benefit Rating for Dwell Times at Statios

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 3 1 1

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.5.5. Achievable Speeds in Urbanized Areas

As opposed to general travel speeds, the maximuhewable speeds in
urbanized areas are very seldom dependent on thaital performance of the train.
Instead, the impacts on the residents (e.g. vimatioise) who reside in these urbanized
areas are more determinant.

The level of vibration (cf. section 3.2.9 “Vibrati that a Transrapid high-speed
maglev causes when travelling at a distance of eters (82 feet) at a speed of 250 km/h
(155 mph), is below the human perception levelaAlistance of 50 meters (164 feet), no
vibration is noticeable at all. The levels of vitioa of wheel-on-rail high-speed trains are
significantly higher (they cause, for instance, aene vibration when travelling at 135
km/h (84 mph) as a maglev train at 400 km/h (24%YnRausch, 2004, p. 25). As such,
a high-speed maglev can travel through a densglulpted area with speeds of at least
250 km/h (155 mph) without impacting residentsemts of vibrations. For the wheel-
on-rail system, speeds have to be significantlyelown order not to emit too high
vibrations.

Table 56 summarizes the noise emissions of theH®GT systems (cf. section
3.2.3 “Noise Emissions”) and two roadway vehicl&te that noise emissions in
decibels (dB) are measured on a logarithmic seaiéch means that an increase by 10
dB is perceived by the human ear as a doublingehbise level (i.e. 80 dB is perceived

twice as loud as 70 dB).
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Table 56: Comparison of Different Transportation-Rdated Noise Emitters

Sound ICE3ata Transrapid at a | Pickup Truck at a| Medium Truck at
Pressure Distance of 30.5m Distance of 30.5m Distance of 15m | a Distance of 15m

and 140 km/h and 200 km/h and 80 km/h and 80 km/h
dB (A) 80 80 70 80

(Source: Data from Section 3.2.3 “Noise Emissicarsd FHWA?)

According to Table 56, the noise emission of a $rapid maglev travelling at a
distance of 30.5 meters (100 feet) at 200 km/h (&fh) is the same as that of a
medium-sized truck travelling at a distance of 1&ters (50 feet) at 80 km/h (50 mph).
Based upon these numbers, Figure 15 gives an isipresf how a Transrapid maglev
system could be operated at high speeds in aniadgharea. As shown in the figure, an
elevated guideway of the high-speed maglev systaridde aligned on the median of an
existing arterial-road corridor where roadway védsctravel at 50 mph (80 km/h) or
more. In such a corridor, a Transrapid high-speadlev could travel with a speed of at
least 200 km/h (124 mph) without exceeding theentesel of a medium truck travelling

on the arterial road with 80 km/h (50 mph).

29 http://www.fhwa.dot.gov/environment/htnoise.htmcassed July 23, 2010
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Figure 15: Possible Alignment for High-Speed Maglev Systems in Urbanized Are

R
N

The Federal Highway AdministratioFHWA) mandateghat ir residential areas
a noise level of 70 din commercial areas5 dB) may not be exceeded re than ten
percent of the time. In any city, there are, howgalreadycorridors (inparticular along
arterial streets) on whichese noise levels are high@m these corridors, the Transra
maglev systemcan be easily integrated on elevated guigdway (cf. section3.1.7
“Flexibility in Track Alignmen”).

For an elevated maglev guideway in such a corridand would only be
consumed for theupporting columr of the guidewayDue to the much lower number
passings of a maglev train as compared to the nuofieucks onmos arterial roads,
evenslightly higher noise emissis by the maglev trains would be acceptable. /
travel speed of 250 kmr (155 mph), noise emission at a distant€30.5 meter (100

feet) would be approximately 83 dB which is by the hunean perceive as somewhat
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higher than the 80 dB of a medium truck. SchachleJeand Naumann (2006, p. 191)
confirm that cruising speeds in urbanized areasheaas high as 250 km/h (155 mph).

A wheel-on-rail high-speed train would cause neisgssions of 80 dB at a speed
of approximately 140 km/h (87 mph). The values and Deng (2004, p. 23) estimate,
agree with these calculations. Furthermore, theelvbe-rail high-speed system cannot
be as well integrated into a city as the high-speeglev system because it is not that
suitable to be aligned on an elevated guidewayedus a wheel-on-rail system would
likely run on existing railroad tracks within cisie(cf. section 3.3.6 “Ability to Use
Existing Railway Tracks”). While this offers cosawngs, such an operation can be
expected to pose a number of limitations (e.g.teohspeeds, operational limitations).

It is also worth mentioning that rail systems ire thinited States today are
affected by limited speeds in urbanized areas dued high noise levels. For instance,
“Amtrak, Metrolink and commuter lines in San DieGounty can go up to 125 mph, but
because of the corridor's proximity to homes anditesses, the maximum speed is no
more than 90 mpf” In order to benefit from the high travel speafsa high-speed
ground transportation system as much as posstbig,eissential that as high speeds as
possible be achieved in urbanized areas withouaatipg local residents. Following the
above explanations, the Transrapid maglev systemssgned a higher benefit value for

this category as shown in Table 57.

Table 57: Benefit Rating for Achievable Speeds intBanized Areas

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 3 5 5

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

30 http://www.latimes.com/news/local/politics/la-megh-speed-rail-20100612,0,5073909.story Accessed
June 17, 2010
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3.5.6. Suitability for Varying Distances between Stations

The suitability of a high-speed ground transpastagystem for varying distances
between stations is largely dependent upon itslexat®n and braking performance, the
energy consumed in these processes, as well assefie investment costs that arise from
a changed spacing between different stations. Amtgm out in sections 3.1.1
“Acceleration” and 3.1.2 "Braking Performance”, thaglev system shows significantly
higher acceleration and braking rates, which is \w&@hyadditional stop on a trip has a
lesser impact on overall travel time than an addél stop on the wheel-on-rail high-
speed system. The Spanish AVE wheel-on-rail higlkedprain, for instance, travels the
625 kilometers (388 miles) between Barcelona andrian 2 hours and 38 minutes,
which means an average speed of 237 km/h (147 rAply)stop between the two termini
causes an increase in travel time of at least ®vetinutes (Thornton, 2009, p. 1906),
which is a multiple of the pure dwell time at that®n. This is due to the comparative
long time needed for deceleration before the stmpaaceleration after the stop. As such,
the distance between stations is the single, masbitant factor determining travel times
for the wheel-on-rail high-speed system (Vuchic &s€llo, 2002, p. 35) (Schach &
Naumann, 2007, pp. 141-142). From a travel timetpoi view, the Transrapid maglev
system has better performance for stations of @&tgrtte apart.

Section 3.2.2 “Energy Consumption” showed thatrtfaglev system has usually
lower energy consumptions in the higher speed mange the lower speed ranges,
however, the maglev system consumes more energgubecthe energy needed for
levitation does not drop with decreasing speedsséach, the advantages in terms of
energy consumption decrease in those cases wheradglev system travels with lower
speeds on a higher percentage of a given distance.

Section 3.5.1 “Capacity” described that no morentbae maglev train can be in
one drive control zone between two power supplys&ilons. This determines the

minimum headway for the Transrapid maglev systerd anfers that the distances
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between substations have to be smaller on guidesgaiions where lower speeds are
travelled. Accordingly, section 3.3.1 “Investmenbtss” explained that the relative
difference between construction costs for the maglgstem and the wheel-on-rail
system increases where station spacings are shorter

In sum, the maglev system has advantages in tefrashieving shorter travel
times for both short and long station spacings. skharter distances, the maglev system
becomes, however, less favorable in terms of enesggumption and investment costs.
Therefore, the maglev system is surely superioddoger station spacings. For shorter
distances between stations, however, a tradeof§idacbetween favoring shorter travel
times (i.e. the maglev system) or lower costs (he. wheel-on-rail system) has to be
made, which tends to favor the wheel-on-rail system

The average distances between station in the Nastl&orridor, where the Acela
Express runs, (average station spacing: 65 kilorme#0 miles}’) and the proposed
average distance for the new high-speed rail syste@alifornia (63 kilometers (39
miles)’?) are similar to those distances that Breimeie022(. 29) assumes to be the
maximum spacing for densely-populated Germany ([tBrieters (47 miles)). For almost
all other regions in the United States, which agesl|densely populated, distances
between stations for high-speed systems with treapeéds of 300 km/h (186 mph) and
above can be assumed to be larger. The followimgfitevalues (cf. Table 58) for this

category have been determined.

31 The Acela Express that runs the Northeast Corstlips a minimum of ten times in the 650 kilometers
between Boston and Washington which means an aveliatance between stops of at most 65 kilometers.
32 For the proposed 695-kilometer run between Sandiseo and Los Angeles eleven intermediate stops
are planned which equals an average distance hetstetons of 63 kilometers.
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Table 58 Benefit Rating for Varying Distances between Statior

Whee-on-Rall High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/ (300 km/h) (450 km/h)
Benefit Rating 4 4 4

1 = Minimum Benefit Value 5 = Maximum Benefit Value

3.5.7. Ability to Create a Connected Higl-SpeedGround Transportation Network

In general, one can distinguish between two diffetgpes of railroad network
1) ‘Route networks’ have a high number of connectioesveen different railroad trac
(located both at or near station and at many looatadong the different railroacacks),
and 2) ‘Line networkstonsising of different railroad lines that run more lineardaare

mostly only connected at stations where they ietdrgeach othelFigure 16 compares

both types of railroad networl

Figure 16: Different Types of Railroad Networks
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The German network for high-speed trains (i.e. chdid high-speed rail lines
plus conventional rail lines, which are also usgdigh-speed trains) resembles a route
network. High-speed trains can switch back anchfimdm dedicated high-speed lines to
conventional railroad lines at several locatiomgliidual railroad tracks are used for
several different travel routes, just as differgmain services use a variety of different
tracks on an individual journey. The main reason @ermany’s train network to
resemble a route network is that a high numberoolentional tracks are incorporated
into the system. According to Vuchic and Casella02, p. 37), Germany has been the
leader in upgrading existing rail lines. Dedicakegh-speed rail tracks were added to the
conventional lines where the related travel timeirsgs were the greatest. By this
procedure a highly interconnected network of higbegl rail and conventional rail lines
emerged.

One important benefit of route networks like in @any is that construction costs
can be reduced by the incorporation of a large ahofialready existing railroad tracks.
Furthermore, through the high interconnectedneskeofoute network, a high number of
different origin-destination pairs can be direcgrved (i.e. without intermediate
transfers; cf. section 3.4.5 “Number of Transfer®lgw links between different already
existing tracks can be built in order to establisither traffic connections in case a
respective demand is identified. The disadvantdge route network is its significantly
lower average travel speed due to the reduced spaethe conventional railroad tracks.
As such, these networks can contradict the gohbtnogenize the rail networks in order
to create high average speeds throughout the wistveork (Guirao, 2005, p. 109).

The French, Spanish and Chinese high-speed raivonket resemble line
networks. Each track of these networks is spedtlficdesigned for particular service.
Different lines meet at comparatively few stationshich have, however, been
strategically chosen to enable fast and convertramsfers from one line to another.

Schach, Jehle, and Naumann (2006, p. 202) arguge ftrahigh-speed traffic, a line
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network is generally preferable as the required lmemof transfer is generally limited.
Travel demands can be predicted very accuratelgugir travel demand analyses.
Therefore, line networks can be specifically destyno meet this travel demand. As
such, a particularly high flexibility to be able ion trains on several different routes may
not be necessary. Instead, connections at statiahserve different routes are optimized
to create the best possible connection betweestadibns of the network.

As described in section 3.3.6 “Ability to Use Exigt Railway Tracks”, maglev
trains cannot use existing railroad tracks. Acawgli, a route network that includes a
high amount of existing conventional railroad traék not viable for the maglev system.
The only feasible network type for a high-speed Imagystem is a line network.
Furthermore, it has been argued that “maglev’'sches are much more complex than
rail switches. Therefore maglev is less capablesefving different branches or
interconnected networks.” (Vuchic & Casello, 200243) While this technical property
does not limit the creation of line networks, whidb not need many switches, it
underscores the unsuitability of the maglev sydt@mnoute networks.

For the wheel-on-rail high-speed system, both typkEsetworks are equally
feasible. Even though there is a considerable numibkmitations to the use of existing
railroad tracks (e.g. limited speeds, potentialompatibility of electrification with
double-stack container transportation etc.; cftisec3.3.6 “Ability to Use EXxisting
Railway Tracks”), there is no general physical mgatibility to use conventional
railroad tracks like there is for the maglev system

In sum, both high-speed systems are equally seitldsl a line network, which
can with respect to most existing high-speed rativorks, be deemed to be the more
common network type. These networks offer good roatenectedness based on
optimized transfer points. In case an even hightar¢onnectedness of the high-speed
network is desired, a route network is the preterretwork type. As this type of network

is only viable for the wheel-on-rail high-speedtsys, this system is assigned a higher
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benefit value in this category (cf. Table 59). Argaihe two cases for the high-speed
maglev system, the case with maximum speeds ofk#®® (280 mph) is assigned a
higher benefit value because its higher travel dpemn outweigh a lower

interconnectedness.

Table 59: Benefit Rating for Ability to Create a Conected HSGT Network

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 5 2 3

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.5.8. Integration with Existing Transportation Infrastruc ture

“Policy-makers often demand a better integrationtloé various modes of
transportation (Grimme, 2006).” A good integratiasf all available modes of
transportation is crucial to achieve a high efficig of the whole transportation system
and to be able to offer travelers access to thenaptmode of transportation for each
individual trip. Accordingly, Joseph Szabo, headh® Federal Railroad Administration
(FRA), is cited: “If we do this properly, peoplelilbe able to flow from auto to rail to air
like they do in Europe or Asia, using the mostaédint mode for each part of the journey
(Rosenthal, 2010)."

While the previous sections (section 3.5.7 “Ability Create a Connected High-
Speed Ground Transportation Network”) focused enitkegration within the high-speed
system, this section deals with the integratiorhvather modes of transportation. As
pointed out in the previous section, only the wkaekail system is suitable for a ‘route
network’, i.e. a network which has a high numbecafinections at different points of the
network and allows for serving various origin-deation with a direct service (i.e.

without transfers). Furthermore, the wheel-on-tagh-speed system has the technical
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capability to allow for conventional trains to beevated on the high-speed lines.
Through a good coordination of schedules, a higlesy integration between high-speed
rail and conventional rail (e.g. commuter rail) d@nreached when both trains run on the
same route and share a high number of transfetgpdm the Madrid-Seville wheel-on-
rail high-speed line, there are, for instance, fivféerent train categories in use (Guirao,
2005, p. 111). As such, the wheel-on-rail high-gpegstem has to be judged to be
superior in terms of integration with conventiopaksenger rail services.

