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Preface

This dissertation aims to evaluate environmentall @atonomic performances of an
intermodal freight transport system and to estinthte trade-off between GCemissions,
which is represented as an indicator of environalgmerformance, and freight costs, which
indicate the economic performance of the intermdémaadht system. The truck-only system is
always regarded as the counterpart of the interhfoelght system in this dissertation.

To examine the environmental performance of thermobdal freight system, G@missions
generated from all the processes in the intermdaiaih, such as pre- and post-haulage, long-
distance haulage, and transshipment, are estimatesidering different sources that generate
electricity and transmission loss of electricityh@pters 3 and 4). To examine the economic
performance of the system, two approaches are denesl: (1) finding the intermodal break-
even distance for which the intermodal system isencompetitive than the truck-only system
(Chapter 5); (2) examining the economies of saalthé intermodal network and finding the
route/system choice that minimizes the total freiginsportation costs (Chapter 6). Finally,
this dissertation attempts to find the trade-offwmen CQ emissions (representing the
environmental performance) and freight transpatatcost (representing the economic
performance) (Chapter 7).

Except Chapter 6, all the chapters were writtentie Department of Transport and
Infrastructure, OTB Research Institute for Housiklgban and Mobility Studies at Delft
University of Technology between 2006 and 2010.@dva6 is the result of a visiting scholar
program at the Center for Transportation StudiethatUniversity of Virginia for about 5
months in 2009. On the one hand, | wrote this digBen as a member of the Netherlands
TRAIL Research School for Transport, Infrastructanel Logistics. On the other hand, | have
been a PhD student advised by Prof. Dr. Bert Vae e Dean of Transport and Logistics,
Faculty of Technology, Policy and Management, dftiiversity of Technology.

Although the majority of this dissertation can legarded as the outcome of my 4 years
studying at TU-Delft in the Netherlands, | belietres dissertation can be considered the
comprehensive outcome of the 7 years | spent stgdgbroad, including my 3 years at the
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University of Maryland in the United States. Whilpursued these two scholarly degrees, a
27-year-oldboybecame a 34-year-ofdan

| believed that sacrificing “some period” of ondige for a worthwhile goal could be
meaningful in the future, even though a betterriitan never be easily defined. Thus, | had
thought that the period during which | concentradecthis PhD dissertation would be a sort
of sacrifice for my future until | realized thaty@ars is not that short of a time to be sacrificed
for such an uncertain target. This thought wagming point. What | realized is that pursuing
advanced degrees is not a target for a bettemlifee future but just a part of one’s life in
itself. As “tomorrow” quickly becomes today, thautfire” must be a piece of my current life;

| shouldn’t focus on the things that could be sasil for the upcoming future. Thus, since |
realized this, | have not thought that | sacrifieeyg young life for a better future anymore. |
have rather simply enjoyed this bloody research job

The main contributor to this dissertation is undedly my promoter, Prof. Dr. Bert Van Wee.
This dissertation consists of two published, oneepted, and two submitted journal articles
to which he substantially contributed. He is anmpended scholar who respects his PhD
students and makes every effort to understand @afldct the students’ initial ideas,
methodologies, and philosophies, which are ofteg maive. Thanks to his open-heartedness,
| have had excellent opportunities to learn howmature a premature idea/philosophy in
academic articles. Needless to say, the journalenivould not be published without his
effort.

Prof. Dr. Milan Janic, who advised me as a dailpesuisor, is also one of the main

contributors to the conception and execution of thssertation. If | had to choose one or two
things that | have learned from him in particuldrey would be “how to become a good
researcher” and “the attitude of a good researcHewould like to acknowledge that his

previous works on the relationship between trartspod environment inspired me to write
and eventually publish Chapter 8. These innumeréirimal and informal discussions are
present in this dissertation.

| cannot fail to mention associate Prof. Dr. Byufgs (Brian) Park who temporarily advised
me on Chapter 6 while | stay at the University afginia in the United State for 5 months in
2009. From him, | gained academic knowledge/teamigpecifically genetic algorithm and
its application to logistics, as well as sociallski'how to harmonize work with family life”.

In other words, he taught me how to obtain “Pamdmal between academic life and
social/family life”. During my short time in U.SL,met Dr. Joyoung Lee who supported me
academically as well as socially. Needless to segting him was a stroke of luck.

Next, my gratitude must go to my colleagues of V@epartment of Transport and
Infrastructure). Dr. Bart Wiegmans, the coordinaibthe V&I section, was always willing to
discuss several issues, such as my research anshétmcerns, as well as other miscellaneous
issues even though he was very busy. The relatipm&iween Dr. Rob Konings and myself
could be described as “crocodile and crocodile”birte needed my assistance when he had
some trouble using some weird (advanced) techniquiscrosoft Word, while | needed him
whenever | received seemingly important lettergtemiin Dutch. Since he mentioned me as a
personal ICT assistani his dissertation, | would like to refer to hinere as gersonal
Dutch assistantDr. Dimitris Potoglou, Dr. Koichi Sintani, and M#&o Zhang shared an
office with me for 18, 6, and 18 months respectivélwas very lucky to have these nice,
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silent, knowledgeable and decent office-mates dunmy PhD studies. | cannot fail to
acknowledge Dr. Jaap Vleugel, who translated “Surgmand Conclusion” into
“Samenvatting en conclusies”. | sincerely appreciais time and effort in doing this. In
addition, two professors who were supposed to betimmittee members, Prof. René B.M.
de Koster at Erasmus University and Prof. CathyiMaes at the Free University of Brussels,
gave valuable comments that obviously make imptbgeguality of this dissertation.

Dr. Hugo Ledux, Ms. Janneke Toussaint, Dr. YusakilSuMs. Eva Heinen, Dr. Richard
Ronald, and Mr. Kyung Ho Choe were my OTB colleagunedifferent sections. | would like
to acknowledge these open-minded internationahdisesince | never felt lonely at OTB
thanks to them. | also would like to acknowledgelowely Korean friends, Dr. Ki Taek Lim,
Mr. Sung Hun Oh, Mr. Han Sol Moon, Mr. Hyung SoonKiMr. Byung Joon Kim, Mr.
Hyung Joon Noh, Mr. Hyun Bo Shin and Mr. Chang HeoYIf | could stack the number of
Belgian beer bottles that we accumulated, it wdaddaller than the Delft New Church. We
talked a lot about innumerable issues. The happyshbspent with them certainly relieved
the stress that came from my PhD studies.

I am very lucky because | haven't suffered thesstigf economic hardship during my 7 years
in graduate school, including 3 years in U.S. ThEBQesearch institute at TU-Delft, the

National Center for Smart Growth at Univ. of Marya and the Korean Science and
Engineering Foundation have provided 4 years adirgal120,000 Euro, 2006-2010) and
tuition exemption, 2 years of salary (25,000 USats| 2003-2005) and tuition exemption,

and a scholarship (60,000 US dollars, 2003-2008¥pectively. It would have been

impossible to finish my study if I had not receivbd financial support.

My two sisters, Ho Jung Kim and Eun Jung Kim, ameirt husbands, Jun Seok Lee and Eun
Hong Joo, have also played an important role imingi me to finish my study. | also owe
gratitude my three nieces, Hye In Lee (13 year}, &ddon Woo Joo (7 years old), and Ga In
Lee (5 years old). They were born either just keetdeft for the U.S. or while | was abroad. |
have hardly played the role of uncle, yet they headle me realize that there is another
beautiful and important life outside of academia.

As mentioned above, | owe a lot to several pershiosvever, my largest debt, which | may
never be able to repay in my biological lifetimg,td my parents. My mother, who passed
away 7 years ago, was undoubtedly my greatest sigppd still find myself with wet eyes
whenever | think of her. No words can describe houch | love her. My father, who has
lived a lonely life for these past 7 years, is shengest presence in my life. His existence has
been a driving force in helping me to finish mydsés and the main reason that | go back to
Korea.

Without your love, | would never have finished thissertation. | sincerely appreciate all
your love and support.

Nam Seok Kim
2010 summer in Delft, the Netherlands and ll-saorgéd
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Chapter 1
Introduction

“By doubting we come at truth.”