To achieve a good integration with air trafficjstnecessary that high-speed rail
networks have stops at major airports (Givoni & Bter, 2007). On the one hand, this
offers travelers the opportunity to easily trandfeim one transportation system to the
other. On the other hand, HSGT stations at airp@tthe prerequisite for more advanced
options of transportation systems integration. &@mple, HSGT systems can be used as
a substitute for short-haul domestic flights thatve as feeder flights for long-haul
international flights. Such a service can be comdiwith integrated ticketing and
baggage claims so that a truly intermodal systetegnation can be achieved. Such a
service, called ‘AlRaif® has been in successful operation in Germany flawayears
now. It offers a variety of advantages for bothgemgers and operators. The passengers
can start their trip at a city-center train statiah their point of departure, which
potentially saves time. Within the booking systefnttee airline, the high-speed train
service, which connects to the airport, is handed flight. The train station is handled
as an airport. At the train station where AlRaikigilable, the traveler can claim their

baggage and check in for the whole journey on ongles ticket. The airline benefits

33 AlRail’ is offered by Lufthansa and its cooperaiairlines and Deutsche Bahn, Germany’s national
railroad company, between the city-center traiticsta of Stuttgart and Cologne (and newly
Siegburg/Bonn) and the airport station at Frankdingort.
http://www.bahn.de/i/view/GBR/en/prices/germanyddishtml Accessed August 8, 2010
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from such a service as it can substitute potewtiafiprofitable short-haul feeder flights
by just paying a fee to the high-speed train ojpggatompany.

The integration with other transportation systerke dutomobile, local transit or
walking and biking has been addressed in sectiéry 3Accessibility of Stations”. As
described in this section, the accessibility igédy dependent on the city’s efforts to
create or improve local transit systems like metight rail, or bus networks. In
California, those cities that will be connectedhe California high-speed rail system are
already undertaking respective efforts. In Los Aegé&ounty, for instance, 68 percent of
the voters approved a half-cent transportationsdabe that will generate up to $40 billion
in revenue over the next 30 years aimed at expgnthia region’s rail and busway
network, including connections to the planned hégleed rail stations (The United States
Conference of Mayors, 2010, p. 10). Also San Fiaaciis converting its Transbay
Terminal into a new transit hub. It will host Bayea Rapid Transit, Caltrain, Greyhound
bus services, Amtrak and the new California higeesprail systent*

In sum, both HSGT systems can be very well integravith other modes of
transportation. The integration with conventionalsgenger rail services is, however,

better for the wheel-on-rail high-speed system cWieads to the benefit values shown in

Table 60.
Table 60: Benefit Rating for Integration with Existing Transportation Infrastructure
Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 5 4 4

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3 http://enr.construction.com/infrastructure/transation/2010/0505-BayAreaTrainTerminal.asp Accessed
June 17, 2010
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3.6.Political Aspects

3.6.1. Societal Acceptance

Skepticism towards passenger rail service in theedrStates has been prevalent
almost half a century in the United States. Thiy to@ due in part to the partially weak
reputation of Amtrak and the fact that in the Udit8tates the skepticism against
publically-operated transportation systems is gahelgreater than in other countries.
Increasing congestion, both with automobile andtraivel, however, has increased the
appreciation of travel alternatives during the lest/ years. Some indication of this
change is shown in a recent survey in the WalleébtMagazine. Out of 446 survey
participants, 69.1% (308 voters) answered “Yesth® question “Will high-speed get
anywhere in the U.S.%?

Among the two HSGT systems compared in this thesaglev is arguably the
more controversial system: While its image andaativeness might be a bit higher than
that of wheel-on-rail system (cf. section 3.4.9 &ge and Attractiveness”), there will
surely also be people who are more skeptical abmgdlev than about wheel-on-rail
high-speed rail due to its more sophisticated teldgy. As Raschbichler (2004, p. 14)
points out, the whole development history of thglea system was “subjected to intense
pressure in terms of public expectations and thed nier success. Each significant
setback and each failure could have meant the etk mew transportation technology”,
which underscores the higher skepticism towardsrthglev system.

In 2002, Vuchic and Casello (2002, p. 47) mentiotied strong disputes among
many professionals such as engineers and economisist the maglev system.

According to them, there was at that time, howerarch promotion for the system on a

% http://online.wsj.com/community/groups/asias-gisestiay-783/topics/high-speed-rail-get-anywhere-us
Accessed June 24, 2010
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political basis. With respect to public acceptanibey noted how wheel-on-rail high-
speed systems like the Japanese Shinkansen akdetieh TGV increased their level of
acceptance over time. They argued that the impbinaovation that maglev brought was
its improved capability for high-speed travel (ggposed to sophisticated technological
properties). The public in some parts of the wdrdd already demonstrated acceptance
when wheel-on-rail high-speed systems were intreduahich was rather supported by
large time savings rather than technical featuMscliic & Casello, 2002, p. 44).
However, in countries where the implementation ajhfspeed maglev has been
proposed, people have in the past been rathertaeluto accept a high-speed maglev
system. According to Thornton (2009, p. 1903), teivecause the implementation of
high-speed maglev systems has mainly been discusseduntries like Japan and
Germany, where successfully-operating wheel-onhkigih-speed networks already exist.
In sum, the level of acceptance for wheel-on-raghkspeed system can be
expected to be higher than that for high-speed ewaglystems. Consequently, the

following benefit values are assigned in Table 61.

Table 61: Benefit Rating for Societal Acceptance

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 4 2 2

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.6.2. Perceived Technological Maturity

The technological maturity for high-speed rail lh@gn shown in many countries
of the world. The first railway in the world thaart be called high-speed rail reaching
speeds of around 210 km/h (131 mph) was the Jap&@t@akansen wheel-on-rail bullet

train that connects Tokyo and Osaka (Guirao, 2@03,09). Since then, the Shinkansen
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system has transported more than 3 billion passsngéhout any loss of life or severe
injury (Liu & Deng, 2004, p. 23) (cf. section 3.Bdfety Aspects”). Today more than
5000 kilometers (3108 miles) of high-speed railw@gsirao, 2005, p. 109) are operated
in the world, most of them in Japan and Westerropgiiwith a rapidly growing high-
speed-rail network in the People’s Republic of @hin

The technical readiness of the Transrapid maglev bdeen proven as early as
December of 1991 when the German Bundesbahn ZamirgBZA, Federal Railway
Agency) presented a report, commissioned by Gerisarational railway authority and
seven recognized university institutes, in whiobk éxperts concluded that the Transrapid
maglev system was “technically ready for applicatiwithout any restrictions. This
meant that there were neither system nor safétg gggher in the overall system or in the
subsystems; the prerequisites required for theigpubbal planning processes with
concept planning and project approval processeg Viwdfilled; [and] the investment
costs for the high-speed maglev system could bienatsd with sufficient certainty
(Raschbichler, 2004, p. 13).” Also, critics of theaglev system have agreed that “the
maglev system can be considered to be technicatlyoperationally feasible (Vuchic &
Casello, 2002, p. 41).” Even though an advancepegréor a maglev line between Berlin
and Hamburg was cancelled (cf. section 3.6.4. tieali Feasibility”), “the maglev
system industry was able to acquire its first caghpnsive experience in the overall
design of a maglev route with a length of 300 kitens and the comprehensive
operations and maintenance concepts (Raschbi@ded4, p. 13).”

In 2004, Liu and Deng wrote that “the mature natfraigh-speed rail operations
in Japan, France, and Germany certainly has prdwige wheel-on-rail system with rich
experiences in construction, operation, and managemvhen compared the only test
track data in Germany and a brief maiden journeghanghai started less than a year
ago.” Up to now (2010), however, the Shanghai maggstem, which opened for

revenue service in January 2004 (Siemens, 200&s)b&en in operated successfully for
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more than six years. While experience with wheelahhigh-speed rail is obviously
still significantly greater than experience with gtev, there is a reasonable amount of
successful operation experience with the maglevesys Before the opening of the
Shanghai system, for example, there used to baicesperational situations like the
passing of two trains with a relative speed of 880h (559 miles), which could not be
simulated on the test track in Germany for thisilitgchaving no section with two
parallel tracks. Following the opening of the ShHaignaglev system, however, this and
other critical situations could be tested.

Even though the maglev system has been in comrhapexations for some
years now, the overall technological maturity ok tiwheel-on-rail system is still
significantly higher. In this section, more attenmtiis paid to the attribute of “perceived”
technological maturity which further increases whaerail rails superiority in this

category and thus leads to the following benefihgain Table 62.

Table 62: Benefit Rating for Technological Maturity

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 4 2 2

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.6.3. Potential for Further Development

Discussions about technological maturity and thetemoal for further
development often lead to the impression that batht conflict with each other. In fact,
a system that shows a high level of technologicaltumty can still have a huge
development potential. For example, the automobde already been perceived as a
perfectly mature means of transportation in thiesf Still, major improvements to this

technology have been added every year since ttesfiind there is still no foreseeable
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end in technological enhancements. This sectiotuaies the potential of development
independently from other physical parameters.

Breimeier (2002, pp. 24-25) argues that there isconsiderable potential for
further development in the maglev system. Insteaddtuses on the chances of the
wheel-on-rail high-speed system for further deveiept, which he sees in improvements
of wheelsets, weight reduction, automatic operateord other fields. He concludes that
the wheel-on-rail system has a considerable paieioti further development.

Other authors see the higher potential for furthevelopment in the maglev
technology. They state that its innovative poténlies especially in its electronic
subassemblies of the support and guidance systéey €xpect that microelectronic
developments will help to further reduce the weightl volume of several components
(Lobach & Kdb, 2004, p. 63). It is also expectedtithe costs of the Transrapid maglev
system can be decreased by means of further maghtlan and standardization (Blank,
Engel, Hellinger, Hoke, & Nothhaft, 2004, p. 78).

Schach, Jehle, and Naumann (2006, p. 330) agreat #be high potential of
development of the Transrapid technology. In cattta Breimeier, they only see a
limited potential for innovations and developmemt the wheel-on-rail technology. They
say that mechanical wear, weak acceleration pegooe and the lower average speeds
of the wheel-on-rail system are due to technoldgsatety-related, and economic limits.
These facts do not contradict Breimeier's aforemoeetd reasoning as much as they
seem to. It is true for both systems that the marintravel speeds that were taken as a
basis for this thesis (i.e. 300 km/h (186 mph)tfa wheel-on-rail high-speed system and
450 km/h (280 mph) for the high-speed maglev systeamnot be increased in any
significant way. For the wheel-on-rail system tilésdue to mechanical wear whereas
maximum speed of the high-speed maglev systemnmiselil due to the disproportionally
increasing aerodynamic drag with increasing spefdsalso stated above, there are for

both systems many fields for technical improvemedhtt can reduce weight, energy
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consumption, and costs. The potential for cost ¢gdn is certainly higher for the
maglev system as economies of scale (cf. secti®i 3investment Costs”) have not yet
been reached.

In sum, both systems offer a reasonable poteraiafurther development. The
maglev system has advantages due to its poteatiabkt cutting. Major changes in basic
characteristics like speeds, however, cannot bea&d. Based on these considerations,

the benefit values are shown in Table 63.

Table 63: Benefit Rating for Further Development

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 3 4 4

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.6.4. Political Feasibility

The ultimate decision whether a transportationgmioyvill be realized or not is a
political one. Fact-based reasoning can be undecmiby political programs and
campaigns.

One of the major setbacks in the history of thdfsgeed maglev technology was
the cancellation of the Berlin-Hamburg maglev pecojeThe official reasons for the
cancellation of the project were increased investnmsts and decreased projected
ridership. Critics have argued that travel demaras wverestimated right from the
beginning to create the foundations for the plagmha profitable system that the Berlin-
Hamburg line, in their opinion, never was. Otheesséh argued that projected travel
demands were lower in additional studies until tniéical ridership for a profitable

operation could not be reached anymore (Schacke,XMNaumann, 2006, p. 61). Either

137



way, the discussion about the project until its ceflation had a high political
involvement (Raschbichler, 2004, p. 13).

Because many characteristics of the 292-kilome(@81 miles) long Berlin-
Hamburg line that would have connected Germany's kargest cities appear to be
generally favorable for the Transrapid maglev, ¢aacellation of this project raised the
guestion: “If maglev is not feasible for that ling,there any potential for it in Germany
(Vuchic & Casello, 2002, p. 39)?” Sequentially, tdecision to abandon the Berlin-
Hamburg project had a significantly greater meartimgn just the cancellation of an
individual project. Agencies around the world thare considering the implementation
of a maglev line became alerted that the systenhtnmigve unknown other shortcomings.
As such, the Shanghai maglev system, the first Sfegsid system in commercial
operation, is only a comparatively short line whielingly carries the official name
‘Shanghai Magnetic LevitatiolDemonstrationOperation Line’. Two other German
planning efforts for maglev projects in Munich ahé Ruhr region were also cancelled.
Despite the cancellation of the Berlin-Hamburg ectj these projects did, however, not
represent the transportation market in which thglevasystem is best implemented as
pronouncedly. Especially, the proposed ‘Metrorapidiglev project in the Ruhr region
(in the state of North Rhine-Westphalia), where Wansrapid maglev would have
served as a kind of metropolitan commuter servigd wery short average station
spacings of approximately 11 kilometers (7 milespresents a challenging market for
the maglev system. As opposed to the Berlin-Hamborgject where it is more
guestionable which impact political involvement hadis known that one important
impact stopping the ‘Metrorapid’ project in the Rubkgion was a crisis in the coalition

of the two parties that governed the state of N&ftime-Westphalia at that time, i.e. the
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Social Democrats (SPD) who generally supportechthglev system and the Green who
opposed it°.

In the United States, a country whose settlemetteqpawith many distant large
cities appears to be very well suited for maglavanany regions. However, a chief
obstacle towards the implementation of high-speeslugl transportation systems in
general used to be lack of support from the Whiteus¢(Rosenthal, 2010). That,
however, changed when President Obama took office009 and promised to make
high-speed rail a legacy of his administration.tiere is now a good amount of political
support for HSGT in general, the important questsinow much this political feasibility
differs between wheel-on-rail high-speed rail anghtspeed maglev. Many authors like
Raschbichler (2004, p. 15) argue that “the reabmadf an application route in Germany
[i.e. the country where the Transrapid maglev systeas developed and publically
funded] is decisive for the further developmenthieTfact that such a system does not
exist yet continues to impair the political feakipiof maglev system in other countries
(Liu & Deng, 2004, p. 26). While promoters of wheelrail high-speed rail projects
have to struggle with the more usual obstacles e, nlarge, and costly projects,
promoters of high-speed maglev systems get additiorweakened by the lack of
application for the systems they promote. Accorlyintpe benefit values shown in Table

64 have been determined for this category.

Table 64: Benefit Rating for Political Feasibility

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 4 2 2

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

% http://www.stern.de/wirtschaft/news/verkehr-ausrfden-metrorapid-in-nrw-509782.html Accessed
August 11, 2010
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3.6.5. External Economic Effects

For both HSGT systems, it is clear that their impatation will, apart from
introducing more diverse travel options, also dftee economy as a whole in a positive
way. A recent report by the United States Confezeot Mayors that included case
studies of Los Angeles, Chicago, Orlando, and Ajbeoncluded that “in all four cities,
the introduction of high-speed rail service willgsificantly increase jobs, wages,
business sales, and value-added Gross Regionaud®rd@RP) (The United States
Conference of Mayors, 2010, p. 5). More preciséigh-speed ground transportation
service can increase business productivity throgbel-efficiency gains. These gains
result from time and cost savings for users of H®GT as well as for users of
automobile and air travel. Automobile and airplaiders mainly benefit through relieved
congestion. Additional benefits arise for traveletthout car who are now able to travel
to destinations that they could not reach befotgthermore, the introduction of HSGT
service can help expand visitor markets and gemerddlitional spending. According to
the study (The United States Conference of May2040, pp. 6-7), “projections show
that by 2035, HSGT can annually add roughly $25Bianiin the Orlando area; $360
million in the Los Angeles area; $50 million in tihicago area; and more than $100
million in the greater Albany area.” It has alseberojected that approximately 4,000
new jobs in hotels, restaurants, and retail willdoeated in the downtown area of Los
Angeles following the implementation of a HSGT mtat For downtown Chicago
between 12,000 and 18,000 new jobs have been prdjéChe United States Conference
of Mayors, 2010, pp. 12, 16). The introduction o8GIT services can also broaden
regional job markets as it facilitates bringing dtiger specialized needs of companies
with more specialized workers. The existence of iS@rvices also supports the growth
of technology clusters and, finally, fosters ecoidevelopment in the direct vicinity of

its stations.
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The construction of the infrastructure for eitheBGIT system as well as the
production of the vehicles and other equipment @aiflo have positive impacts on the
economy. For both high-speed ground transportaystems, it can be assumed that the
project implementation will be conducted by botlhefgn and domestic companies. For
both high-speed systems expertise from foreign tmsis necessary as there are no
American companies specialized at either high-speadlev systems or wheel-on-ralil
high-speed systems. Still, large portions of plagrand construction can be achieved by
domestic companies. Production processes can aelexgected to take place inside the
United States. On the Shanghai Transrapid maglejeqir for example, “the Chinese
[i.e. the domestic] side was responsible for th&eand construction planning and the
German side, under the central coordination of Jmapid International [...], was
responsible for the system design (Furst, 20042p”

HSGT furthermore has positive external economiea$f because external costs
decrease when people who used automobiles befarehsiw HSGT. For instance, the
external costs of cars in the European Union (EERevestimated to be five times as high
as those of rail per passenger per kilometer, wisichostly due to higher accident costs
of the automobile (Smith, 2003, p. 245). The exdeestonomic benefits that arise from
erasing higher external economic costs of otherenal transportation can be expected
to be approximately equal between the HSGT systeBnsilarly, positive external
effects from construction and production can beeeigdl to be similar. These economic
benefits that are generated from improved travpbdpinities and connectivity, however,
are assumed to be greater for the maglev system winetravelling with higher speeds
(i.e. 450 km/h — 280 mph). Summing up all indivilaaternal economic effects leads to

the benefits values shown in Table 65.
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Table 65: Benefit Rating for External Economic Effets

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 4 4 5

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.6.6. Suitability to Serve as a Showcase Project

In a global world, cities and regions compete tligy to attract companies,
employees, and tourists, which all help a city egion develop and strive. While the
transportation system is, on one hand, among the faetors determining the quality of
the living and business conditions of a region,irarovative transportation system can
also, apart from its technical and economic pertoroe, draw people’s attention to a
region for having something extraordinarily innavator unique.

While in many European and East-Asian countries elvba-rail high-speed
systems are relatively common, they would in th8.lertainly grab attention for the
region that has the first or the fastest one. Htisntion could in the first years be a
beneficial side effect of the system. Since madjas not been implemented yet in the
U.S., the level of attention for such a system warguably be even greater than that for
a wheel-on-rail high-speed rail system. Also therensophisticated technology of the
maglev system could grab additional attention iertegion where it is implemented.

Thus, the benefit value for the high-speed maglgstesn in the category
“suitability to serve as a showcase project” (cible 66) is a bit higher than that of the

wheel-on-rail high-speed system, especially whénaperated with higher travel speeds.

Table 66: Benefit Rating for Suitability to Serve & a Showcase Project

Wheel-on-Rail

High-Speed Rail (300 km/h)

High-Speed Maglev
(300 km/h)

High-Speed Maglev
(450 km/h)

Benefit Rating

3

4

5

1 = Minimum Benefit Value;
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3.7. Safety Aspects
3.7.1. Risk of Derailment

Because the undercarriage of the maglev train waapsnd its guideway, many
authors state that it is (virtually) impossible fomaglev to derail (Schwindt, 2004, p. 36)
(Liu & Deng, 2004, p. 23). The wheel-on-rail highegd system has a higher risk of
derailment. In 2008, for example, an ICE high-sp&ath derailed in a tunnel of the
Hannover-Wirzburg high-speed line after havingidetl with a herd of sheep. Out of
148 passengers, 21 were injured. Some have sdiththenain cause for the accident was
the fact that the track was not separated fronentsronment. The benefit of fencing is,
however, debatable since fences cannot completelyept animals from entering the
track. In addition, fences can trap animals in titaek area after unexpectedly having
entered it.

Breimeier (2002, p. 24) points out that derailmshbuld not necessarily be
judged as something entirely negative. There assiple situations in which the overall
damage is lower when the train derails and thembws down alongside the track
instead of having a potentially more severe calfigby staying on the track. While such
situations are technically possible, the more irtgo@rquestion is how much the risk of
derailment increases or decreases safety for pgeisen

The deadliest high-speed rail accident in histaguored in 1998 near Eschede in
Northern Germany. An ICE high-speed train deraWddn one of its wheels, which had
broken shortly before due to a fatigue crack, phsser a switch. The derailed train then
collided with a roadway bridge and caused thisd®idollapse on the following cars of
the train; 111 passengers died and 88 were injurbed disaster shows the possible
consequences of a derailment and that it is gdpesader if trains cannot derail at all. In
France, three incidents have occurred where TGMdrderailed at high speeds. All

incidents were free of fatalities. For the Japan8kékansen system, one non-fatal
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derailment (October 2004 near Usara) due to amcepaeike (cf. section 3.7.4 “Safety in
Case of Natural Disasters”) has been reported.

Summing up, the risk of a maglev derailment isléaver than that of wheel-on-
rail high-speed trains. Despite the risk of deraihinfor wheel-on-rail high-speed trains,
there have only been few derailments for which anlg had a fatality. Derailments can
be largely prevented due to high safety standatdshnare applied to today’s high-speed
rail systems. The Japanese Shinkansen high-spestdnsyfor instance, has been
operating for more than 45 years and has trangporere than 3 billion passengers
without any loss of life or severe injury (Liu & Dg, 2004, p. 23). Given that both

systems are very unlikely to derail, the benefiiga shown in Table 67 are assigned.

Table 67: Benefit Rating for Risk of Derailment

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 4 5 5

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.7.2. Risk of Collisions with other Trains

As opposed to derailment accidents, collisions betwtrains cause death in a
high number of cases. For a Transrapid maglev ,tidirs technically impossible to
collide with another maglev train since only onarircan be in each drive control zone
(cf. section 3.5.1 “Capacity”). The guideway mo®@activated one section at a time and
can operate in one direction only, which eliminates risk of a collision with another
maglev train (Siemens, 2006b, p. 13) (Schach, J&iNaumann, 2006, p. 242) (Rausch,
2004, p. 22) (Liu & Deng, 2004, p. 23). Collisidmstween two maglev trains because of
crossing maneuvers can also be excluded as twoemagicks cannot cross. Instead a

flyover must be constructed if it is desired thaedrack crosses the other. While such a
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construction increases the construction costs, ¢hais be seen as a system-inherent
security measure that prevents the collision of twaglev trains.

A collision of two wheel-on-rail trains is also estnely improbable due to
advanced control systems that are designed spahjifio prevent such incidents. These
control systems provide that “vehicle movementy dake place on secured routes. This
means that the path to be taken by a vehicle ikgixely reserved for this vehicle. No
other vehicle may be located on the track secwsemed for this vehicle run or be able
to move into it (Schinemann, 2004).” In contrasth maglev high-speed system where
tracks never cross on the same level, a collisietwéen trains, however, is not
physically impossible. Also, “it cannot systemalligdbe excluded that two trains are on
the same track heading towards one another (Schiable, & Naumann, 2006, p. 241).”
Security systems, however, would automatically ertie trains if they were driving on
one track facing each other. The only accidentehistory of high-speed rail where a
high-speed train collided with another rail vehidecurred in April of 2006 in Thun,
Switzerland, when an ICE train collided head-orhvatset of locomotives. The driver of
the set of locomotives had missed a signal, whicldenthe emergency brake stop the
locomotives automatically. Even though the emergebake of the ICE train had
decelerated the movement of the train, it still e locomotives with a speed of
approximately 50 km/h (31 mph). Some passengeemdfminor injuries’ Apart from
this event, no collision of any wheel-on-rail higbeed train with another rail vehicle
could be identified.

Because a collision between two maglev trains islueled and a collision

between wheel-on-rail high-speed trains and otlérvehicles is very unlikely, the

37 http://www.focus.de/reisen/diverses/ice-unfalldimun_aid_108280.html Accessed July 29, 2010
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following values for risk of collision with otherains shown in Table 68 have been

determined.
Table 68: Benefit Rating for Risk of Collision with other Trains
Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 4 5 5

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.7.3. Risk of Collisions with other Modes of Transportaton and Environment

Collisions with other modes of transportation og¢dar contrast to other major
accidents, comparatively frequently. In particuk#trgrade roadway crossings pose a risk
for collisions between trains and other modesarigportation. That is why the design of
new high-speed rail tracks does not include angratle crossings. As pointed out in
section 3.3.6 “Ability to Use Existing Railway Ti#&?, French TGV trains, for instance,
partially run on tracks that were originally desegnfor conventional railroad operation,
called ‘lignes classiques’ (classical lines). Aagde crossing do exist on these lines. At
least four collisions of TGV trains with trucks aather road vehicles have been reported
(September 1988 near Voiron, September 1997 neakddgue, January 2003 near
Esquelbecq, and December 1997 near Tossiat). Otlesé collisions caused the death
of two people on the train. The other accidentseduhe death of one truck driver and
injuries among people on the train. Following theseidents, an effort was made to
remove all at-grade crossings on conventionallnads (i.e. lignes classiques) that are
used by TGV trains.

In case a derailment occurs, it is often fatal hé ttrain collides with solid
structures next to the track. Such a collision wesdistinguishing factor that made one

of the two ICE derailments mentioned in section.3."Risk of Derailment” so much
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more severe than the other. The train, which hdlided with the herd of sheep, slid
along the wall of a tunnel for more than one kiloendefore it stopped without colliding
with anything except the wall on which it slid. THeE train, which derailed when a
broken wheel passed over a switch near Eschedethaitstructures of a bridge
immediately after the derailment, which causedhihége to collapse. The following cars
of the train then collided with the collapsing ly&d

As discussed in section 3.7.1 “Risk of Derailmeittis almost impossible for a
maglev train to derail. Not being able to leave thedeway prevents maglevs from
colliding with structures alongside the track. Dadhe design of the guideway, at-grade
crossings are precluded so there is no chance rizaigdev train to collide with roadway
traffic. The only thinkable case for a collision wd be if objects were located on the
maglev guideway. These situations are addressegdtion 3.7.6 “Sensitivity towards
Obstructions on Guideway”.

In sum, the maglev can technically not collide wother modes of transportation
or with structures alongside the track. Wheel-ahtagh-speed trains (i.e. those with
maximum travel speeds of 300 km/h, which are carsilin this thesis) mostly travel on
dedicated high-speed tracks that have no at-gramsings. Accordingly, the risk of
collision with other modes of transportation is calsignificantly lower than for
conventional railway or so-called highspeed rail, which uses upgraded conventional
railroad tracks that usually have a high numbeatejrade crossings. Consequently, the

benefit values shown in Table 69 were assigned.

Table 69: Benefit Rating for Risk of Collision withother Modes of Transportation

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 4 5 5

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau
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3.7.4. Safety in Case of Natural Disasters

Natural disasters that can affect high-speed grotnagisportation include
earthquakes, floods, and landslides. Other natlisaisters like tornados and hurricanes
are predictable enough so that they do not pos&eatdisk in terms of safety even
though they may affect operations. In particulartlequakes can represent a significant
safety risk for the operation of wheel-on-rail higjeed trains as they usually occur
unpredictably and directly affect the wheel-raiteiraction of the wheel-on-rail high-
speed system. Thus, a traveling train is subjetiesl considerable risk of derailment in
case of an earthquake. The only way to addressishiss to emergency-brake the train
immediately when an earthquake is detected.

Interestingly, Japan, the country which was thengé in introducing high-speed
rail as early as 1964, is also one of the countvigth the highest frequency of
earthquakes in the world. Accordingly, coping wthie risk of earthquakes was one of the
challenges in implementing high-speed rail in Japafoday, most of the lines are
equipped with an earthquake warning system. In adaeger earthquake is detected, the
emergency brake is automatically applied. On somesl the application of this
earthquake warning systems limits speeds as timés aoming to a complete stop
cannot be too high in order to ensure the effentge of an emergency braking
maneuver. There is one incident in October 2004w Shinkansen train derailed in
commercial operation due to an earthquake, whichsomed 6.8 on the Richter scale.
Even though the emergency brake was applied, de deerailed near Urasa. Because the
speed was already reduced at the time of derailntleattrain came to standstill very
quickly and nobody was severely injured. As pointad before, there has been no
fatality or severe injury among passengers of thmkansen system in more than 45
years of operation. This illustrates the fact ttie wheel-on-rail high-speed system is

capable of operating safely in an environment wittigh earthquake frequency.
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As discussed in section 3.7.1 “Risk of Derailmetité maglev system is close to
impossible to derail. This is also true in caseanfearthquake. However, the system is
still sensitive to ground motions as the gap betwte guideway magnets and the
undercarriage of the train is only 10 millimeteds4(inches). To ensure safety in case of
an earthquake, a warning system that automaticiiws down the train should be
applied to the maglev system in regions with a héginthquake frequency. Not only
might a maglev get damaged when its undercarriag&cts its guideway due to ground
motions, but guideway beams be moved or dislodatedse of a very strong earthquake.
Dislocated guideway beams pose a risk of a cafdstraaccident that underscores the
importance of an emergency brake in case of agteanthquake. Due to its very strong
braking power (cf. section 3.1.2 “Braking Perforroai), the maglev system is very well
suited for the application of an automatic emergdmaking system since it could come
to a stop very quickly.

Other natural disasters like landslides or floodimight either damage the track or
cover it. One crucial question in determining te@sequences of such events is whether
damage gets detected before a train reaches theThits is not dependent on the train
system, but on surveillance procedures. An elevgtedeway, which is more common
for the maglev system, is less likely to be affddig a landslide than an at-grade track.