Marcus Tullius Cicero ( 106 BC-43 BC)

1.1 Background

1.1.1 Concerns on global warming and other externalitiesn transport field

When some symptoms of global warming were discak@rethe 1970s, the United Nation
began to identify the relationship between man-meddon dioxide (C¢ and global
warming (IPCC, 2008). In 1992, at the Earth SummitRio De Janeiro, several developed
and developing countries signed an agreement taceednthropogenic GQIPCC, 2008).
Later in the third Conference of the Parties of theted Nations Framework Convention on
Climate Change (UNFCCC), at Kyoto, in 1997, thecathed Kyoto protocol was agreed upon.
This protocol explicitly indicates that countridassified as Annex | countries (this was 36
developed countries in 1998, and had grown to 4&ldped countries by 2004, including the
EU as one country) are required to reduce greemrhgas emissions to the level indicated in
the UNFCCC and Kyoto protocol (UNFCCC, 2006, 2008l, 1998). The protocol includes
a mandatory C@emissions reduction for clusters of countries.{ditesefforts, the European
Environment Agency (EEA) shows that the Europeanobirhas not yet achieved the
reduction target agreed in the Kyoto Protocol. Mspecifically, the total Greenhouse Gas
Emissions equivalent in Europe, expressed in miltiennes (Mt) of C® and the achieved
reduction as of 2004 are as follows

(UNFCCC, 2008, EEA, 2006, EC/Eurostat, 2007):
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® FEU-15: 4279.0 Mt (1990: base year) and 4227.0 204), - 1.2 % Changes in

emissions)

® EU-25:5429.4 Mt (1990: base year) and 5258.2 2004) , - 3.2 % Changes in
emissions)

® EU-27 : 5796.0 Mt (1990: base year) and 5487.9 (2004), - 5.3 % Changes in
emissions)

It is notable that the 8% target reduction ratéhef Kyoto protocol has not been achieved in
any of the groups. The rationale that the EU caaldnt the mass of GOn these groups is
based on the Burden Share Agreement in Europe mat@98 (EC, 1999). This agreement
aims to consider various national circumstanceh siscenergy sources, dependency on fossil
fuel, and industry. As a result, the adjusted rédacargets for C@emissions are assigned
to European countries (EC, 2006a). Accordingly,dpean commissions, as well as each
individual European country, have established effias to reduce GQOemissions and have
attempted to identify the most severe LC€ntributors, according to the trend of £0
emissions by sectors. The European Union recogtiieg¢f the greenhouse gas emissions it
is the emission of COfrom transport that has increased at the fastééstaompared with any
other sector over the last 15 years, as shownguaré&il.l.

1.3 - 1.3
1990=1

1.2 - - 1.2

1.1 - - 1.1
1l = ——— 1

0.9 - 0.9

0-8 I I I I I I I I Al I [ 0.8
1990 1992 1994 1996 1998 2000 2002 2004

—=s8 Power & heat —&—Industry
Transport: —@®—Households

—A——Services, etc. Total

Figure 1.1 Trend of CO, emissions in Europe by sector, 1999-2004
(Source: Euro Stat (EC/Eurostat, 2007))

In addition to the C@emissions, it is notable that concerns about alk&rnalities are also
growing these days. Most of them are directly eglatio the increasing share of road usage
that increases (a) air pollutants such as, 3@, CO, VOC, and PW and accordingly has
an adverse impact on human health (b) traffic nqigeaccidents, and (d) traffic congestion
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and the accordingly adverse effects on the econ®nye, this dissertation only considers
CO, emissions among these externalities.

1.1.2 Intermodal freight system as an alternative to thdruck-only system

The European Union has been concerned about theasing CQ@ emissions and other
externalities from transport and is trying to mutig it. Among the several mitigating
strategies, encouraging non-road transport modes as trains and waterborne vessels has
been regarded as one of the most feasible acteoms EC, 2001b). In the freight transport
sector, an intermodal freight transportation systexa been considered as (a) satisfying the
door-to-door delivery requirement, (b) being mongieonmentally friendly for long-distance
haulage, and (c) being even more economically i@akthan a truck-only freight system. In
addition, it was also expected (d) to reduce o#xéernalities, such as traffic congestion, road
accidents, noise, and adverse health impacts).

The European Conference of the Ministers of Trarispefined the intermodal freight
transport system as either

“Intermodal transport is the movement of goods (ie and the same loading
unit or vehicle), which uses successfully severatles of transport without
handling of the goods themselves in transhipmettden the modé{ECMT,
1998),

“Combined transport is a transport in which the mapart of the European
journey is carried out by rail inland waterways sea and in which any initial
and/or final leg carried out by road are as shostpossible (ECMT, 1997), or

“Multi-modal transport is a carriage of goods byleast two different transport
mode$ (ECMT, 1998)

The definitions above are all slightly differenbrin each other (Janic and Reggiani, 2001).
The key point of the first definition is “withoutahdling of the goods themselves”. It means
the loading units used in the intermodal systenukhbe standard, such as a container and a
swap body. The second definition emphasizes the gbkhe truck in the intermodal chain.
Trucks must be used for as short a drayage ashp@shi the third definition, the intermodal
(multimodal) freight system is broadly defined vaitht any other constraints. This dissertation
does not choose one of them but respects all oh.the this dissertation, the first two
definitions are combined:lritermodal transport is the movement of goods (e and the
same loading unit or vehicle), which successfullgsuseveral modes of transport without the
handling of the goods themselves in transhipmetmd®en the modes, and in which any initial
and/or final leg carried out by road is as short@sssiblé

Figure 1.2 illustrates the concept of the intermidicdaght system comparing it with the truck-

only system. In many cases the intermodal systeopésated in a hub-and-spoke network.
The disadvantage of such a hub-and-spoke netwagkneral is that loading units need to be
transshipped more than twice at terminals. Thesslaipment, which never happens in a
truck-only system, is a time-consuming and expenpiocess. In addition, the unit cost (rate)
short-distance collection/distribution by truck dgage or pre- and post-haulage) in the
intermodal chain is often more expensive then Idistance trucking. Moreover, the
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intermodal system in general has a less-flexibleedule. Due to these disadvantages,
shippers (or receivers) who are not seriously corexkabout the COemissions mitigation
do not actively use the intermodal system. The rheplét of goods transport in billion tonne-
kilometres for the EU-27 is 45.6% by road, 37.3%sbg (domestic and intra-EU-27 transport
only), 10.5% by rail and 6.5% by inland waterwapsl @ipelines (EC/Eurostat, 2007). Since
non-road transport modes are a main part of thernmidal freight system, the relatively
lower modal share of rail and inland waterway srang indicator of the low market share of
intermodal transport.

Truck

. Drayage

Long-haulage by Rail

E'I'erminail
(a) Intermodal Freight Systems

. Long-haulage by Truck E.

(b) Truck-only Freight Systems

Drayage = Rail haulage * Truck long-haul

‘ Origin . Destinatiol O Intermodal termin:

Figure 1.2 Conceptualization of intermodal freighttransport systems and truck-only systems

The rationale that the EU has encouraged the im@ahfreight system does not seem to be
based on strong scientific evidence with respedh&benefits for the environment or the
economy, nor on business analyses. It has beenegsal simply because the EU thinks it is
needed, even though the EU also recognizes thdwdistages of such a system. It is notable
that encouraging the intermodal system does not bappen in Europe but also in other
countries such as the United States, where theniottal Surface Transportation Efficiency
Act (ISTEA) was launched in 1991. The Federal Higiiwwdministration (FHWA) in the U.S.
described developing and implementing the interrmegstem as an “ambitious goal” (1994).
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1.2 Research overview, questions, and scope

1.2.1 Global research question

Despite the policy desire to increase the interrmskdare, to date no clear evidence exists that
shows its economic and environmental superioritmgared to the truck-only system. The
guestion of whether intermodal transport is supedepends on several factors and their
interactions. The factors, for example, are drayaliances, drayage rates, type of
locomotives, long-distance truck speed and sotadsa.iinportant to understand the conditions
that make the intermodal systems competitive ireiotd be able to successfully encourage it.
Therefore, the purpose of this dissertation isnenaer the questiottJnder what conditions is
the intermodal system more competitive than thektanly system in economic and
environmental terms7urthermore, this dissertation is also an attemtgptanswer the
questionsWhat is the relationship between £€@missions generated in the logistics chain
and logistics cost? In order to decrease one uhi€®, emissions through shifting freight
mode (system), how much is the shifting cost?

Ideally this research would include all the factaffecting the intermodal system as well as
the logistic decision-making process. However, thssertation only includes two important
aspects of the intermodal system: economic fedgilasihd environmental sustainability. The
author is aware that there are several other aspegtially influencing logistics decision-

making in general. Temporal factors such as tramed and JIT (Just-In-Time), for example,

are often key factors in freight mode choice. Hogrewaccording to LOGIQ, an EU research
project into the decision making-process in intedalotransport, “the cost is the most
important criterion in the decision making proce§S8C, 2000, EC, 2006b). Even if other
factors were more important than the cost, evalgathe economic competitiveness is
certainly applicable to the cost saving-orienteigsér (or receivers).

Instead, in order to achieve the global resear@stipn mentioned above, emphasis is put on
the estimation of trade-offs between £€nissions and specific (freight) costs. Althoulgé t
unit of cost of CQ per ton is examined in this dissertation, in tase it expresses the cost to
reduce one unit of COfollowing the modal shift from truck-only systern tntermodal
system. In other words, the unit of cost of {g@r ton estimated in environmental economics,
taking into account environmental damage and therad effects of climate change is not the
key issue in this dissertation.

1.2.2 Specific research questions by chapters

Apart from Chapters 1, 2, and 8 this dissertationtains three parts; Part 1 includes the
environmental aspects (mainly g@missions) of the intermodal system (Chapter 3 4nd
Part 2 includes the economic aspects of the intdaingystem (Chapter 5 and 6); and Part 3
focuses on the relationship between the two asg€tizpter 7). Two appendices are attached
at the end of the dissertation in order to suppiertiee literature review (Appendix A) and to
suggest a policy option to control @@mission in the freight transport field (Appendx
Note, Appendix A also provides a background to @vap. Figure 1.3 gives an overview of
this dissertation.
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In Part 1, Chapter 3 is based on the paper “Assassai CQ emissions for truck-only and
rail-based intermodal freight systems in Europein{fkand Van Wee, 2009). This Chapter
examines whether the intermodal freight systemyelmles emit less C{han its road-based
counterparts. Chapter 4 provides a summary of stameats and points for attention when
CO, emissions from the intermodal system are assemsgédompared with those from the
truck-only system. In addition, three freight trpog systems witmine scenarios including
short sea shipping based intermodal systems ar@arewh in Chapter 4 while two transport
systems witHive scenarios are compared in Chapter 3. Chapteruséscon the framework,
assessment method and data needs whereas Chagtenihes the case study.

In Part 2, economies of scale, which is a cruaisaatage of the intermodal freight system,
are highlighted. In general, three types of ecomsnuf scale are considered: Economies of
scale in terms of quantity, distance, and vehide.sThe estimation of break-even distances
between two markets with several shipper-receiarspand two intermodal terminals is
discussed in Chapter 5 since the intermodal break-elistance can be a measurement for
working out the economic feasibility of intermodsystems. In Chapter 6, the economic
feasibility is examined at the network level (imore than two markets). Throughout
developing a minimum cost flow problem, the neatiropl route/system is chosen.

Part 3 shows the trade-off between economic fddgilaind environmental sustainability in
the logistics chain. Specifically, Chapter 7 depslca model estimating Pareto optimal
solutions potentially indicating Gprice (Euro/ton) in logistics.

Although there are some additional findings in e&eamt and Chapter, the most important
research question for each Chapter is summarizéullows :

Part 1: Is the intermodal freight system more eonimentally sustainable than the truck-only
system?
[ Chapter 3
Are diesel/electric powered rail-based intermodaight systems really more
sustainable than truck-only freight systems in eeahCQ emissions?
[ Chapter 4
If a waterborne based intermodal freight systeng. (short sea shipping) is
included in the comparison, which system is less €Qitting in a case study
(Rotterdam — Gdansk)?

Part 2: Is an intermodal freight system economicathore feasible than the truck-only
system?
[ Chapter 5
Under what circumstances do intermodal systemstesmothe break-even
distance (i.e. more competitive than the truck-aylstem)?
[ Chapter 6
What are the impacts of several types of econorofescale on intermodal
freight route/system choice?

Part 3: What relationships can be found betweenimizing the logistic total cost and
minimizing the environmental impact in the intermlagetwork?
o Chapter 7
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How can a freight mode/system be selected in aaeatisfy both economical
feasibility and environmental sustainability?

1.2.3 Theme, scope and position of this study

Transportation is a complex multi-disciplinary rass# area. European Commissions have
funded numerous research projects. Some of thenclasely related to the topics of this
dissertation. The thematic research summaries ghédi by TRKC (Transport Research
Knowledge Centre) (EC, 2009) are very useful faniifying where this dissertation lies in
the field of transport study in general. It clagsf transport researches with the five
dimensions consisting of the detailed subdivisiorable 1.1 shows the selected TRKC'’s
classifications (dimensions) and subdivisions, gnedrelations to this dissertation (EC, 2009).
The entire themes are shown in Appendix 1A.

Table 1.1 Diverse transport research dimensions anithe relation to this dissertation
Dim- | Theme Sub-Theme Relative Chaptg

ension in this
Dissertation
Dim1 | Passenger transport Not included
Freight transport Logistics and supply chain mansagd tools Ch7
Intermodal transport All
Regional transport All
Dim2 | Rail transport All
Road transport All
Waterborne Ch4,Ch7
transport
Intermodal freight| Intermodal Modelling and planning Ch4,5,7
transport Market-oriented strategy and socio-economic scesari Ch7
Dim3 | Economic aspects Costs in relation to pricing Ch 5, Ch 6, Ch

Socio-economic impacts of transport investmentolities | 7

Environmental Ch 3, Ch 4,
aspects Ch7
Dim4 | Decision  suppor All

tools

Infrastructure Ch6

provision including

TEN-T

Integration and Chs

policy development Appendix B

Regulation/deregula Appendix B

tion

Pricing and taxation Ch7
Appendix B

Source: EC (2009)

Dimension 1 can be subdivided inteectors (passenger and freight transport) and
geographical arequrban, rural, regional, EU accession issue). bgians 2, 3, and 4 relate

to the transport modésystem policy, and tools respectively (EC, 2009). Therefore, as
indicated in Table 1.1, this dissertation is abfaight transport system at the regional to
international level focusing on intermodal chaimgluding rail and waterborne transport
modes, examining the economic and environmentacs@and developing decision-making
tools.
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Those themes are prepared by the European Commissie of the largest public sector
parties. The important related question \lghy is the public sector interested in freight
transport, despite its private sector charactefhe rationale for the public sector’s
involvement, as summarized in Morlok et al. (1993 )ustified mainly due to two reasons; In
many countries, railway and terminals/ports are edvand managed by governments, and
freight transport generates externalities influrg@ociety (i.e. air pollution, noise, accident).

There are several actors in the private sectoppsihs and receivers (manufacturers/producers
and purchasers in many cases, respectively), wangperators (trucks, rail, inland waterway,
short sea, and sea-going vessels), terminal opsyadaad intermodal operators (also often
called intermodal brokers). The objective of eactorin the private sector is undoubtedly to
maximize its profit. This incomplete managementwofresults in the inefficiency of the
system, which is often called “market failure” (Bgt1958). However, the concern of the
public sector is not necessarily the same as tivatprsectors. From an economic point of
view, the public sector's goal is to make thtire logistic chain more efficient. In other
words, the public sector pursues “system optimurhilevthe private sectors pursue “user
equilibrium” (Sheffi, 1985). When environmental uss are considered, the different
positions are also clearly expressed. It is necgd®a the public sector to consider the
environmental issues although it is not yet commyigor the private sector. However, it is
notable that the private sector has recently begutake the environmental burdens into
account and their impact on the success of theiinless (e.g. IBM, 2010).

This dissertation has been written with the focostlee public sector. However, it has also
attempted to reflect the interests of the privaeta. More specifically, Chapter 3 takes the
perspective of the public sector while Chapterkésathat of the private sector. For example,
Chapter 3 focuses only on the quantity of (nissions assuming that equivalent distances
are travelled by each transport mode but Chaptetafnines the COemissions considering
the different distances, speeds, and travel tinfetheo transport modes. Chapters 5 and 6
examine the results of both solving the private ta&c concerns (locations of
shippers/receivers and transport prices offered)tha public sectors concerns (locations of
intermodal terminals and the boundary of the maake#a especially if the intermodal terminal
is operated by a governmental body). Of course,dingsions of the two sectors closely
interact. Chapter 7 examines the conflict betwden drivate sector (minimization of total
logistics costs) and the public sector (minimizatiof CO, emissions generated from the
logistics chain).