In sum, both high-speed systems should be emergma&gd in case of an
earthquake. The risk that a severe accident haghen an earthquake can be expected
to be higher for the wheel-on-rail system due ithér risk of derailment and its weaker
braking performance. In case of other natural desadike landslides or flooding, the
maglev system has slight advantages due to itehigércentage of elevated guideways.
Because natural disasters do not occur very oftenbenefit values of both systems do

not differ too much. They are shown in Table 70.
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Table 70: Benefit Rating for Safety in Case of Natal Disasters

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 4 5 5

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.7.5. Risk of Material Fatigue

Material fatigue can happen when material is subgeto repeated loading. If the
loads are above a certain level, microscopic crazks form, grow, and ultimately
weaken the material. As explained in section 3.Mdear and Degradation”, the
Transrapid high-speed maglev system travels oguitdeway contact-free and is thus not
subject to mechanical wear and tear. Still, loads applied to its guideway and the
vehicle while traveling. These loads could techlhycalso cause material fatigue. Due to
the contact-free support, however, no mechaniazaidn or vibrations are applied to the
guideway and the undercarriage of the vehicle. t®o0, factors that have the highest
significance in causing failure of certain partsn exist on the maglev system.

To prevent accidents or malfunctions on the wheetaol high speed system,
those parts of the system that wear have to begegaregularly. Corresponding to high
safety margins and strict maintenance procedunese thave only been a few incidents
where failing parts have caused an accident. lligct2001, a TGV train derailed near
Dax due to a broken rail. Also, two ICE accidentscdssed above (cf. sections 3.7.1
“Risk of Derailment” were due to material failurehe low-speed derailment of an ICE
train near Cologne central station in July 2008 wassed by a cracked axle. The
Eschede train disaster of 1998, the deadliest aotioh the history of high-speed rail
with 101 fatalities, was caused by a broken whieai taused the derailment of the train

before it collided with a bridge.
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In sum, the risk that an accident occurs on theelvbe-rail system is, due to high
safety standards, very low. However, there arenad@ses where accidents were caused
due to material fatigue. The high-speed maglevesyshas an even lower risk of
accidents due to material fatigue as it is notectiejd to certain mechanical effects (i.e.
friction, vibration) that are most prominent in sag material fatigue. Table 71 shows

the benefit ratings assigned for this category.

Table 71: Benefit Rating for Risk of Material Fatigue

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 4 5 5

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.7.6. Sensitivity towards Obstructions on Guideway

For any high-speed ground transportation systers,gbssible for obstructions to
somehow make it onto the guideway. Obstructions @y up on a HSGT system
guideway due to natural influences (e.g. lands)idéigse to mistakes by third parties (e.qg.
objects falling onto the guideway from overpassebrages), or even due to sabotage.
Vehicles that might be located on the guideway @agse a collision have already been
addressed in section 3.7.3 “Risk of Collisions wather Modes of Transportation and
Environment”. It is agreed that “a collision witlhsiructions on the track like stones or
other heavy, solid objects can cause the derailmieatwheel-on-rail-on rail high-speed
train (Schach, Jehle, & Naumann, 2006, p. 241)Mi&rly, a landslide may cause the
derailment of the train. In general, the wheel-aihdigh-speed system is comparatively
sensitive to obstructions on the guideway. To pmevebjects from getting on the

guideway, many countries consider it best pradiicdesign crossings in a way that no
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other mode of transportation can travel on a highessing level than the rail systems.
The benefits of this practice apply for both HSG$tems.

Due to the very small risk of a derailment for thaglev system, it is in general
less sensitive to obstructions on the guideway. |&Vthie gap between the guideway
magnets and the undercarriage of the train is dflymillimeters (0.4 inches), the
distance between the surface of the guideway aedutiderside of the vehicle is 150
millimeters (5.9 inches) (Transrapid InternatioriZ006, p. 4) (Blank, Engel, Hellinger,
Hoke, & Nothhaft, 2004, p. 65). This means that Thansrapid maglev can hover over
small objects or a layer of snow, which may be tedan top of the guideway. Also, the
design of the Transrapid maglev takes into accthenpossibility of solid obstructions on
its guideway. “The deformation elements and thepetpconstruction are designed to
ensure operating safety [...] [in the event of alismn of the nose with a 50 kilogram
(110 pound) stone lying in the middle of the guidgwat 500 km/h (311 mph) or a
collision of the nose with a tree trunk [...] at 50@/h (311 mph) (Lobach & Kdéb, 2004,
p. 56).” While the train would obviously get damddgeom such a collision, people on
the train would not be expected to suffer any sarisl injuries.

Still, the only fatal accident that ever involvdw tTransrapid maglev was due to
an obstruction on the guideway. In September 2806aglev train collided with a heavy
maintenance vehicle that was located on the guigei#e Emsland test facility (TVE)
in Germany. The collision caused the death of 2%ge The lawsuit that followed two
years later concluded that the tragedy was cauged dhain of human errors. Multiple
staff members had committed multiple failures tleak to the accident. Amongst other
failures, they had failed to set an electronic brglsystem that would have prevented the

train from operating while the maintenance vehigbes located on the track. Hence, two
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staff members were found guilty on 23 counts of steughter and 11 counts of causing
negligent injury®® This accident harmed the safety reputation of Erensrapid high-
speed maglev system even though it was provedttbaty happened because operating
staff disobeyed safety measures.

With respect to sabotage, the wheel-on-rail higkeslpsystem is more sensitive.
A solid object, which could theoretically be placedthe guideway by an individual, can
cause the derailment of a wheel-on-rail high-sgesd and thus, in the worst case, cause
a deadly accident. By contrast, there is venelitthance that an individual could cause a
lethal accident of the maglev system. As derailmerdiose to impossible, an object of
several tons would have to be placed on the guiggwaause a comparatively severe
accident. Furthermore, the guideway of the magyestesn, assumed to be constructed as
an elevated guideway on the main part of a givenergegment, can be expected to be
less accessible than a track of a wheel-on-rdiksgatem. There is also very little chance
to sabotage the substructure of the elevated gaigdwvecause it is a solid concrete
structure.

Due to the in generally higher sensitivity towaatstruction of the guideway, the

wheel-on-rail high-speed system is assigned a Itweeefit value shown in Table 72.

Table 72: Benefit Rating for Sensitivity towards Olstructions on Guideway

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 3 5 5

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

38 http://www.welt.de/vermischtes/article2025517/Tawpid_Prozess_Geldstrafen_verhaengt.html
Accessed July 14, 2010
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3.7.7. Perceived Level of Safety by Users

The perceived level of safety describes how corabdet in terms of safety users
feel riding a transportation system. Despite thdl-lweown fact that traveling by car is
statistically significantly more dangerous thanvélang by airplane, a considerable
amount of people suffer from a fear of flying. Thesr of flying is not related to a factual
higher safety risk, but to the subjective feelinigsreates in its users. As such, fear of
flying may be related to other fears like the feaheight, the fear of being in a closed
space, the fear of not being in control, and otfiers

The consideration of the fears related to the tdaftying gives an impression
what kind of fears might be related to riding tharisrapid high-speed maglev system as
opposed to riding a wheel-on-rail high-speed traks. pointed out in section 3.1.7
“Flexibility in Track Alignment”, one of the majobenefits of the Transrapid maglev
system is that it is well-suited for an elevateddgway. Even though not comparable to
flying on an airplane, the feeling of being in @sg#d space will arguably be perceived
more strongly on a maglev train than on a wheetaidinhigh-speed train. Similarly, the
feeling of being out of control might be experietherore strongly due to the elevation of
the maglev guideway. Passengers realize that they to rely, in case of an emergency,
the safety concept that will guide the train to tlegt station or an auxiliary stopping area
(cf. section 3.7.8 “Evacuation of Trains”). Whilach a safety system increases safety
from an objective point of view, it might be penomil as just the opposite by passengers
who suffer from the aforementioned fears. They migel more uncomfortable if they
realize they could not break a window and climbafuhe train.

While these fears will not be as strong as on amlame, the system

characteristics of the maglev systems appear te laakigher potential to cause these

3 http://www.airsafe.com/issues/fear.htm Accesséyg 28, 2010
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fears than the wheel-on-rail high-speed system.tiMoeHSGT systems are assigned the

benefit values shown in Table 73.

Table 73: Benefit Rating for Risk of Derailment

Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 4 3 3

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau

3.7.8. Evacuation of Trains

Trains can be evacuated for several reasons:|Birg;lasting power outages that
prevent the train from continuing its travel, ocallision with objects that damage the
train. For such cases, the Transrapid maglev systel®signed to be able to travel to the
next station or an auxiliary stopping area.

In case the power supply fails while the vehicleuisning, only the propulsion is
lost. Because levitation and all on-board equipnaeatsupplied from on-board batteries,
the vehicle continues to levitate and move forwditte on-board eddy-current brakes are
then applied such that the vehicle comes to a atagther the next station or the next
auxiliary stopping area (cf. section 3.5.2 “Rellai). The auxiliary stopping areas are
located along the route at a distance of typicallp 8 kilometers and are set up so that
convenient access is provided for support serviocesase they are required (Rausch,
2004, p. 19) (Transrapid International, 2006, p) 1&chinemann, 2004, pp. 82-83).
Thus, the Transrapid requires no access roadssatngs guideway (Siemens, 2006b).

Wheel-on-rail high-speed trains have to be expettestop at any location on
their route in case of one of the aforementionecergency situations. Predefined
auxiliary stopping areas are uncommon for the wbeelail high-speed system. Because
the track of wheel-on-rail high-speed systems isiallg at-grade, passengers can

theoretically just disembark the train. It mighgwever, be difficult for rescue teams to
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reach the train when it is stopped at a randomtilmta Concerning this point of
comparison, the maglev system, which only stogzedefined auxiliary stopping areas,
has the advantage.

Theoretically, there is only one case thinkablet tt@uld cause a Transrapid
maglev train to come to a stop apart from auxilstigpping areas or stations. This case is
a severe collision on the guideway. As pointedinwection 3.7.6 “Sensitivity towards
Obstructions on Guideway”, the Transrapid maglewasigned to continue travelling
even after a collision with heavy objects like ttaenks. The Transrapid maglev system
not crossing any other transportation facilitiega@de, excludes collision with a vehicle
of another mode. The only thinkable obstructiontlom maglev guideway that is heavy
enough to cause a severe collision that causesdigéev train to stop outside a station or
auxiliary stopping area is a maintenance vehicleatied on the guideway. Such a
collision is, however, excluded by the electrorecigity system, which does not allow a
maglev vehicle to travel a guideway when a maimnteaavehicle is located on it.
However, this collision still happened on the Emdldest facility (TVE) in Germany in
2006 (cf. section 3.7.6 “Sensitivity towards Obstions on Guideway”) after a series of
errors by the operation crew. Among other humaarsyithe operators had disabled an
electronic safety brake, which would have disalldwiee operation of any maglev train
in case a maintenance vehicle was located on tlidewgay. It was difficult to evacuate
the train because it was stopped on an elevatatbgaly section apart from any station
or auxiliary stopping area. Even though a stopuahs location is theoretically excluded,
reality has shown that such stops might happenwiorst case scenario. In unexpected
situations, the wheel-on-rail has advantages ovaglew. Its track is more easily
accessible because it is mostly designed at-grad¢hermore, tracks often have access
roads alongside the track, which are normally dsedhaintenance procedures or in case
of minor operational malfunctions, which might re@qgua wheel-on-rail high-speed

system to be evacuated at a random location otnable.
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In sum, the maglev system through its intelligeafey concept, which includes
auxiliary stopping areas for any expected operatiamterruption, has advantages over
the wheel-on-rail system. This erases the needafoaccessible guideway at random
locations along the track. Exactly this fact, hoegwdisadvantages the maglev system in
very rare, unexpected situations when better admkiysof the guideway would be
beneficial. Because these situations representresaueidents that involve collisions,

they have to be considered more strongly. Thisdeadhe benefit values shown in Table

74.
Table 74: Benefit Rating for Evacuation of Trains
Wheel-on-Rail High-Speed Maglev| High-Speed Maglev
High-Speed Rail (300 km/h) (300 km/h) (450 km/h)
Benefit Rating 4 3 3

1 = Minimum Benefit Value; 5 = Maximum Benefit Vau
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CHAPTER 4
QUANTITATIVE EVALUATION

The previous chapter identified the benefits asdedi with two high-speed
ground transportation systems — wheel-on-rail fgghed rail and high-speed maglev —
with respect to 58 characteristics in 7 categolieis. clear that not all 58 characteristics
in this comparison are of an equal importance. &®mnine weighting factors for each
the 58 characteristics and their 7 categories,reegucf. Appendix A.2 “Survey”) was
conducted with 46 organizations including stateadigpents of transportation, regional
and nationwide high-speed rail associations andh@gg, engineering and consulting
firms, and national agencies (cf. Appendix A.1 “@mugations included in the Survey”).
The participants were asked to assign values ofoitapce from “0” (unimportant)
through “6” (extraordinarily important) to eachtbie 58 system characteristics as well as
the 7 respective categories category.

This chapter combines the benefits values assimtéte 58 points of comparison
in chapter 3 “Systems Comparison” with the weightifactors for each point of
comparison that were drawn from the survey (cf. &pmpx A.2 “Survey”). Applying a
Multi-criteria Decision Making (MCDM) approach (Yoo& Hwang, 1995), utility
values for each of the 7 categories (e.g. techraspkcts, environmental impacts, etc.)
were calculate for each HSGT system. As a remiroktause the properties of a large
number of the 58 system characteristics comparechapter 3 change with different
speeds, the maglev train appeared twice in thispamison. For the first step of the
comparison, the maglev train was considered teetraith the same maximum speed as
the wheel-on-rail high-speed train, i.e. at 300kif1/86 mph). For the second step of the
comparison, both train systems were consideredawel with their own technically

feasible maximum speed, i.e. the wheel-on-rail f8gbed train traveled with a maximum
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speed of 300 km/h (186 mph) while the high-speedjlevatrain traveled with a
maximum speed of 450 km/h (280 mph). This appraaidressed the changes in several
of the 58 points of comparison due to changes eedpand, at the same time, kept the
comparison as simple as possible.

For the determination of the utility values of e&tBGT system for each of the 7
categories, the benefit values for each of the ls&acteristics of chapter 3 had to be

normalized. The normalized benefit valugs for each characteristicfor HSGT system

j were calculated according to the following formula

Bl,]
bi,j = Bmax
where: B; ; = benefit value for theth characteristic for theth HSGT system

B™4* = maximum benefit value

To develop the weighting factors (i.e. the valuésradative importance), the
values of importance of each of the 58 charactesishat were drawn from the survey
(cf. Appendix A.2 “Survey”) were also normalizedhel weighting factorsv;; (i.e. the
relative importance) for characteristifor HSGT system were calculated according to

the following formula:

I
W, = ———
' Z-{lzl Il
where: I; = importance value for theth characteristic, drawn from the survey

Y. I; = sum of all importance values in the respectategory
Based on the weighting facte;; and the normalized benefit valhg;, the utility

of HSGT systenj in each category of characteristics was calculaiszbrding to the

following formula:
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n
U] = ZWL' *ri,j
)

1

where: w; = weighting factor of characteristic

r;j = normalized benefit value of characteristfor HSGT system

4.1. Technical Aspects

Table 75 summarizes the benefit values that westgresd for all system
characteristic discussed in section 2 “Technicglekss”. The normalized benefit values
for all system characteristics of this categoryas® shown in Table 75. As an example,
the normalized benefit valuB . wheei—on-rair usg fOr the category “acceleration” for
the system “wheel-on-rail high-speed rail” was aidted as follows:

b _ BAcc,Wheel—on—RailHSR _ 2 — 0.4
Acc,Wheel-on—Rail HSR — pmax - g - Y.