As far as environmental issues are concerned thgedation is limited to COemissions.
However, the methods developed could also incluterair pollutants/greenhouse gases as
well as the other externalities such as noise, tmmdamination, water pollution as so on (EC,
2001a).
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Appendix 1A
Transport Theme
o | 11 Passenger Transport
S| 12 Freight Transport
@ | 1.3 | Urban Transport
g 1.4 Rural Transport
ol 15 Regional Transport
1.6 EU Accession Issues
~ | 21 Air Transport
S| 22 Rail Transport
Q 2.3 Road Transport
g 2.4 waterborne Transport
al 25 Other Modes
2.6 Intermodal Transport
o | 3.1 Economic Aspects
S| 32 Efficiency
@ | 33 Equity and Accessibility
g 3.4 Environmental Aspects
al 35 User Aspects (incl. ergonomics, Quality, ch@nod rights)
3.6 Safety and Security
4.1 Decision-support Tools
4.2 Information and Awareness
<« | 4.3 Infrastructure Provision (incl. TENS)
S| 44 Integration
@ | 45 Intelligent Transport Systems
g 4.6 Regulation/ Deregulation
al a7 Land Use Planning
4.8 Transport Management
4.9 Pricing, Taxation and Financing Tools
4.10 | Vehicle Technology

(Source: EC, 2009)




Chapter 2
Key determinants for the environmental and
economic performance of intermodal freight system:
an overview

“A Fool thinks himself to be wise, but a wise nkaows himself to be a fool.”

William Shakespeare (1564-1616)

2.1 Introduction

In the previous Chapter, the scope and positiothisf dissertation were identifiedthis
dissertation is about freight transport systeme tegional to international level focusing on
intermodal chains including rail and waterborne isport modes, examining the economic
and environmental aspects and developing decisiaking tools”. In this chapter, the
intermodal freight transport studies addressing thsue as well as the related unimodal
freight transport studies are explored. Note thateach chapter consists of an independent
article, a brief literature review addressing tloeresponding topic is also included in each
chapter. This chapter presents a rather genezedtitre overview.

This chapter consists of four Sections:

® Section 2.1: Overview of intermodal studies (fditlaé later chapters),

® Section 2.2: Environmental Competitiveness {@@issions) of intermodal system
(for Chapters 3, 4, and 7)

® Section 2.3: Economic Competitiveness of intermaglatem (for Chapters 5, 6, and
7)

17
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® Section 2.4: The relationship between the cosbgiktics and C@emissions

Note, Appendix A attached at the end of this dissien is regarded as a part of this Chapter:
OR (Operations Research) applications for intemh&réight system.

2.2 Overview of intermodal studies

The research questions addressed by the intermmedistied literature are very varied.
Bontekoning et al. (2004) reviewed about 90 sdiefpractical publications and
demonstrated that the field of intermodal freightdy had become a new field of applied
transport study. They categorized all the interrhadansport related studies into eight
subcategories:drayage, rail haul, transshipment, standardisatiomulti-actor chain
management and control, mode choice and pricingtegies, intermodal transportation
policy and planning, and miscellaneoy8ontekoning et al., 2004). The first three
subcategories are related to the physical decotnposof the intermodal chain. The rest
relates to mainstream research and intermodalipeadthey found that more than half of the
studies reviewed were related (i.e. cited eachrptiMacharis and Bontekoning (2004) and
Crainic and Kim (2005) reviewed many OR (OperatiBesearch) studies dealing with a part
or whole intermodal system.

An “intermodal freight study” cannot be distingueshas a “specialized” freight research field
but rather as a “comprehensive” freight researeld fiThis is the rationale to review and
include the general freight studies in the follogviections, even though the focus of this
dissertation is on the intermodal freight systeime ©perations of the intermodal chain can be
distinguished into drayage, long-haulage, and teahoperation. Each disjointed process can
be studied as a unimodal study. For example dtagagecan be an independent unimodal
optimization problem covering short and mediumatise trucking. In the intermodal case,
one end of a trip is represented as an intermeatatinal/port. Similarly, the algorithm to
solve LTL (Less-Than-Truckload) trucking problemancbe applied for drayage problems
(Crainic and Roy, 1990, 1992, Morlok et al, 199A)addition, theransshipmenhas also not
been limited to a part of the intermodal systerm{KR0O05). The intermodal transshipment
problem could be considered as the conventionat¢rgémport/terminal operation problem.
The long-haulagepart in the intermodal system is obviously themwdal (mostly non-road
modes) operation problem such as rail, inland watgr and even international sea-going
optimization problem. For an excellent review anergiew of rail transport optimization,
see Assad (1977a, 1977b), and Cordeau et al. (1898)eneral logistics/network problems
in freight transportation, See Bianco (1987), AGraiand Laporte (1997), Crainic (2000),
Ghiani et al. (2004).

2.3 Environmental competitiveness (CQ emissions) of intermodal
system

Throughout this dissertation, it is assumed thatitllermodal system emits less £&kan the
truck-only system if the COemission generated from all the processes of ritermodal
chain is less than from the truck-only system. Thtlee key issue associated with
environmental competitiveness was rather straigivdicd: How to assess G{@missions from
all related transport modes/operations in the imedal chain?
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To date, several models have been developed t@sa$3® emissions from transport in
general. When it is assessed, they should be c@#tedobased on four characteristics
indicated (a) to (d). The first is by(a) transport modelt is obvious that the method for
assessing COemissions (basically, fuel consumption) for truekslifferent to that for rail
since the mechanical mechanisms for combustiordiiierent. The second category (is)
passenger versus freight transpdEC, 1999b, USEPA, 2003, McKinnon, 2007). The two
characteristics can be combined (e.g. rail-freighit;passenger, car-passenger, truck-freight,
vessel-passenger, vessel-freight) and each condoinedin furthermore be subdivided (@)

the vehicle specificatiorSpecifically, if the transport mode is truck (atigrefore freight),
the specification is subdivided by engine type sashEuro 1 to Euro 5, the year of
manufacturing, mileage, and GVW (Gross Vehicle WE)g[EC, (1999b, 2006), Barlow and
McCrae, 2001). In the case of freight trains, itsisbdivided by locomotive type such as
diesel- and electric-powered and gross weight (Kdn2008). Note, in this dissertation, air
transport is not considered and passenger trangpatés such as passenger cars, SUV (Sport
Utility Vehicles), and pick-up trucks, passengairts, and excursion ships are also excluded.
Once it is subdivided into the categories of spedieight/passenger transport modes and
specifications(d) operation cyclesre often taken into account (EC, 2006). Thealdes to

be determined by the diverse operating conditioasfar example, payload (weight loaded),
speed, utilization factor, loading factor, emptyhkdaul, the number of stops due to either
truck drivers resting stops according to the reguta or the train’s intermediate stops, peak
or off-peak hours, urban or non-urban, and typesamhmodity (Kolb and Wacker, 1995,
Vanek and Morlok, 1998, Jargensen and Sorensorg, B3O, 1999b, 2000, 2006, Van Wee
et al., 2005, McKinnon, 2007, Tarancon and del Rimzalez, 2007).

More specifically, for trucks, Barlow and McCrad() examined the drive cycle consisting
of 13 steady engine speed and load operating ¢onsglitlt is notable that the so-called FIGE
cycle (also referred to as ETC: European Trangisete) is used to test the different driving
conditions (Barlow and McCrae, 2001, DieselNet, D0Qorgensen (1996) includes the
transport demand in a Danish case study for emmssssessment and Tarancon and Del Rio
Gonzalez (2007) examine the impact of the transpernand on C© emissions in a
European case study. It is notable that, when sisgp®emissions, considering transport
demand and traffic conditions is only justified anconfined area such as the country level
since the circumstances are not comparable (Van &Vek, 2005). Van Wee et al. (2005)
also pointed out that using emission factors obtifrom the literature or from another
country/region might lead to serious miscalculadioRor the train, Jargensen and Sorenson
(1998) showed three different operations affectired consumption and emission rates. They
categorized the train operations into shuntingnium with loads, and running without loads
(i.e. empty back-haul). For waterborne vesselsz4irand Vaccaro (1999) classified into
cruising, maneuvering in the harbor area, and lageht the dockside. It is obvious that each
of these three phases emits a different amouniigstons for the same distance. Also note
that the assessment methods are varied, accomlidgférent types of ships, engines, and
fuels.

MEET (Methodology for Calculating Transport Emissoand Energy Consumption), a
European project finalized in 1999, takes into actahe diverse conditions mentioned above
(EC, 1999b). This project is the prototype modeihef assessment method of this dissertation.

! Heavy duty vehicles are often categorized astlems 14 tons, 14— 20, 20— 28, 28 — 34, 34 — 406, 80, 50 —
60, more than 60 tons in Table 14 in EC (2006).
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This project includes the methodologies to assegsral air pollutants as well as greenhouse
gases including COemissions from trucks, rails, and waterborne JsseC, 1999b). In
addition, this report considers air pollution amelfconsumption issues based on Life Cycle
Assessment (LCA). The LCA is very useful for assggair pollutants from either electricity-
based transport modes (e.g. electric powered t@irterminal operations. In general (not
limited to the MEET project), this technique makepossible to compare freight transport
systems (EC, 1999b, Lewis et al., 2001, FacanhaHamdath, 2006, Spielmann and Scholz,
2005). Jgrgensen and Sorenson (1998) pointed auspiecial attention should be paid to the
degree of electrification of the railway systemsewhit is applied at the country level. (Also
see the website presenting the European Trainfduisthe details of the distribution of rail
electrification by country in Europe)

Technically, the MEET model is based on regressimuels that are obtained from many
experiments in several situations. The situatiarsist of different types of engines/vehicles,
speed, weight, slope of terrain (i.e. gradient)d aaven ambient temperature. Some
representative situations (i.e. combination of salvef the above factors) are designed and
the corresponding regression equations are dewkldpetil the recent development of the
COST model (see below), the MEET model had beenntibst advanced air pollution
assessment technique in Europe. (Note, air pofllutias assessed in several European
projects by using the MEET model. See RECORDIT (E@)0) and REALISE (EC, 2004)
for example).

Even though the emissions assessment part in igsgrtation relies on the MEET model,
emissions models are still evolving in Europe. TMEET model consists of all transport
modes (truck, rail, and waterborne vessel) for maksenger and freight while the COST
(346) project, a new European project started ®91%cused on heavy duty vehicles (EC,
2006). In the COST 346 project, more specificatiomduding engine types and detailed
GWV (?) categorizations are considered as welhagyear shift modehnd the driving cycle
which have been more recently added (EC, 2006).

However, all the research mentioned above arediniv the assessment of air pollution for
individual transport modes rather than the comimnabf modes, so-called “freight system”.
Chapters 3 and 4 in this dissertation are dedidatditling out the gap combining more than
two modes and taking into account some other issuel as air pollution in terminals and
transmission loss of electricity.

2.4 Economic competitiveness of intermodal system

Traditionally, the economic competitiveness of drei transport has been evaluated,
comparing the total cost for individual transporbdes (e.g. rail vs. truck) rather than
combined modes. In the case of intermodal (combifregght systems, it is similar: the total
cost of the intermodal system is compared to itsnterpart, the truck-only system. Thus,
estimating the total freight cost that can be dgmmsed into individual freight transport
modes plays a crucial role in the evaluation of édhenomic competitiveness of intermodal
systems (Subsection 2.3.1). This Section also dadwsome other approaches: Freight mode
choice based on the utility maximization approgsabsection 2.3.2), based on the Operation
Research technique (Appendix A), and the geographjproach (Subsection 2.3.2).

It produces different levels of emissions accagdmshifting gears.
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2.4.1 Freight transport cost structure

Previously the intermodal cost was simplified asoebination of linear functions as shown
in Figure 2.1. (See Section 5.2 in Chapter 5, faletailed description of Figure 2.1). The
actual cost structure/function of an intermodalginé transport system is more complicated
(i.,e. non-linear). Since the intermodal freightteys is constructed by individual freight
transport modes/processes, exploring generic deaistecs of cost structure and function for
freight transport modes is of interest. Thus, gubsection is designed to explore general
freight transport rather than focusing on the imiedal freight system.
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Figure 2.1 Cost structure for the intermodal systemand the truck-only system (Similar
figures are found in Mcginnis (1989), Rutten (1995Konings (1996), Macharis et al.
(2002), United Nations (2006), Macharis and Pekir2009))

In general, there are many ways to represent fraights. The form of cost functions are
determined mainly by (1) the scope of the totat,d@ the complexity of the freight transport
units and unit costs (i.e. freight rate), and ({B)eo specific issues.

First, the scope of the total cost is a key issugeitermining the form of freight cost function.
The decision as to what process should be includetie freight cost function should be
made based ortransportation costgoften referred to as direct costs; includingacreage,
maintenance costs, fuel costs, facility/equipmersts and so on)nventory costshandling
costs and their combinations Harris of Westinghouse Corporation first formathtthe
inventory costs such as warehousing costs, holdisgs, and order processing costs in 1915
and included them in the total freight cost (Wimst@994, De Jong and Ben-Akiva, 2007).
Several variants are found, such as the EOQ (EcanOmnder Quantity) model (Baumol and
Vinod, 1970, Blumenfeld et al., 1985, Burns et 2985, Hall, 1985, Hall, 1987, Abdelwahab
and Sargious, 1990, Daganzo and Newell, 1993, Hsggi, 1993, Daganzo, 1998, Hsu and
Tasi, 1999, De Jong and Ben-Akiva, 2007). In gdnéhna purpose of the EOQ model is to
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find the optimal shipment size/frequency, clarityitne trade-off between decreased transport
cost and increased inventory costs as quantitgasas. In the field of waterborne transport,
handling costs are emphasized rather than inventosgs (Kendall, 1972, Jansson and
Shneerson, 1982, Charles, 2008). However, it ighwooting that specifying inventory and
handling costs is beyond the scope of this dissenta

Secondly, when the scope is limited to the trartsposts only, there are several cost
components with different units: distance-basedscssch as fuel (e.g. €/km), time-based
costs such as labour costs (e.g. €/hour), and igrased costs such as transshipment costs
(e.g. € ITEV) (De Jong and Ben-Akiva, 2007). Thus, dependingvbat cost components are
considered, how to express such units, how to ggtgsimplify the units, the form of
(transport) cost function varies. Furthermore, €astrease in a non-linear way if the quantity
shipped, the size of the lot, the distance tradele size of vessels/vehicles (i.e. capacity of
vehicles) increases. This is called economies ales@lso referred to as returns of scale and
often expressed as price discount). The naturemfamies of scale is to save the fixed costs
such as labour costs (e.g. €/hour) for a certaiousmof quantity and distance since in many
cases the variable costs such as fuel costs propally increase as quantity and distance
increase. For example, regardless of the quantapgporting 1 TEU and 2 TEU in the case
of trucks), the same wage should be paid for thektdriver. To sum up, the total cost (€) in
freight transport system is an outcome of the adion between those cost components with
different units (e.g. €/km, €/TEU, €/ship, and §)ddn many cases, it has been expressed as
one of the following:

T =f(Q)*Q;
T,=f(D) * D;

T3 =1(Q,D) * Q*D
T4=F(Q,D)

Where,
T is the total cost (€)
Q is quantity shipped (tonne or TEU)
D is distance travelled
f(Q) is unit cost function of flow (€/tonne or €/TEU
f(D) is unit cost function of distance (€/km)
f(Q,D) is unit cost function of quantity-distancété@ne-km)
F(Q,D) is total cost function of quantity-distarn(€2

If f(Q) is a constant,jTbecomes a linear equation. Then, as Q increag@screases linearly.