Table 75: Benefit Values and Normalized Benefits Maes for Technical Aspects

£E e |3 |3 | & |3
I3 |£25 B |8 5 B |2 <
3c (328 2 35| 3 |3k
Te|%se| 3L |8EF| 8% |BEw
s7 |258| 98 |985| 92 |0E5
23 |83 & |5 5| & | °©
o = O = = = =
=3 |9 L I L I
N 2
Acceleration 2 04 5 1.0 4 0.8
Braking Performance 3 0.6 5 1.0 4 0.8
Travel Speeg 3 0.6 3 0.6 5 1.0
Wear and Degradation 2 0.4 4 0.8 4 0.8
Train Weight 3 0.6 5 1.0 5 1.0
Compactness of Train 4 0.8 5 1.0 5 1.0
Flexibility in Track Alignment 3 0.6 5 1.0 3 0.6
Driving Resistance 4 0.8 5 1.0 3 0.6
Integration of Stations into Cities 3 0.6 4 0.8 4 0.8
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The survey (cf. Appendix A.2) produced the impoceamalues shown in Table 76
for all characteristics of the category “Techniéapects”. It also shows the weighting
factors that were calculated based on the impoetavelues. As an example, the
weighting factow, .. for the category “acceleration” was calculatedodiisws:

Licc _ 4.00

Wy = =
“ ¥, 3503

=0.11

According to the respondents, travel speed andjiat®n of stations into cities
were the most important technical aspects. The legsortant aspects in this category
were the weight and the compactness of trains.imyivesistance shows the highest

variance in its importance.

Table 76: Survey Results and Normalized Weighting #ue for Technical Aspects
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Accelerationf 0 | O | 1| 9| 1| 7| 2| 20 4.00|0.11|1.21
Braking Performancé 0 | O | 2| 9| 1| 6| 2| 203.85|0.11| 1.27
TravelSpeed O | O | 1| 1| 8| 6| 4| 2(0455|/0.13| 1.05
Wear and Degradation0 | O | 3| 3| 8| 3| 3| 2(04.00[/0.11|1.26
TrainWeightf O | 1| 3| 9| 4| 2| 1| 203.30|0.09| 1.17
Compactnessof Train0 | 2 | 1| 11| 2| 3| 0| 193.16]0.09 1.12
Flexibility in Track Alignmentf 0 | O | 1| 4| 8| 5| 2| 204.15]|0.12|1.04
DrivingResistance 0 | 2 | 2| 8| 2| 5| 1| 20 3.45|/0.10[1.39
Integration of Sta“oé‘ifiég“ o|o|o| 4| 4| 10 3| 21457 013|098

Based on the normalized benefit values from Tableand the weighting factors

values from Table 76, the utility values for tectatiaspects were calculated as described
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above. As an example, the utility for technicalexdp for the “wheel-on-rail high-speed

rail” system was calculated as follows:

g

Uwheel—on—-Rail HSR = Wi * Ti Wheel—on—Rail HSR

=1
=0.11%04+011%x0.64+0.13x0.6 4+ 0.11 * 0.4 + 0.09 * 0.6
+0.09%x084+0.12x0.64+0.10* 0.8+ 0.13 x 0.6

= 0.60

Table 77 shows the calculated utility values faos tategory.

Table 77: Utility Values for Technical Aspects

Wheel-on-Rail High-Speed Maglev] High-Speed Maglev
High-Speed System (300 km/h) (300 km/h) (450 km/h)
Utility Values 0.60 0.90 0.82

4.2. Environmental Impacts

Table 78 summarizes the benefit values that westgresd for all system
characteristics discussed in section 3.2 “Enviramade Impacts”. It also gives the

normalized benefit values for all system charastes of this category.
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Table 78: Benefit Values and Normalized Benefits Maes for Environmental Impacts
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Land Consumptior] 2 0.4 5 1.0 5 1.0
Energy Consumption 3 0.6 4 0.8 2 0.4
Noise Emissions 3 0.6 5 1.0 2 0.4
Interference with the Natural
Environment 2 0.4 4 0.8 4 0.8
Suitability for Co-Alignment
with other Transportation 2 0.4 4 0.8 2 0.4
Infrastructure
Need for Construction of
Structures (Bridges, Tunnels) 2 0.4 5 1.0 3 0.6
Aesthetic Impacts on Landscape
and Cityscape 3 0.6 3 0.6 3 0.6
Barrier Effect (Physical
Separation of Landscape apd 2 0.4 4 0.8 4 0.8
Cityscape)
Vibration 2 0.4 5 1.0 4 0.8
Material and Resource
Consumption 3 0.6 3 0.6 3 0.6
Electromagnetic, Magnetic, and
Electric Fields 4 08 2 04 2 04
Pollutant Emissions 5 1.0 5 1.0 5 1.0

The survey (cf. Appendix A.2) produced the impocearalues shown in Table 79
for all characteristics of the category “Environrte@nimpacts”. It also shows the
weighting factors that were calculated based onirttportance values. According to the
respondents, energy consumption and pollutant @nsswere the most important
environmental impacts. The least important aspettthis category were aesthetics
impacts and physical separation (barrier effectdandscape and cityscape; vibration;
and electromagnetic, magnetic, and electric fieRtdlutant emission shows the highest

variance in its importance.
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Table 79: Survey Results and Normalized Weighting ®ue for Environmental Impacts
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Land Consumption 0 | O | 6 | 6| 6| 4| 0| 22 3.36|0.08| 1.09
Energy Consumption O | O | 2| 4| 4| 9| 3| 22432|0.11| 1.21
Noise Emissions 0O 0 1 9 6 6 0| 22 3.77| 0.09|0.92
Interference with the NaturalO 0 1 3 3 6 4l 29418! 010! 1.26

Environment

Suitability for Co-Alignment
with other Transportation O | O | 2 | 10| 4| 2| 4| 243.82|0.09|1.30
Infrastructure

Need for Construction af -
Structures (Bridges, Tunnels)O 0] 1) 4] 100 5 2 22414/ 04070.89

Aesthetic Impacts on Landscape0

: 2| 3|11 3| 3| 0/ 22309008 1.11
and Cityscape

Barrier Effect (Physical
Separation of Landscapeapd | 2 | 4| 7| 6| 2| 1| 223.23|0.08| 1.27
Cityscape)

Vibration| 0 | 2 | 2| 10| 4| 3| 0 21319/0.08) 1.12

Material and Resource o | 4 | 5 | o | 4| 5| o 21 348|009 1.12
Consumption

Electromagnetic, Mag_netl_c, ardO 1 5 8 4 3 ol 21314008 1.11
Electric Fields

Pollutant Emissions 0 1 0 7 2 7 5| 24432|0.11| 1.39

Based on the normalized benefit values from TaBleand the weighting factors
values from Table 79, the utility values for théegpry of environmental impacts shown

in Table 80 were calculated.

Table 80: Utility Values for Environmental Impacts

Wheel-on-Rail High-Speed Maglev High-Speed Maglev
High-Speed System (300 km/h) (300 km/h) (450 km/h)
Utility Values 0.60 0.90 0.70
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4.3. Economic Aspects

Table 81 summarizes the benefit values that westgresd for all system
characteristics discussed in section 3.3 “ Econdksjeects”. It also gives the normalized

benefit values for all system characteristics «f tdategory.

Table 81: Benefit Values and Normalized Benefits Maes for Economic Aspects
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Investment Costs 4 0.8 2 0.4 2 0.4
Maintenance Costs 2 0.4 4 0.8 4 0.8
Operation Costs 3 0.6 4 0.8 4 0.8
Ridership Generation 4 0.8 4 0.8 5 1.0
Chances to Acquire Grants 4 0.8 3 0.6 3 0.6
Ability to Use Existing Railway Tracks 3 0.6 1 0.2 1 0.2

The survey (cf. Appendix A.2) produced the impocearalues shown in Table 82
for all characteristics of the category “Economisp&cts”. It also shows the weighting
factors that were calculated based on the impoetamalues. According to the
respondents, ridership generation and operationwere the most important economic
aspects. The least important aspect in this cagegas the ability to use existing railway

tracks. This characteristic, however, also showshibghest variance in its importance.
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Table 82: Survey Results and Normalized Weighting ®ue for Economic Aspects
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InvestmentCosts O | O | O| 4| 2| 100 6| 27 4.82|0.15|1.05
Maintenance Costs O | O | O | 1| 5| 10, 6| 244.95|0.15(0.84
OperationCosts 0 | O | 0| 1| 5| 8] 8| 225.05]|0.16| 0.90
Ridership Generation 0 | 0 | O 1| 2| 11 8| 245.18|0.16| 0.80
Chances to Acquire GrantsO | 0 | 1| 2| 6| 8| 5| 224.64|0.14|1.09
Ability to Use Existing Railway ol 21 1] 2| 3| 10 4| 24436|l014!150
Tracks

Based on the normalized benefit values from Talileu® the weighting factors

values from Table 82, the utility values for ecomoraspects shown in Table 83 were

calculated.
Table 83: Utility Values for Economic Aspects
Wheel-on-Rail High-Speed Maglev High-Speed Maglev
High-Speed System (300 km/h) (300 km/h) (450 km/h)
Utility Values 0.67 0.61 0.65

4.4.Aspects of User Friendliness

Table 84 summarizes the benefit values that westgresd for all system
characteristics discussed in section 3.4 “ Aspetidser Friendliness”. It also gives the

normalized benefit values for all system charasties of this category.
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Table 84: Benefit Values and Normalized Benefits Maes for Aspects of User Friendliness
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Travel Time 3 0.6 4 0.8 5 1.0
Arrival Frequency] S 1.0 5 1.0 5 1.0
Comfort 5 1.0 4 0.8 4 0.8
Travel Farel 5 1.0 5 1.0 5 1.0
Number of Transfers 4 0.8 2 0.4 3 0.6
Service| 5 1.0 4 0.8 4 0.8
Accessibility of Stations 5 1.0 5 1.0 5 1.0
Baggage Transportation S 1.0 5 1.0 5 1.0
Image and Attractivenegs 4 0.8 5 1.0 5 1.0

The survey (cf. Appendix A.2) produced the impocearalues in Table 85 for all
characteristics of the category “Aspects of Userertéliness”. It also shows the
weighting factors that were calculated based onirtiportance values. According to the
respondents, travel time, arrival frequency, ancessibility of stations were the most
important aspects of user friendliness. The laagibrtant aspects in this category were
baggage transportation and on-board services hkeriag. Number of transfers shows

the highest variance in its importance.
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Table 85: Survey Results and Normalized Weighting ®&ue for Aspects of User Friendliness
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Travel Time| O | O | O| 2| 4| 10 5| 21486|0.14| 0.91
Arrival Frequencyy O | O | O | 1| 8| 6| 6| 214.81]|0.13|0.93
Comfort| O | O | 1| 7| 7| 5| 1| 213.90|0.11|1.00
TravelFaree O | O | 1| 2| 12| 5| 1| 214.14|0.12(0.85
Number of Transfers O | O | 2| 9| 1| 6| 3| 213.95|0.11|1.32
Service] 0 | 1| 6| 8| 3| 3| 0| 213.05/0.09| 1.12
Accessibility of Stationg 0 | O | 1| 2| 4| 11 3| 214.62|0.13| 1.02
Baggage Transportatign0 | 3 | 5| 6| 6| 1| 0| 212.86|0.08 1.15
Image and AttractivenessO | O | 4| 5| 7| 5| 0| 213.62|0.10| 1.07

Based on the normalized benefit values from TaBleu& the weighting factors

values from Table 85, the utility values for aspesftuser friendliness shown in Table 86

were calculated.

Table 86: Utility Values for Aspects of User Frientiness

Wheel-on-Rail High-Speed Maglev] High-Speed Maglev
High-Speed System (300 km/h) (300 km/h) (450 km/h)
Utility Values 0.90 0.87 0.92

4.5. Operations

Table 87 summarizes the benefits values that wesigred for all system

characteristics discussed in section 3.5 “ Openatidt also gives the normalized benefit

values for all system characteristics of this catgg
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Table 87: Benefit Values and Normalized Benefits Maes for Operational Aspects
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Capacity| 5 1.0 4 0.8 4 0.8
Reliability 5 1.0 5 1.0 5 1.0
Dwell Time at Stations 4 0.8 3 0.6 3 0.6
Flexibility in Operation| 3 0.6 1 0.2 1 0.2
Achievable Speeds in Urbanized Areas 3 0.6 5 1.0 5 1.0
Suitability for Varying Distances
between Stations 4 038 4 0.8 4 038
Ability to Create a Connected High-
Speed Rail Networl 5 1.0 2 04 3 0.6
Integration in Existing Transportatign
Infrastructure 5 1.0 4 0.8 4 038

The survey (cf. Appendix A.2) produced the impocenalues given in Table 88
for all characteristics of the category “OperatioAapects”. It also shows the weighting
factors that were calculated based on the impostamalues. According to the
respondents, reliability and integration into erigttransportation infrastructure were the
most important operational aspects. The least itapbraspects in this category were
dwell times at stations and suitability for varyidgstances between stations. Capacity

shows the highest variance in its importance.
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Table 88: Survey Results and Normalized Weighting ®ue for Operational Aspects

—~ L
S b~ 1)
—~ [
~| 2| S| 8|9 8| =8
Sleg|8|lgle|=|c|e| 8| 2|8
e Elg|T|s|8|/E/8| 8|83
£ 8| E|S S|lo|=| 8| E o | 2
S| E| =15 21z | x = °
S = | c| ol E|E|g|E <) = <
El > €| 2 51 lc|ls| | 5 o
=S| Elo|>|=|8 © 2 c
5 o Q - o E © |9 ) () .9
£k 5> g z| 2| b
n =
i
Capacityl 0 | 0| 0| 1| 6| 11| 3| 214.76|0.13|0.77
Reliability | 0 | 0 | 0| 2| 3] 10/ 6| 21495 0.14|0.92
Stopping Time at StationsO | O | O| 8| 4| 8| 1| 214.10|0.11| 1.00
Flexibility in Operationf 0 | 0 | 2| 5| 6| 3| 5| 21419|0.12| 1.33
Achievable Speeds in Urbanized
Areas| 0 | 0| 1| 5] 7| 6] 2| 21414 0.12| 1.06
Suitability for Varying Distances
between Stations 0 | 1 | 0| 8| 4| 5| 3| 214.00|0.11| 1.30
Ability to Create a Connected
High-Speed Rail Network O | O | 2| 3| 2| 5| 9| 214.76|0.13]| 141
Integration in Existing
Transportation InfrastructureO | 0 | 0| 3| 4| 6| 8| 214.90|0.14| 1.09

Based on the normalized benefit values from TaBle®d the weighting factors

values from Table 88, the utility values for opamas shown in Table 89 were calculated.