In this case, the marginal cost is equal to theamee cost. Iff(Q) is a linear function, T
becomes a quadratic equation which is a non-liegaiation. In some previous studies, log
functions were often used fo(Q) (Samuelson, 1977, Higginson, 1993). In thig&hr, the
constant unit costs are excluded. This Chapter prdgents the cases that eitf(€)), (D),
f(Q,D), or F(Q,D) is a nonlinear function. The casé the constant unit costs are shown in
Figure 2.1 and also found in (EC, 2000). Specifyggcathe unit cost could be either
weight/quantity-based such as €/tonne and €/TE&tadce-based such as €/km, or could be

3 Twenty-Foot Equivalent
* The total cost consists of fixed and variable £dRutten, 1995, Daganzo, 1998)
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based on a composite form such as €/tonne-km a®dT&U-km as shown in equations; (T
to T4) above (Higginson, 1993):

e Ty : The unit cost in €/tonne (or €/ TEU) could bauadtion of
a) quantity/weight (Samuelson, 1977, Daughety et #3083, Abdelwahab and
Sargious, 1990, Perl and Daskin, 1985, Perl anddpionslip, 1988, Xu et al.,
1994, Hall, 1987):
b) both quantity/weight and vehicle size (Kendall, 29Cullinane and Khanna,
2000, Kreutzberger, 2008, McCann, 2001, Culliname hanna, 1999)

In the case of b) above,

T. =f(VS,Q)*Q

Where, VS is vehicle size (capacity of vehicle)eTnit of VS such as TEU or tonne should
be same as Q.

* T, : The unit cost in €/km could be a function of
a) distance (Perl and Daskin, 1985, Xu et al., 1994)
e Ts: The unit cost in €/tonne-km (€/TEU-km) couldd&inction of
o both distance and quantity (Ballou, 1990)
o both distance, quantity, and vehicle size altoggtRatten, 1995, Hsu and Tasi,
1999)
* T4 : Total costis a function of
o Both distance and quantity (Boyer, 1977, McFaddeal.£1986)

Note, other units could be useful in certain cas@sehicle-km (Janic, 2007, 2008),
€/locomotive-horsepower-mile (Bereskin, 2001).

It is also of interest to clarify the relationshiptween marginal costs and economies of scale.
The marginal cost that is the first derivative loé total cost can be regarded as the outcome
influenced by economies of scale. If the marginaétcis equal to the average cost, the
economies of scale is a constant (Charles, 200®)s,Tthe form of marginal cost functions is
not necessarily non-linear.

Finally, the other issues also influence the forincast functions. Depending on transport
mode, the form should be different even thoughlisic structure consisting of fixed and
variable costs is not significantly different. Thempty back haul issue also leads to
complicated cost functions (Daughety et al., 19838)xddition, some factors can completely
change the form of the cost function, for examtile, shape of the market area (Fetter, 1924,
Hsu and Tasi, 1999) and travel speed (Hsu and T&89), multiple type of vehicles
(McCann, 2001), multi-commodity (Oum, 1979), inétusof external costs (Janic, 2007)).

2.4.2 Freight mode/system choice

From a shipper’s perspective the purpose of exagitiie economic competitiveness of
intermodal freight systems is to decide whethenat to choose it. There are only a few
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previous studies focusing on the intermodal freigstem choice This subsection explores
the general mode choice and then links it withitibermodal system choice.

There are largely two approaches to studying fteigtode choice in general: utility
maximization approach (also referred to as randdifityumodel) and OR (Operational
Research) method-based network equilibrium modetsne examples of the former are
discrete choice models (e.g logit, probit) whileaeples of the latter are the minimum cost
flow problem, the route-mode choice problem, arel iktwork design problem. The former
can consider several decision variables in thesd®oimaking process in freight transport
while the focus of the latter is freight costs. @sly, the former has a limitation in fully
considering the costs components (i.e. linear ftwsitions are assumed in many cases) while
the latter has difficulty taking non-cost variabsh as preference of shippers into account.
To the best of my knowledge, the latter has beex as a method of mode choice after Dial
(1979) incorporated mode choice in the scheme oferahoice. He explicitly called his
model “non-logit” mode choice model.

Since the utility maximization approach is beyoind tscope of this dissertation, some
demerits of this approach are briefly discusseé.h&s Cascetta et al. (2009) pointed out, the
conventional passenger mode choice models basédeontility maximization approach is
not a good enough fit to model freight mode choiClee main differences are that freight
transport has some additional dimensions to passengnsport such as multiple decision
makers in freight transports, service rather thaoden and time constraints (i.e.
departure/arrival time). However, the second appgrpaOR method-based network
equilibrium models, are relatively more flexibledawell-fit for freight decision makers since
it is capable of optimizing a service-oriented ratyy of incorporating the time constraints,
and to model, at least potentially, any types oftimadal network accommodating all actors
involved in the system.

The second approach is considered in Chapters 67afthere are many OR problems to
evaluate the competitiveness of intermodal freigygtem and improve it. More than 100
publications handling either a part of or entireeimodal freight systems were found
(Macharis and Bontekoning, 2004, Crainic and Kifi0%). An extensive review of this
literature can be found in the Appendix (See, AglbeR).

2.4.3 Geographic approach

When economic competitiveness for the intermodagfit system is examined, geographical
issues are crucial. Nierat (1997) finds the marketa that makes the intermodal freight
system more competitive than the truck-only systEowkes et al., (1989, 1991) estimates
the break-even distances for different sized caetai The key issues in these approaches are
to find locations of shipper-receiver, terminalsgdanarket areas where an intermodal system
is more economical and accordingly also the digaretween shipper and receiver, between
shipper/receiver and a terminal, and between twanitals. Since the mid-1990s,
GIS(Geographic Information System) based models haceived attention (for example,
Jourquin and Beuthe (1996), Jourquin et al. (19B8)the et al. (2001), Macharis and Pekin
(2009)). These studies either find locations oeceh route for which multimodal systems are

° “System” choice is more appropriate than “modedich in the context of this dissertation. Note, cgdis et al.
(2009) uses “service” choice instead of “mode” ckaand “system” choice.
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competitive in the more complicated real freightwaks. However, it is obvious that cost
functions still play an important role although foeus is on the geographical issues.

Chapter 5 incorporates the two issues: geograpidccast issues. Chapter 6 specifies the
non-Logit mode choice incorporating mode choice #ad assignment and using the unit
cost in €/tonne-km (€/TEU-km) ¢Tin subsection 2.3.1).

2.5 Relationship between logistics cost and C{emissions

The straightforward outcome of the relationshipa®sn logistics costs and G@missions is
CO; cost (or CQ tax) which is the answer to the questioHew much do we need to pay for
reducing CQ emission in logistics chainPwo different approaches to handling this issue
were recognized: traditional external cost concaml the proposed shifting cost concept.
Firstly, in general external costs include air ptdn, noise, and traffic accident (EC, 2002b).
When CQ is only taken into account as the external cés,mhain task to estimate it is to
identify the global warming effects and expressnthm monetary value (EC (1999a),
Mayeres et al. (2001), Int Panis et al.(2000)). 8dattors being taken into account are for
example the impact on mortality, morbidity, pulthealth, agriculture, energy demand, water
supply, rise in the sea level, extreme weathertev@C, 1999a, 2003). However, there is no
consensus for a single external cost or even a&rahgosts (EC, 1999a, Mayeres et al., 2001).
Tol (2005) clearly showed how wide the range issji¥ the uncertainty of the GQ@ost,
several studies internalize such externalities lmeedhere seems to be no feasible alternative
which can appropriately consider them (EC, 200@220 Janic, 2007, Maibach et al., 2008).
The second approach, which will be specified ing&@a7, is to estimate the per ton £gdst
through shifting freight systems from a more £itting one such as a truck-only system to
a less C@emitting one such as a rail/based intermodal sysWhen CQ cost is estimated
using multi-objective optimization, the G@ost based on environmental economics (i.e. first
approach) can be used as a weight. In other w@@s.emissions are converted into money.
However, the second approach is the outcome (aeet® optimal) in the multi-objective
optimization problem. The difference will be cléed in Chapter 7.
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Abstract

Rail-based intermodal freight transportation systémEU have been regarded as being more
environmentally friendly than truck-only freight stgms, particularly for long-distance
haulage and in terms of G@missions. However, to date, there has been a0 ctenparison

of CO, emissions between different freight systems. Thoeee this research aims at
demonstrating whether the intermodal freight systeaily does emit less GQhan their
road-based counterparts. A research framework wstableshed in which the methods and
data of earlier studies were assessed. Based oncaptualisation of intermodal and truck-
only systems, the semi life-cycle assessment tqakeniwhich is excluding emissions from
infrastructures and vehicle manufacturing and idicig emissions from production of fuel
and definitely direct emission, was used in oraderexamine the short- and medium-term
environmental impact of different freight systeibe main conclusion is that in general rail-
based intermodal freight systems emit less, @@n truck-only systems, regardless type of
locomotives. In case of electrical locomotives #hectricity power-generating source is the
definitive factor in deciding which type of train ian intermodal freight system offers the
most environmentally friendly alternative: if powplants use coal or oil only intermodal
systems using electrical trains might even emitem@@ than their competitors

31
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3.1 Introduction

Although in Europe rail-based intermodal systemseast potentially, are more economically
feasible and environmentally sustainable underagerconditions than unimodal freight
systems (i.e. truck-only freight systems), theistias for freight transportation in the EU
show that between 1980 and 2004 the share of readeuexpressed in tonne-kilometres
increased (+12.2%), and that of rail usage decte@8s5%) (ECMT, 2006). The increasing
share of road usage has raised concerns aboudllaitants (mainly S@ NGy, CO, VOC, and
PM;g), and greenhouse gases (mainly,@&0d CH), because road transport is regarded as
being one of the major contributors to air pollatiicC, 1999, EC, 2002a, EC, 2003). As a
result, in order to try to reduce air pollutiontamational organisations, and national and
local governments have tried to increase the ptapoiwof freight transported by non-road
freight modes, focussing on intermodal freight egst to satisfy door-to-door demands (EC,
2002b). However, substantial achievements havéo@eh made because the freight industry
focuses mainly on profits, irrespective of envir@mtal concerns about truck-only freight
transportation. In addition, it has not been cleattmonstrated that intermodal freight
systems are more environmentally friendly than {diggance truck-only systems. Although
some statistics and earlier studies have repontdrail transportation emits fewer pollutants
than road transportation, these have not been aanpabecause truck-only systems are
based on door-to-door trip, whereas rail systerasbased on terminal-to-terminal trip only
(EC, 1999, EC, 2002a, EC, 2003). Therefore the gpncombining two modes is required to
assess the environmental impacts and compare asdélebintermodal freight system with
truck-only freight. However, the techniques to assemissions from transport modes have
been developed only focusing on an individual tpans mode (EC, 1999). The other
requirement for assessing environmental impaa @darify the relationship between different
types of energy and corresponding emissions. Foetbctric powered trains, the source of
generating electricity (e.g. coal, oil, nucleardamindmill) should be considered because it
might be the key factor for the comparison of &missions at the system level.

To assess emissions from the freight transporesystand appropriately compare them, this
research aims tmentify the factors that influence emissions for bothgineisystems (i.e. the
clarification of data requirementgstimategreenhouse gas emissions - especially €n

the entire door-to-door logistics chain, acdmparethe emission levels from intermodal
systems with the emission levels of road-basedteoparts. Specifically, the paper begins by
exploring the input and output of emissions foethtypes of different freight transport modes
rather than for the entire systems: trucks, dipselered trains, and electric powered trains. In
this research, Life Cycle Assessment (LCA) modgllim partially used to estimate specific
transportation emissions (ECMT, 2000), making camspas at the system level possible.
The focus of the paper is on the effects of modmiae and related modal shift policies
within the current infrastructure networks, andstli the short and medium term. The focus
is not on assessments in case of network extensiongat case a full LCA is needed
including also infrastructure (see next sectiom)addition, the focus is on container transport
since especially in the container marketed oppdrasnfor modal changes exist. Emissions
for producing vehicles are also relevant. At theeleof individual vehicle categories some
methodologies and data are available (e.g Van Wed. €2000)). However, currently no
comprehensive methodology is available to includes¢ emissions (see also the section
‘conclusions and further research’).

The remainder part of this paper is organizedlsws. In Section 2, more details of scope
and a conceptual model including the descriptiorthef semi-LCA model are discussed.
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Section 3 describes the methodology and data neemsdess emissions from individual
transport modes: truck, diesel powered train, afettc powered train. In addition,
emissions from transshipment process at the in@am@rminal and transmission loss are
also discussed. Using the methodologies and theeptualisation of both freight systems,
Section 4 presents the comprehensive emission noaebining individual processes (i.e.
drayage by trucks, transshipment at the termimal,lang-haulage by different types of trains)
into 3 freight systems: truck-only system, diesglvpred train based intermodal system, and
electric powered train based intermodal system.oddin a numerical example with an
emphasis of source of fuel for transport modes; @@ss for these three freight systems is
assessed. Finally, the authors attempts to ansyeestion:*Are intermodal freight systems
really more sustainable than truck-only freightteyss in terms of C{emissions?”

3.2 Scope and conceptual model

In recent years, increasing attention has beentpdite cycle assessment (LCA) in the field
of energy consumption and emissions from freigimgportation (Facanha and Horvath, 2006,
Spielmann and Scholz, 2005). However, since LCAnsattempt to assess environmentally
harmful effects over long-term periods, it is nbways appropriate in medium- or short-term
analysis. As one of the main factors of LCA, thdlyimn from infrastructure construction
should not be included in medium- or short-termlysig, but in long-term analysis only. This
study includes emissions from exhaust and prodoctmt excludes emissions from the
construction of infrastructure and vehicle manufang, and attempts to define it as “Semi-
LCA”. This kind of issue is still open to debategllveg and Frischknecht, 2004). The semi-
LCA is appropriate when two freight transport sgséeare compared by using the same
criteria, in especially the short or medium terrar Example, since electric powered trains do
not emit CQ during operation at the vehicle level, emissiormlpced during operation could
not be compared with other modes. Thus, to compam, emission from generation of
electricity, so-called ‘production emission’, shdule considered. Definitely, the production
emissions from extracting, refining, and transpgytdiesel oil should be considered at the
same time.

As mentioned previously, in the context of railgkuntermodal freight transport system, the
scope of this study is the door-to-door trip. Imtedal freight systems are commonly defined
as freight transport systems consisting of two orevmodes of transport used in door-to-door
trips for consolidated loads (i.e. containers, sWwagies, and trailers or semi-trailers) (EC,
2001, Janic, 2007, Bontekoning et al., 2004). FagBrl represents a conceptualisation of
intermodal freight systems and truck-only systeingermodal freight systems have three
main stages: drayage, terminal operation (transstmp), and long-hauling. Drayage is the
movement of loads to or from an intermodal termif@al collecting from shippers and
distributing to consignees by trucks. At an intedaloterminal, loads are transhipped from
truck to wagons, and vice versa. Long-hauling ie thansportation of loads from the
intermodal terminal of origin to the destinatioteirmodal terminal.



34 Intermodal Freight Transport on the Right Track?

Truck

. Drayage

Terminal

Long-haulage by Rail

(a) Intermodal Freight Systems

. Long-haulage by Truck E.

(b) Truck Only Freight Systems

’ Drayage =P Rail haulage * Truck long-hauling

. Origin . Destinatiol O Intermodal termin:

Figure 3.1 The conceptualisation of intermodal fraght transport systems and truck-only
systems

Once the inputs (e.g. fuel, distance travelledgiveof load, gradient, and so on) and outputs
(e.g. mass of Cg for emissions are recognised, the relationshigvéen inputs and outputs
is clarified by using equations estimated by theoggan Commission (EC, 1999). Then, CO
mass for three different freight modes (i.e. trutiesel locomotive, and electric locomotive)
are separately estimated. The Procedural diagramstimating C@ emission presented in
Figures 3.2 and 3.3 might lead to a better undedstg of the overview of the research.
When considering the characteristics of each ftegylstem, the first step is to identify the
type of emission (i.e. direct emission and producgmission) and estimate fuel consumption.
As shown in Figure 3.2 in the case of trucks, difeghaust) emissions consist of hot and
cold emissions. Following the EC methodology thean of the direct emission is the input
of carbon balance method to estimate fuel consumpiihen, production emissions, which
include the emissions generated during the prosesisextraction, crude oil transportation,
and refinery, are considered. Finally, adding tyjet of emissions, the total emissions from
trucks are estimated. For intermodal freight systes shown in Figure 3.3 shows that there
are three processes (i.e. drayage, long-hauling, tarminal operation), each resulting in
emission (i.e. direct emission and production eimigs In the long-haulage process two types
of locomotive are considered: diesel and elecHiectric vehicles generally emit pollutants in
different ways to diesel vehicles: direct emissi¢ins. at the vehicle level) do not exist. In
stead the emissions are at the power plant lexel groduction emissions). Emissions from
energy used in drayage and transmission are estimsgparately. It is notable that the
emission factor of truck-only systems is used endhayage part of intermodal freight systems.
Furthermore, for intermodal systems using elecpowered trains, some power source
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scenarios are considered to estimate differentymtomh emission rates (e.g. 100% nuclear,
100% coal/oil, and 50% nuclear and 50% coal angd blbre detailed description will be
discussed step by step with respect to the freigstem, process of the system, and the types
of emission in the next Section.