Table 89: Utility Values for Operations

Wheel-on-Rail High-Speed Maglev] High-Speed Maglev
High-Speed System (300 km/h) (300 km/h) (450 km/h)
Utility Values 0.86 0.70 0.73

4.6. Political Aspects

Table 90 summarizes the benefits values that wesigred for all system

characteristics discussed in section 3.6 “Politisgpects”. It also gives the normalized

benefit values for all system characteristics o tategory.
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Table 90: Benefit Values and Normalized Benefits Maes for Political Aspects
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Societal Acceptance 4 0.8 2 0.4 2 0.4
Perceived Technological Maturity 4 0.8 2 0.4 2 04
Potential for Further Development 3 0.6 4 0.8 4 0.8
Political Feasibility] 4 0.8 2 0.4 2 0.4
External Economic Effects 4 0.8 4 0.8 5 1.0
Suitability to Serve as a Showcase
Project 3 0.6 4 0.8 5 1.0

The survey (cf. Appendix A.2) produced the impoceanalues given in Table 91
for all characteristics of the category “OperatioAapects”. It also shows the weighting
factors that were calculated based on the impoetamalues. According to the
respondents, external economic effects, politieagsibility, and potential for further
development were the most important political aspéethe least important aspects in this
category were suitability to serve as a showcasgeqr and perceived technological

maturity. Potential for further development shotws highest variance in its importance.
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Table 91: Survey Results and Normalized Weighting ®ue for Political Aspects
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Societal Acceptance 0O| 1| 3 10 1| 214.33|0.16| 0.97
Perceived TechnologlcalO ol 21 6! a4l 8| 1| 21400l015!1.14
Maturity
Potential for Further
Development 0| 0| 2| 1| 5| 8| 5| 214.62|0.18}1.20
Political Feasibilityl 0 | 0 | 1| 3| 1| 13 3| 214.67|0.18| 1.06
External Economic Effects (6.9.0 | o | o| 2| 6| 7| 6| 21481018 0.98
Creation of Jobs
Suitability to Serveasg g | o | 3| 6| 4| 7| 1| 218386|0.15]1.20
Showcase Projegt

Based on the normalized benefit values from Tabler®d the weighting factors

from Table 91, the utility values for operationapacts shown in Table 92 were

calculated.
Table 92: Utility Values for Operational Aspects
Wheel-on-Rail High-Speed Maglev High-Speed Maglev
High-Speed System (300 km/h) (300 km/h) (450 km/h)
Utility Values 0.74 0.60 0.67

4.7.Safety Aspects

Table 93 summarizes the benefit values that westgresd for all system

characteristics discussed in section 3.7 “ Safeipeits”. It also gives the normalized

benefit values for all system characteristics «f tategory.
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Table 93: Benefit Values and Normalized Benefits Maes for Safety Aspects

! E 1 g > > > >
5258 |2 | |8 |2
T o = 0] e © ~~
=2 |z8% 52 52§ 22 |55
NI - Nl o€ e N
to|tes BE|Bis| s 3iT
Q. o
$@ |25 28 |85 298|985
0T |8 E| 5 T &l 5 L
£ v |co0 2 =) o =)
=21z8 | T T S
n 2
Risk of Derailment 4 0.8 5 1.0 5 1.0
Risk of Collisions with other Trains 4 0.8 5 1.0 5 1.0
Risk of Collisions with other Modes of
Transportation and Environment 08 5 1.0 5 1.0
Safety in Case of Natural Disasters
(e.g. Earthquakes) 4 038 5 1.0 5 1.0
Risk of Material Fatigue 4 0.8 5 1.0 5 1.0
Sensitivity towards Obstructions on
Guideway 3 0.6 5 1.0 5 1.0
Perceived Level of Safety by User 4 0.8 3 0.6 3 0.6
Easiness to Evacuate Train 4 0.8 3 0.6 3 0.6

The survey (cf. Appendix A.2) produced the impocanalues given in Table 94
for all characteristics of the category “Safety Asfs”. It also shows the weighting
factors that were calculated based on the impoetamalues. According to the
respondents, risk of collision with other traingdarsk of collision with other modes of
transportation or the environment were the mostontgmt safety aspects. The least
important aspect in this category was the risk @ttemal fatigue. This category also

shows the highest variance.
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Table 94: Survey Results and Normalized Weighting #ue for Safety Aspects
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21 5.24]0.12| 1.04
21 5.62| 0.13| 0.59

Risk of Derailment

Risk of Collisions with other
Trains

Risk of Collisions with other
Modes of Transportationand0 | 0 | 0| O| 1| 7| 13 215.57|0.13| 0.60
Environment

o
o
o
=
o
N

Safety in Case of Natural 0 0 0 1 5 8 7 21 5.00| 0.12| 0.89
Disasters (e.g. Earthquakes)

Risk of Material Fatigue 0 | O | 2| 1| 2| 8| 7| 20G4.85/0.12|1.27
Sensitivity towards Obstructionsg | o | 1| 1| 2| 6| 10 2d5.15|012]1.14

on Guideway

Perceived Leve'OfsaLe;ifyo ol o| 1| 3| 5| 12 21533|0.13| 0091

Easiness to Evacuate Trgin0 | O | O| 1| 4| 6| 9| 205.15|0.12| 0.93

Based on the normalized benefit values from TaBler®d the weighting factors

from Table 94, the utility values for safety asgesitown in Table 95 were calculated.

Table 95: Utility Values for Safety Aspects

Wheel-on-Rail High-Speed Maglev] High-Speed Maglev
High-Speed System (300 km/h) (300 km/h) (450 km/h)
Utility Values 0.78 0.90 0.90
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4.8.Quantitative Evaluation for the HSGT Systems

Table 96 summarizes the utility values for bothhképeed ground transportation

systems that were calculated in the previous sextio

Table 96: Utility Values for both High-Speed GroundTransportation Systems
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Technical Aspects 0.60 0.90 0.82
Environmental Aspects 0.60 0.90 0.70
Economical Aspects 0.67 0.61 0.65
Aspects of User Friendliness 0.90 0.87 0.92
Operational Aspects 0.86 0.70 0.73
Political Aspecty 0.74 0.60 0.67

Safety Aspects 0.78 0.90 0.90

The survey (cf. Appendix A.2) produced the impoceanalues given in Table 97
for all 7 categories comprising the 58 charactesshat were evaluated in chapter 3 and
are the basis for the utility values shown in Ta@fle Table 97 also shows the weighting
factors that were calculated based on the impostamalues. According to the
respondents, safety aspects were the most impodateigory. The least important
categories were technical and political aspectsvirenmental impacts showed the

highest variance in its importance value.
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Table 97: Survey Results and Normalized Weighting ®#ue for the seven Categories of Comparison
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Environmental Aspects O | O | 0| 5| 5| 6| 5| 21452|0.14|1.12
Economical Aspects O | O | O| 2| 4| 8| 7| 2114.95|0.15| 0.97
Aspects of User FriendlinessO | 0 | 0| 4| 5| 11] 1| 214.43|0.14|0.87
Technical Aspects 0 | O | 1| 4| 9] 6| 1| 21410]|0.13 0.94
Operational Aspects 0 | 0 | 1| 2| 6| 8| 4| 21457(0.14|1.08
Political Aspects 0 | O | 1| 4| 4| 11 0| 204.25/0.13| 0.97
Safety Aspects O | O | O| 1| 1| 6| 13 21548|0.17|0.81

Based on the utility values for the 7 categoriesfiTable 96 and the weighting
factors from Table 97, the overall utility values the two high-speed ground
transportation systems, including the two case#$ wifferent speeds for the maglev

system, shown in Table 98 were calculated.

Table 98: Overall Utility Values for High-Speed Graund Transportation Systems

Wheel-on-Rail High-Speed Maglev] High-Speed Maglev
High-Speed System (300 km/h) (300 km/h) (450 km/h)
Utility Values 0.73 0.79 0.77
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CHAPTER 5
RESULTS, CONCLUSIONS, AND RECOMMENDATIONS

5.1. Summary of Results

In the category of technical aspects (cf. sectioh),4the high-speed maglev
system (utility values of 0.90 for the case wittmaximum travel speeds of 300 km/h
(186 mph) and 0.82 for the case with speeds ofkédb (280 mph)) is highly superior
over the wheel-on-rail high-speed system (utiligiue of 0.60). The maglev system
travelling at 300 km/h (186 mph) has the advantaggr the wheel-on-rail high-speed
system in 8 of 9 characteristics. Only for trave¢ed, both systems (wheel-on-rail HSR
and maglev at 300 km/h (186 mph)) show equal bernefues. The superiority of the
maglev system is most prevalent in terms of acagtar, having also considerable
advantages in terms of braking performance, wedr dagradation, and flexibility in
alignment. If maximum travel speeds of the maglgsteam are increased to 450 km/h
(280 mph), its utility value for technical aspedtsps, which is due to decreasing benefit
values in acceleration and braking performancexidigty in track alignment, and
driving resistance. In the direct comparison betwd® maglev system traveling at 450
km/h (280 mph) and the wheel-on-rail high-speedesys the maglev can maintain its
advantages in 7 of 9 characteristics. While botktesys are approximately equally
flexible in track alignment, the wheel-on-rail higheed system is superior over the
faster-travelling maglev system in terms of drivirggistance. According to the survey
participants, travel speed and integration of gtainto cities are the most important
characteristics in the category of technical aspeBy definition, the faster-travelling
maglev system outperforms slower-travelling maghend the wheel-on-rail high-speed
system in terms of travel speed. Concerning integraf stations into cities differences

between the three cases compared are less significhe overall superiority of the

177



maglev system travelling at 300 km/h (186 mph)kmmis of technical aspects is due to its
better performance concerning most of the remaiohagacteristics.

Concerning environmental impacts (cf. section 42, maglev system travelling
at maximum speeds of 300 km/h (186 mph) (utilitiveaof 0.90) has the advantage over
the faster-travelling maglev (i.e. at 450 km/h -© 28ph) (utility value of 0.70) as well as
the wheel-on-rail high-speed system (0.60. It i8iaf 12 environmental characteristics
superior over the wheel-on-rail high-speed systerast prominently in terms of land
consumption, noise emission, interference with nh@ral environment, suitability for
co-alignment with other transportation infrastruetuneed for construction of structures,
barrier effect, and vibration. The two systems rapproximately equal in terms of
aesthetic impacts, material and resource consumpia pollutant emissions. Only with
respect to electromagnetic, magnetic, and elefields, the wheel-on-rail high-speed
system has the advantage of the maglev systenDatr8h (186 mph). By increasing the
assumed maximum travel speed of the maglev systed5® km/h (280 mph), the
maglev’s superiority over the wheel-on-rail system energy consumption, noise
emission, suitability for co-alignment, and need donstruction of structures decreases
significantly. In fact, it loses the advantageshwmiespect to energy consumption and
noise emission, two of the highest-ranked charaties according to the survey, to the
wheel-on-rail system. The maglev system travelingg@aximum speeds of 450 km/h (280
mph) still performs considerably better than the eellon-rail system in land
consumption, interference with the natural envirentn barrier effects, and vibration.
Having also a somewhat higher benefit than the Wwheeail system in terms of the need
for construction of structures, it performs approately equally well as the wheel-on-
rail-system in terms of co-alignment, material aadource consumption, and pollutant
emissions.

Both the wheel-on-rail high-speed system (utiliglue of 0.67) and the faster-

travelling maglev system (i.e. 450 km/h — 280 mflftility value of 0.65) perform a bit
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better in the category of economic aspects (cftimect.3) than the maglev system
travelling at maximum speeds of 300 km/h (186 m(pli)ity value of 0.61). The wheel-
on-rail system has considerable advantages ovérdmsed cases of the maglev system
in terms of investment costs and the ability to esisting railroad tracks. Furthermore, it
has a slight advantage in terms of chances to gcguants. With regard to maintenance,
repair, and rehabilitation costs as well as openatiosts, the maglev system performs
better than the wheel-on-rail high-speed systemamiess of its assumed maximum
travel speeds. Concerning ridership generation, thest important economic
characteristic according to the survey participatite maglev system travelling at 450
km/h (280 mph) has the advantage over the wheehibnsystem and the slower-
travelling maglev, which both perform approximatetyual in this criterion.

With regard to user friendliness (cf. section 4althree cases (i.e. the wheel-on-
rail high-speed system and the two speed casethéomaglev system) show a very
similar performance. The wheel-on-rail high-spegstem (utility value of 0.90) ranges
well between the two cases compared for the magystem — travelling at maximum
speeds of 450 km/h (280 mph) its utility value i82) travelling at 300 km/h (186 mph)
its utility value is 0.87. It performs somewhat teetwith regard to comfort, number of
transfers, and service than both cases of the $pgled maglev system. These are, on the
other hand, superior in travel time as well as ienagd attractiveness. Concerning arrival
frequency, travel fare, accessibility of statioasd baggage transportation no significant
differences between the three cases that were cedhpeould be identified. The
superiority in terms of travel times, according tlee survey the most important
characteristic in terms of user friendliness, isager for the faster-travelling maglev.
Also, the disadvantage of the maglev system wigpeet to the required number of
transfers is less significant when the maglev issatered to travel at a maximum speed

of 450 km/h (280 mph).
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With respect to operations (cf. section 4.5), thee&l-on-rail high-speed system
(utility value of 0.86) has considerable advantagesr the high-speed maglev system,
for both cases of maximum travel speed. The higledpmaglev system performs
approximately equal for both maximum travel spefedidity value of 0.70 for 300 km/h
(186 mph) and 0.73 for 450 km/h (280 mph)) as lwakes show equal benefit values for
all system characteristics in the category of ‘afiens’ except ‘ability to create a
connected high-speed network’, where the maglevopas a bit better when faster
maximum speeds (i.e. 450 km/h — 300 mph) are assuBlgowing similar benefits in
terms of reliability and suitability for varying stances between stations, the high-speed
maglev system has the advantage over the wheaibhigh-speed system in terms of
achievable speeds in urbanized areas. With respempacity, dwell times at stations,
and integration into existing transportation infrasture the wheel-on-rail high-speed
system is slightly superior over the high-speed Imagystem for both speed cases. The
wheel-on-rail system’s superiority is more prevalenterms of flexibility in operations
and the ability to create a connected high-speédank, which is the most important
characteristic in operations according to the suresults.

Concerning political aspects (cf. section 4.6)whieel-on-rail high-speed system
has the highest utility value (0.74). The maglestem travelling at 450 km/h (280 mph)
(utility values of 0.67) ranged well between theeahon-rail high-speed system and the
maglev system travelling at 300 km/h (186 mph)lifutvalue of 0.60). According to the
survey, the three most important political aspects potential for further development,
political feasibility, and external economic effecin terms of external economic effects,
the faster maglev system (i.e. travelling at maxmgpeeds of 450 km/h (280 mph)) is
associated with slightly higher benefits than the tother systems. The potential for
further development is for both cases of the magiestem slightly higher than that of the
wheel-on-rail high-speed system. The political fieiis;, as well as the societal

acceptance and the perceived level of maturity,dvew is considerably better for the
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wheel-on-rail system, which is the reason why thystem performs better in the
summarized evaluation of political aspects. Théakility to serve as a showcase project,
on the other hand, is higher for the two speedscasdhe maglev project, the faster-
travelling case having the advantage over the wdsge maximum travel speeds of 300
km/h (186 mph) are assumed.

In the category ‘safety’ (cf. section 4.7), the higpeed maglev system shows
equal benefits values for both speeds consideredeny category and, sequentially, also
the same utility value (0.90) for the whole catggdihis leads to the conclusion that the
safety of the high-speed maglev system does naigehaignificantly with increasing
travel speeds. The maglev system has the advantagethe wheel-on-rail high-speed
system (utility value of 0.78) on every criteriorcept ‘perceived level of safety by
users’ and ‘evacuation of trains’. Like in all remag safety characteristics, the high-
speed maglev system is superior over the wheehibriiigh-speed system in terms of
‘risk of collisions with other trains’ and ‘risk otollision with other modes of
transportation’, the criteria that were assignesl highest importance values among all
safety aspects by the survey participants.

Summarizing the utility values that have been datedl for all seven comparison
categories (cf. section 4.8 “Quantitative Evaluatitor the HSGT Systems”) and
weighting them according to the results of the synthe overall utility value for the
wheel-on-rail high-speed system is calculated @3.By the same procedure, the overall
utility value of the high-speed maglev system vathassumed maximum travel speed of
300 km/h (186 mph) is calculated as 0.79. The nvagistem travelling at 450 km/h

(280 mph) shows an overall utility value of 0.77.

5.2. Conclusions
Following the systems comparison in this thesis wedweighting of the various

comparison characteristics according to the sutkaywas conducted with members of
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transportation departments and other transportgtiofessionals, the high-speed maglev
system is slightly superior over the wheel-on-tagh-speed system. For both cases of
different assumed maximum travel speeds includeithi;ithesis (300 km/h (186 mph)
and 450 km/h (280 mph)), the high-speed magleveaysthows slightly higher overall
utility values than the wheel-on-rail high-speedteyn. The overall utility value of the
maglev system travelling at a maximum speed of B@th (186 mph) is 0.79, which is
very close to the overall utility value of 0.77 tHaas been calculated for the maglev
system travelling at maximum speeds of 450 km/ID (@h). The overall utility value
for the wheel-on-rail high-speed system is 0.774sTéads to the conclusion that the gain
in benefit that is associated with implementing liigh-speed maglev system as opposed
to the wheel-on-rail high-speed system is almodependent of the maximum travel
speeds applied to the maglev system.

The maglev system travelling at 300 km/h (186 nipdy the advantage over the
wheel-on-rail high-speed system with regard to nesdd, environmental, and safety
aspects. In terms of user friendliness both systeenrm approximately equally well.
Regarding economic, operational, and political espeon the other hand, the wheel-on-
rail system is superior over the maglev systemelteng at 300 km/h (186 mph). The fact
that both systems are superior over the other ieetltategories each illustrates the
limited magnitude of the overall advantage of tightspeed maglev system travelling at
300 km/h (186 mph) over the wheel-on-rail systeitme Elight superiority of the maglev
system over the wheel-on-rail-system derives fromfact that the categories, where it
perform better (e.g. safety aspects), were weighiteck strongly according to the survey
results.

The maglev system travelling at 450 km/h (280 miphguperior over the wheel-
on-rail system with respect to technical, environtak and safety aspects. The
magnitude of the maglev system’s superiority inmerof environmental aspects is,

however, only one third as high as the magnitudethef slower maglev system’s
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environmental superiority over the wheel-on-raiphispeed system. Similarly, the
advantage in terms of technical aspects is smiaitehe maglev system travelling at 450
km/h (280 mph). In terms of safety, however, theamtage of the faster-travelling
maglev system over the wheel-on-rail high-speed ti@s same magnitude as the
advantage of the maglev system travelling at 300hk(d86 mph) has. Regarding
economic aspects and user friendliness, the magleglling at 450 km/h (280 mph) and
the wheel-on-rail high-speed system perform almnegsially well. Concerning operational
and political aspects, the wheel-on-rail systeteider than the maglev system travelling
at 450 km/h (280 mph), even though its advantagetss great as its advantage over the
maglev system travelling at 300 km/h (186 mph) lof 7 categories, the utility values of
the maglev system travelling at maximum speedss6fkim/h (280 mph) range between
the values of the wheel-on-rail system and the stewvavelling maglev system, which
leads to the conclusion that the faster-travelhmgglev system balances advantages the
best, even though it is not the system with thendmg absolute utility value in this
evaluation.

Several system characteristics change if a maxirspeed of 450 km/h (280
mph) is applied to the maglev system instead ogpeed of 300 km/h (186 mph). The
advantages that result from the speed increasesfeogter travel times, higher ridership
generation, better integration into existing tramgtion infrastructure, more positive
external economic effects etc.) are almost exdmlgnced out by disadvantages that are
also associated with the speed increase (e.g. higiergy consumption, higher noise
emissions, decreased flexibility in alignment etOn the one hand, this leads to the
conclusion that the high-speed maglev system isnfther speed case — its own
technical maximum speed of 450 km/h or maximum dp#e300 km/h (186 mph) that
equals the technical maximum speed of the wheehdnhigh-speed system -—
categorically better. Both cases of maximum trapeleds are associated with individual

advantages and disadvantages that can only be ipptinat the project level of a
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particular planning effort. On the other hand, kthgh-speed maglev system is for both
speeds slightly superior over the wheel-on-railhksgeed system. This means that in
planning efforts where the technical maximum speddbe high-speed maglev system
of 450 km/h (280 mph) is not feasible (e.g. duenbise protection requirements), the
maglev system has, in general, still the advantaggsr the wheel-on-rail high-speed
system.

It has also been shown that the utility valuesldoth speed cases of the high-
speed maglev system (i.e. with maximum travel speédoth 450 km/h (280 mph) and
300 km/h (186 mph)) are not significantly highearihthe utility value of the wheel-on-
rail high-speed system. This leads to the concludiat the number of advantages and
disadvantages that both high-speed ground traramortsystems have balance out each
other to a large extent. Therefore, the best-suégeldnology for a given project can only
be determined at the project level. Due to the lammoverall utility of both systems,
planning efforts and engineering studies that da#l ‘true’ high-speed transportation
systems (i.e. high-speed ground transportatioresystwhose maximum seeds are close
to 300 km/h (186 mph) or higher) should always eatd both systems at least in the first
planning stages. It would be a mistake to overaatertain advantage of either system
(e.g. the higher achievable travel speeds of thglemasystem or the ability to use
existing railroad tracks of the wheel-on-rail higbeed system) in an earlier stage of a
planning effort and, thus, categorically excludee asystem too early. Both HSGT
systems should be examined to such an extentttbaniwith a good level of confidence

be judged which system has the advantage ovelthiee for the given project.

5.3. Recommendations

To reach a fully integrated transportation systens, essential that travelers have
the freedom to choose among a number of alternatvdes for a given trip and that they

can select the mode that is best-suited for eaphséigment. Also, it is important that
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travelers have the opportunity to switch from onedm to another easily, which is the
most characteristic part of the definition of antégrated’ transportation system. High-
speed ground transportation systems have in mdmy obuntries proved that they offer
great advantages for travelers concerning economtojogical, safety-related, and
comfort-related aspects. Due to the advantages hightspeed ground transportation
systems offer, any developed country should exaitmiadenefits of the implementation
of these systems. Accordingly, respective effartiet the American traveler benefit from
high-speed ground transportation system have bemeadsed recently by dedicating $8
million in ARRA funds to high-speed rail. Even tlghu promoted with the typical
benefits of high-speed rail, the major portion loéde funds went to conventional rail
projects instead of (true) high-speed rail.

While conventional rail is another very importartngonent of an integrated
passenger transportation system, this thesis fdcagelusively on high-speed ground
transportation systems, i.e. those ground trangpont systems that can reach maximum
travel speeds of 300 km/h (186 mph) and more inreerial operation. As opposed to
lower-speed passenger rail services, high-speedndrdransportation systems are
competitive with the automobile and the airplan¢hie long-haul market, which is one of
the very characteristics of these systems.

Therefore, it is important that the term ‘high-sgferil be used exclusively for
rail systems that fulfill this requirement. In orde present the benefits and capabilities
of (true) high-speed rail to the public, it is eds# that corresponding projects are
successfully brought into commercial operation migirthe next years. The proposed
high-speed rail projects for California, for examghext to the Florida project the only
high-speed rail project funded with ARRA grants} laavery good chance to demonstrate
the advantages of high-speed ground transportayistem and thus set a solid foundation
for the implementation of further high-speed groumansportation projects in the

country.
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This thesis has shown that both high-speed grotar@sportation system — the
wheel-on-rail high-speed system and high-speed enaglshould be considered for any
intercity passenger transportation project. Evesugin the maglev system is generally
slightly superior over the wheel-on-rail high-spesdtem, both systems are on a similar
level in terms of their utility values calculated this thesis. For any given high-speed
ground transportation planning effort, both HSGTsteyns should be considered in
engineering studies until the best-suited HSGTesgstan be determined on the project
level for a given planning effort.

This thesis can help planners and engineers to uobngreliminary general
assessments concerning the suitability of eithestesy. To develop tools to assess
different HSGT system for a given high-speed transpion project, engineers and
planners can start with the evaluation and compansocedure applied in this thesis. To
tailor the evaluation procedure in this thesis eirt specific project, it would be
recommendable to conduct surveys with potentialtocnsers, potential operators,
potential investors and other stakeholders and hiaeen weight the 58 characteristics
from their personal perspective and with resped¢héospecific project. The results from
different stakeholder perspectives as well as tedal different planning efforts might
differ considerably. They can then be incorporatd#d a project-specific comparison
using the same methodology as used for the morerglesystems evaluation presented in
this thesis. Also, engineers and planners mightsiden selecting subsets of
characteristics that are particularly prevailing # specific project. Such a project-
specific evaluation based on this thesis can givections for subsequent engineering
studies.

In order to utilize the benefits of high-speed grduransportation systems as
completely as possible, other national goals, afsarh directly transportation-related
goals, should be considered in the selection of HSstem to the full extent. For

example, diesel-powered trains which can reachdspetup to 240 km/h (149 mph) and
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thus come close to the speed ranged of high-spekdhave also been discussed for
several corridors in the United States. Similaelectrically-propelled high-speed ground
transportation systems, diesel-powered trains abBee a potential to address many
problems like increasing levels of traffic congesti While they are with respect to
environmental friendliness (e.g. greenhouse gassams) superior over the automobile
and the airplane, diesel-powered trains do not affe huge environmental benefits that
electrically-driven high-speed trains do. The HS&/&tems considered in this thesis
offer the ability to use renewable sources of epdnga 100-percent share and thus take
a major step towards limiting greenhouse gas earissand becoming more independent
of foreign oil imports.

Furthermore, operators of established modes (&lqmes) should not only see
high-speed rail as a competitor. Instead, they Ishoantribute to the promotion of a
more integrated multimodal passenger transportatystem by cooperation with high-
speed rail operators. By giving travelers a widasice of available modes for a planned
trip, operators of certain services can also béer®fi making their operations more
efficient in that they can, for example, substitutgrofitable short-haul feeder flights by
high-speed rail airport services that are argubbtyer-suited for this market segment.

The transportation system of United States canflidasgely from adding high-
speed ground transportation as well-suited modenf@rcity passenger transportation.
To maximize this benefit, it is recommended that&s in this market segment consider
all HSGT options available — the wheel-on-rail hgpeed system and the high-speed

maglev system.
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APPENDIX

A.l. Organizations included in the Survey

Altogether 46 organizations were asked to resporidd survey. In total, 24
responses were received. Two responses which diate after the deadline were not
considered. So, the quantitative evaluation in tdtap was based on 22 responses.
Below is a list of all organizations that were akke participate. Since anonymity was
guaranteed, it is not known which 22 of these 4faoizations were among the
respondents. The state departments of transpartid#d were included in the survey
were selected based on a set of publications abgigns where the implementation of
high-speed ground transportation systems seemsblieas well as on the regions that
received PRIIA and ARRA founds.

State Departments of Transportation
Alabama Department of Transportation
Arizona Department of Transportation
California Department of Transportation
Connecticut Department of Transportation
Delaware Department of Transportation
Florida Department of Transportation
Georgia Department of Transportation
lllinois Department of Transportation
Indiana Department of Transportation
Kentucky Transportation Cabinet
Louisiana Department of Transportation
Maine Department of Transportation
Maryland Department of Transportation
Massachusetts Department of Transportation
Michigan Department of Transportation
Minnesota Department of Transportation
Missouri Department of Transportation
Nevada Department of Transportation
New Hampshire Department of Transportation
New Jersey Department of Transportation
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New York Department of Transportation
North Carolina Department of Transportation
Ohio Department of Transportation
Oklahoma Department of Transportation
Oregon Department of Transportation
Pennsylvania Department of Transportation
Rhode Island Department of Transportation
South Carolina Department of Transportation
Tennessee Department of Transportation
Texas Department of Transportation
Vermont Agency of Transportation

Virginia Department of Transportation
Washington State Department of Transportation
Wisconsin Department of Transportation

Regional and Nationwide High-Speed Rail Associatiaand Agencies
California High-Speed Rail Authority

Florida High Speed Rail

Indiana High-Speed Rail Association

Midwest High-Speed Rail Association

Southeast High-Speed Rail Corridor

US High Speed Rail Association

Engineering and Consulting Firms
Fehr & Peers

HNTB

Kittelson

Parsons Brinckerhoff

PBSJ

National Agencies

America 2050

APTA Center for High-Speed Rail
Federal Railroad Administration
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A.2. Survey

Page 1 — Opening Letter
Dear Sir or Madam,

My name is Dominik Ziemke. | am a graduate studiedransportation Systems
Engineering under the supervision of Dr. MichaeM@yer at the Georgia Institute of
Technology.

In partial fulfillment for my Master’s Degree | awriting a thesis entitled
“High-speed rail systems for the United States”.

My thesis will incorporate a comparison of differéngh-speed rail systems and their
applicability in the United States. As a basistfor evaluation of different high-speed rail
systems, | would like to know how agencies and wigions that are (or might in the
future be) concerned with passenger rail rankniqgortance of different points of
comparison.

That is why I would like to ask for your assistameduilding an information base for my
research.

The following pages contain a survey that | woilke ko ask you to fill in. Completing
this survey should take no more than 15 minutexddfse, the survey assures
anonymity — the results will only be returned inastumulated way.

If there are any questions, please feel free tbambme at:

Dominik Ziemke

Graduate Student in Transportation Systems Engimgeer
School of Civil and Environmental Engineering
Georgia Institute of Technology

790 Atlantic Drive - Atlanta, GA 30332

email: ziemke@gatech.edu

phone: 404-916-5974

| would like to thank you in advance for your peigiation. If you could fill in the survey
this or the next week (by Friday, June 4th) | woboddparticularly grateful.

Of course, | will be more than happy to provide yath the results of my research after
the completion of my work.

Sincerely,
Dominik Ziemke
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Page 2 — Guidance

In the following survey, | will be asking you toteadifferent features within the
categories

Environmental Aspects
Economical Aspects
Aspects of User Friendliness
Technical Aspects

Political Aspects

Operational Aspects

Safety Aspects

in terms of their importance. This should representr appreciation of strengths and
weaknesses of the features on the following pages.

The values you will be assigning do not have tdgutlly match the text descriptions (e.g.
"very important”). Since the results will be normat later, the RELATIVE
IMPORTANCE between the different features is mogbartant.

The survey does not require you to assign valugspdrtance to every single feature. |
would ask you, however, to assign values of impmeao as many features as possible.
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Page 3 — Environmental Aspects

The below criteria are all part of the categoryViEEonmental Aspects”. Please determine
for each criterion how important you consider itemtcomparing different high-speed
rail systems in terms of environmental aspects.

Note: The values you assign do not have to peyfeatitch the text descriptions (e.g.

"very important”). Since the results will be normat later, the RELATIVE
IMPORTANCE between the different features is mogbartant.

Table 99: Raw Survey Data for Environmental Aspects
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Page 4: Economical Aspects

The below criteria are all part of the categorydBamic Aspects”. Please determine for
each criterion how important you consider it whemparing different high-speed rail
systems in terms of economic aspects.

Table 100: Raw Survey Data for Economic Aspects
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..: b b b b b q_) b

S5 25| 35 a s | 23 | Es | §

E~-| £g| Eg S =c | >c | ¢ |9

= o o o o o o X o 0}

5 E|PE| E E| E|9E |

estment Costs | 0-0% | 0.0% | 0.0% | 18.2% | 9.1% | 455% | 27.3% | ,
0) 0) 0) 4) (2) (10) (6)

Vaintenance Costs| 0:0% | 0.0% | 0.0% | 45% | 22.7% | 455% | 27.3% | ,,
0 0) 0) 1) (5) (10) (6)

Operation Costs | 0-0% | 0.0% | 0.0% | 4.5% | 22.7% | 36.4% | 36.4% | ,,
0) 0) 0) (1) (5) (8) (8)

orofits 0.0% | 9.1% | 13.6% | 455% | 9.1% | 13.6% | 9.1% |,
9 (2) (3) (10) (2) (3) (2)

Ridership Generation) 0:0% | 0.0% | 0.0% | 45% | 9.1% | 50.0% | 36.4% | ,,
0) 0) 0) (1) (2) (11) (8)

Chances to Acquire| 0.0% | 0.0% | 4.5% | 9.1% | 27.3% | 36.4% | 22.7% | ,,
Grants 9 0) 1) (2) (6) (8) (5)

EQZ't'i';étg;”fNeay 0.0% | 9.1% | 45% | 9.1% | 13.6% | 455% | 18.2% | ,,
ing Ra ol o @ a0 @
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Page 5: Aspects of User Friendliness

The below criteria are all part of the categorygésts of User Friendliness". Please

determine for each criterion how important you édesit when comparing different

high-speed rail systems in terms of aspects of fusedliness.

Table 101: Raw Survey Data for Aspects of User Friglliness

\o/ ~ ~—~~ ~—~ ~—~ ~—~~ ~ w0

= ) g 2 N S >L | o

@ > | §¢& = o £ g | 2 | 2

£ | S8 | 33| § | 58| 58|58 |2

2 f3 53| 8 | %3|%%3|:2:3¢8

= E|PE| E E E|WE &
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Travel Time (fora | 0.0% | 0.0% | 0.0% | 9.5% | 19.0% | 47.6% | 23.8% 21
given distance) (0) (0) (0) (2) (4) (10) (5)

Arrival Frequency 0.0% | 0.0% | 0.0% | 4.8% | 38.1% | 28.6% | 28.6% 21
(0) (0) (0) 1) (8) (6) (6)

Comfort 0.0% | 0.0% | 4.8% | 33.3% | 33.3% | 23.8% | 4.8% 21
(0) Q) 1) (1) (7) (5) 1)

Travel Fare 0.0% | 0.0% | 48% | 9.5% | 57.1% | 23.8% | 4.8% 21
(0) (0) 1) (2) (12) (5) 1)

Number of Transfers 0.0% | 0.0% | 95% | 429% | 4.8% | 28.6% | 14.3% 21
1 (9 (V) (2) 9) 1) (6) 3)

Service (e.qg. 0.0% | 4.8% | 28.6% | 38.1% | 14.3% | 14.3% | 0.0% 21
Catering on-board)| (0) (D (6) (8) (3) 3) (0)

Accessibility of 0.0% | 0.0% | 48% | 95% | 19.0% | 52.4% | 14.3% 21
Stations (0) (0) (1) (2) (4) (112) (3)

Luggage 0.0% | 14.3% | 23.8% | 28.6% | 28.6% | 4.8% | 0.0% 21
Transportation (0) (3) (5) (6) (6) D (0)

Image and 0.0% | 0.0% | 19.0% | 23.8% | 33.3% | 23.8% | 0.0% 21
Attractivity (0) (0) (4) (5) (7) (5) (0)
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Page 6: Technical Aspects

The below criteria are all part of the categorychimical Aspects”. Please determine for
each criterion how important you consider it whemparing different high-speed rail
systems in terms of technical aspects.

Table 102: Raw Survey Data for Technical Aspects

o ~~ ~—~ Lon) ~ ron) o)
= 2| g8 ) I 2 ~< | 3
g | > | §¢ 1S o E 2] 2e |2
£ T g =& 5] = @ Pl Eg | O
o S £ £ o £ = oL | o
= | £8/58| 8 |=8|>8| 28|38
= E|VE £ E gE|YE |
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Acceleration 0.0% | 0.0% | 5.0% | 45.0% | 5.0% | 35.0% | 10.0% 20
(0) Q) 1) 9) 1) (1) (2)
Braking Rate 0.0% | 0.0% | 10.0% | 45.0% | 5.0% | 30.0% | 10.0% 20
(0) 0) (2) 9) 1) (6) (2)
0.0% | 0.0% | 5.0% | 5.0% | 40.0% | 30.0% | 20.0%
Travel Speed 20

) (0) (1) (1) (8) (6) (4)

0 0 0 0 0 0 0
Wear and Degradation 0.0% | 0.0% | 15.0% | 15.0% | 40.0% | 15.0% | 15.0% 20

() (0) ) ) (8) 3) (©),

0.0% | 5.0% | 15.0% | 45.0% | 20.0% | 10.0% | 5.0%

fanWeit 190 |l @ | @ | © | & | @ | @ [*
C(?rgpfgw:rsfeﬂggam 0.0% | 10.5% | 5.3% | 57.9% | 10.5% | 15.8% | 0.0% | g
Lower Clearance Height) ©) (2) (1) (11) (2) (3) ©)
Flexibility in Track | 0.0% | 0.0% | 5.0% | 20.0% | 40.0% | 25.0% | 10.0% | ,
___Alignment ) ©) €Y (4) (8) ) (2
Dlvé?gdsﬁzﬁtigngfaée'g 0.0% | 10.0% | 10.0% | 40.0% | 10.0% | 25.0% | 5.0% | .,
Rolling Resistance) ©) (2) @) ) (2) ) @
Easiness to Integrate | 0.0% | 0.0% | 0.0% | 19.0% | 19.0% | 47.6% | 14.3% 21

Stations into Cities (0) (0) (0) (4) (4) (10) (3)
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Page 7: Operational Aspects
The below criteria are all part of the category &ggtional Aspects”. Please determine

for each criterion how important you consider itemtcomparing different high-speed
rail systems in terms of operational aspects.

Table 103: Raw Survey Data for Operational Aspects

9 —~ —~~ —~ —~ —~ —~ %)
= ) EQL ) N w %\8 0
g | 25|35 | § | 25| 25| £5 |5
o = = = o v (O (Ol - o
= |f8|528| 2 |=8|~>8 | kg 8
= E|PE E E E|WE | &
>
Capacity 0.0% | 0.0% | 0.0% | 4.8% | 28.6% | 52.4% | 14.3% | ,,
~ape © | © | © | @ | ® || @E
n de;?:rilggrlwl?e/gi'\%\'/eathero'O% 0.0% | 0.0% | 9.5% | 14.3% | 47.6% | 28.6% | ,,
Conditions) ©| © | © | @/| @ || @©
.. 1 0.0% | 0.0% | 0.0% | 38.1% | 19.0% | 38.1% | 4.8%
Stopping Time at Station$s 21
PPINg PO © | © | ® | @ | 8 | @
Flexibility in Operation
(e.g. Increasing / 0.0% | 0.0% | 9.5% | 23.8% | 28.6% | 14.3% | 23.8% 21
Decreasing Number of | (0) (0) (2) (5) (6) 3 (5)
Cars)
Cg]ﬂgé‘éﬁzgﬁfgsee 4 0.0% | 0.0% | 9.5% | 14.3% | 9.5% | 23.8% | 42.9% |
recieC g ©| | @ 6|6 |
Achievable Speedsin | 0.0% | 0.0% | 4.8% | 23.8% | 33.3% | 28.6% | 9.5% 21
Urbanized Areas (0) (0) (1) (5) (7) (6) (2)
S‘g}g{’;ﬁggg;ﬁ%‘gﬁ 0.0% | 4.8% | 0.0% | 38.1% | 19.0% | 23.8% | 14.3% | ,,
Loos be O oo @| 6|
'”teg:;‘::gg;:‘ta'fﬂ’gﬁ“”g 0.0% | 0.0% | 0.0% | 14.3% | 19.0% | 28.6% | 38.1% |
Infrastructure ©) ©) © C) ) ©6) (8)
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Page 8: Political Aspects
The below criteria are all part of the categorylltital Aspects". Please determine for

each criterion how important you consider it whemparing different high-speed ralil
systems in terms of political aspects.

Table 104: Raw Survey Data for Political Aspects

9 —~~ ~—~~ —~ ~ —~~ o) w0
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Societal Acceptance 0.0% | 0.0% | 4.8% | 14.3% | 28.6% | 47.6% | 4.8% 21
0 0 €Y ©)] (6) (10) (1)

Perceived 0.0% | 0.0% | 9.5% | 28.6% | 19.0% | 38.1% | 4.8% 21
Technological Maturity| (0) (0) (2) (6) (4) (8) (1)

Potential for Further | 0.0% | 0.0% | 9.5% 48% | 23.8% | 38.1% | 23.8% 21
Development (0) (0) (2) (D) (5) (8) (5)

Political Feasibility 0.0% | 0.0% | 4.8% | 14.3% | 4.8% | 61.9% | 14.3% 21
: ©) ©) 1) 3) 1) (13) 3)

Effi)éttir?é"'g'z‘ggg?éﬁ o 0:0% | 0.0% | 0.0% | 9.5% | 28.6% | 33.3% | 28.6% | ,,
Jobs) ) ©) ©) () (6) (7) (6)

Suitability to Serve as @ 0.0% | 0.0% | 14.3% | 28.6% | 19.0% | 33.3% | 4.8% 21
Showcase Project (0) (0) (3) (6) (4) (7) D
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Page 9: Safety Aspects

The below criteria are all part of the categoryféBaAspects”. Please determine for each
criterion how important you consider it when comipaudifferent high-speed rail systems
in terms of safety aspects.

Table 105: Raw Survey Data for Safety Aspects

8 ~~ ~~ ~— ~~ —~ o) m
= 2 88 Q N L L | o
§ | > | S| = o E g | 2 |2
= T3 | 58 5 = @ Pl Eg | S
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Risk of Derailment 0.0% | 0.0% | 0.0% | 9.5% | 14.3% | 19.0% | 57.1% 21
(0) 0) (0) (2) 3) (4) (12)
Risk of Collisions with | 0.0% | 0.0% | 0.0% | 0.0% | 4.8% | 28.6% | 66.7% 21
other Trains (0) (0) (0) (0) (1) (6) (14)
Risk of Collisions with
other Modes of 0.0% | 0.0% | 0.0% | 0.0% | 4.8% | 33.3% | 61.9% 21
Transportation and (0) (0) (0) 0) D @) (13)
Environment
Safetéig‘angseg g'at“ra 0.0% | 0.0% | 0.0% | 4.8% | 23.8% | 38.1% | 33.3% | ,,
Earthquakes) ©|©| |06 |6 | o
0, 0, 0, 0, 0, 0, 0,
Risk of Material Fatigue 0('8)/0 O('g)/o 1?'2(;/0 5('%/0 1?'2(;/0 4%3(;/0 3%'7(;/0 20
Sensitivity towards 0.0% | 0.0% | 5.0% | 5.0% | 10.0% | 30.0% | 50.0% 20
Obstructions on Guideway (0) (0) (1) (D (2) (6) (10)
Perceived Level of Safety 0.0% | 0.0% | 0.0% | 4.8% | 14.3% | 23.8% | 57.1% 21
by User (0) (0) (0) 1) 3) (5) (12)
Easiness to Evacuate Tr inO.O% 0.0% | 0.0% | 5.0% | 20.0% | 30.0% | 45.0% 20
) (0) (0) 1) (4) (6) )

198



Page 10: Rating of Category Groups

Finally, after you have rated several factors witheéven categories, | would ask you to
rate the importance of these seven groups of caésgas a whole.

Table 106: Raw Survey Data for Rating of ComparisorCategories

o ~—~ —~ —~~ ~ —~~ on)
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Environmental 0.0% | 0.0% | 0.0% | 23.8% | 23.8% | 28.6% 23.8% 21
Aspects 0) ) 0) (5) (5) (6) (5)

Economical Aspects 0.0% | 0.0% | 0.0% 9.5% 19.0% | 38.1% 33.3% 21
P 0) 0) 0) (2) 4) (8) (7

Aspects of User 0.0% | 0.0% | 0.0% | 19.0% | 23.8% | 52.4% 4.8% 21
Friendliness (0) (0) (0) (4) (5) (11) (1)

Technical Aspects 0.0% | 0.0% | 4.8% | 19.0% | 42.9% | 28.6% 4.8% 21
P 0) () 1) 4) 9) (6) 1)

Ooerational Aspectd 0-0% | 0.0% | 4.8% | 9.5% | 28.6% | 38.1% | 19.0% | ,,
P P © | 0| ®© | @ (6) 8) (4)

Political Aspects 0.0% | 0.0% | 5.0% | 20.0% | 20.0% | 55.0% 0.0% 20
P 0) 9) 1) 4) 4) (11) 0)

Safety Aspects | 00% | 0.0% | 0.0% | 4.8% | 4.8% | 28.6% | 61.9% |,
Yy ASp 0) 0) 0) (1) (1) (6) (13)

Page 11: Missing Criteria of Comparison — Comments

In your opinion, are there any features or poirfitsoonparison missing in this survey?
so, please specify them including their ratingnoportance (on a scale from "0"
("unimportant™) through "6" ("extraordinarily imptant")).

f

This textbox is reserved for any further comments.

Page 12: Thank you
The survey has been completed.

Please click "DONE" to transmit the survey.

Thank you very much for your participation.
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