Input:
demand, distance, speed, load factor, weight, ttyok, fuel type, ambien
temperature, gradient, type of road (pavement)

éEmission Factors (ma:
. of emission perkm): Direct (Exhaust) Emissions

Carbon Balance Method

A 4
Fuel Consumption

A 4
DieselProduction Emissions

A 4
Total Emissions from Trucks (kg/tonnes-km) |

Figure 3.2 Procedural diagram for estimating for truck-only system

3.3 Methodology and data need

Generally, two methods estimating emissions froamgports are used in current practice:
top-down and bottom-up method (Van Wee et al., 200B6e former is based on aggregate
statistics for emissions and freight volumes whihe latter is focused on physics and
engineering techniques. The latter is more appabtprio examine the mechanism of
pollutions from transport while the former is magpropriate to calculate overall averages of
emission factors or emissions per speed, per disfaand per weight loaded implicitly
including all relevant determinants. Therefore hwispect to the purpose of this research, the
top-down approach is more appropriate to be applied

The basic equation for estimating emissions frandport using the top-down approach is a
function of transport activity and fuel consumpti¢BC, 1999). If fuel consumption is
unknown, it is estimated by empirical measuremdntsther words, a lot of the data needed
for the assessment of air-pollution does not depemdheoretical methodology, but on
empirical measurements. The European Commission so@gested the most reliable
measurements to be used for every separate mateape so far (for a thorough description,
see (EC, 1999)). In this Section, emissions fropasgte mode (i.e. trucks, diesel powered
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trains, and electric powered trains) and other gsgses (transshipment of loads and
transmission of electricity) are decomposed anctipd with respect to characteristic of
freight mode.

Input:
demand, distance, speed, load factor, weight, lotem type, fuel type, gradient, transmission logs,
distance between stops, number of stops
:IlllIlIlllIlIlllIlIlllIlIll.fffn'"'""""""""""'.
Drayagi Long-hauling slilli
operatiol
T
1
1
Emissions from Truck- Diesel/Electric |
only Freight Transport Powered? .
Systems (Figure 3.2) !
1
. . e |
Diesel Electric .
Powered Powered !
Train Train 1
Type of Source of .
: i Electricity? ol 1
diesel train y . ;
1 1
. .
v v v !
Fuel Consumption for| Electricity Electricity !
diesel powered Consumption  for Consumption for 1
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Direct Diesel Electricity Electricity
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operatiol
T
\ 4 ; A
Total Emissions | Total Emissions
from Intermodal system of Diesgl . from intermodal system of
| Locomotives €« == | Electric Locomotives
(kg/tonnes-km) (kg/tonnes-km)

Figure 3.3 Procedural diagram for estimating for ral-based intermodal Systems
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3.3.1 Trucks

Direct Emissions from Trucks
For road transport, emissions vary in accordandk thie temperature of engines. This leads
to the basic calculation as follows (EC, 1999):

TE truck= (TE Hot+ TE con+ TE Evaporativé

Where,

TE truck is the total of exhaust emissions (kg/tonne-km)

TE Hot is emissions produced when engines are hot

TE cold is emissions produced when engines are cold (imdustarting)
TE evaporative IS evaporative emissions

Table 3.1 shows the summary of specific methodotufgyirect emissions and corresponding
data needs for trucks.

Table 3.1 Data needs and methodology for exhaust &sions from diesel engine trucks
Hot (TE hor) Cold (TEcold)

vehicle_type road_type

Equation] TEHot = 37" n*l* Y'p e, TE cow = W[f(v) +g(t)-1]*h(d)
=

i=1

k= type of the pollutant

i = the truck category

] = the type of the road

n; = the number of vehicles in category i
li = the average annual distance travelled

v, f(v) = the average speed and the
function of speed and emissions
espectively
,’g(t) = the temperature of engine

Where the vehicles of category i (km/time) | .” 3 . .
- . in °C and the regression equation| of
pij = the percentage of the annual dlstan{:eem erature and emissions
(Data travelled by the vehicles of category i P

Needs) | ek = the emission factor of pollutant krespectlvely

. d, h(d) = the distance travelled and
corresponding to the average speed gh . . .

. : e regression equation of distance
road type j, for vehicle category| I

(g/km) related to the average speed, tﬁ@? emissions respectively .

: ' W= the reference excess emissions
road gradient factor, load weight
vehicle  mileage, and ambien
temperature

Source: EC (1999)

{at 20°C and 20 km/h)

To be able to compare truck-only systems with mtatal systems, only trucks which are able
to load containers/swap bodies are considered.dst mf EU countries the total weight of
trucks should be less than 44 metric tonnes. Wextas two of the vehicle categories of the
MEET-project: heavy goods vehicles with Gross VEhWeights (GVW) of 16 to 32 tonnes.
Thus, the vehicle type in the equation qf,Hs not a multi-class vehicle, but a unique type of
truck in this study (i.e. i = 1 in the Table 3.The last factor (gx) in Table 3.1 is defined as a
function of the average speed, gradient, load hteigehicle mileage, and ambient
temperature. Some factors for the total direct smis are simplified and assumed.
Specifically, the type of road, gradient, and ambiemperature is assumed as highway, 0%,
and 20°C respectively. The factor of average st distance travelled is considered as
constants in 10 km/h and 100km intervals respédgtinethe later analysis of this paper.
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Cold emissions, CQin this study, are estimated at 1 km intervals meghrded as a constant
(e.g. 0.52 kg at —20°C, 0.35 at 0°C, and 0.18 &° &2 regardless of the distance travelled
and temperature, because, in general, they conatrgeund 10 km as shown in Figure 3.4
and the distance covered by long-haulage truckerigiefinition much longer than 10 km. In
addition, since cold emissions are only a neglaitbhction of hot C@ emissions, they are
considered as ‘excessive emissions’ (EC, 1999pther words, the cold emission does not
significantly affect the total COmass. This makes sense because they are a one-time
emission and the engine will be hot after arounckdDhas been travelled. For reasons of
completeness we include them in our methodology Tsdble 3.1).

The techniques to evaluate evaporation emissioh#g wehicles are operated, have only
been developed for gasoline-based vehicles bedhesel oil has no significant evaporation
emissions. An EPA report concludes that the redsothe low volatility of diesel fuel
compared to gasoline (EPA, 1994). The detailedthabugh description and method used to
estimate emissions from distribution can be foundthe EPA report (EPA, 1994). To
conclude, the evaporative emissions directly geadry trucks are excluded from this study.
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Figure 3.4 Comparisons between Hot and Cold Emisgis

Fuel consumption from trucks and production emissi® of crude oll
As mentioned previously, production emissions ds® @&onsidered in this study. Before
estimating them, fuel consumption should be estdhdbecause production emission is
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linearly linked to the fuel consumption. We use $wecalled “carbon balance’ method (EC,
1999), with which the total fuel consumption ofdks can be estimated. Specifically, since
fuel consumption is based on the combustion ofdrdoarbon fuel such as petrol or diesel,
the mass of fuel can be calculated from the mas®stimated emissions. Production
emissions are fuel consumption multiplied by thedoiction emission factor (PE). It turns out
that emissions related to the production of fueloaat for approximately 10% the total of
direct and fuel emissions together. This value @aror less in line with a research carried
out by Facanha and Horvath (2006). They carrigdadull LCA and found fuel production
to be responsible for around 10% of total C&nissions (other emissions: approximately
70% direct emission, 10% infrastructure, and 10%adficle manufacturing) (Facanha and
Horvath, 2006). This implies that the productionission of fuel in this study was
approximately 12.5% of the sum of direct emissiand fuel emissions (excluding emission
from infrastructure and vehicle manufacturing).idtnotable that, to consider production
emissions as discussed above, the unit of litt@30Lkm can be converted to kg/MJ (or
kg/GJ), which is the common unit used for the measent of production emissions. The
energy content in diesel is 38.6 MJ/litre (2006heTestimation of fuel production with
respect to the semi-LCA method needs a varietyath @t several stages (e.g. energy and
emission related to crude oil extraction and transgpion, refining process, and refined oil
distribution). This research uses the factors egtoh by Lewis (2001). Specifically, 6.96 kg
of CO; is generated for 1 GJ on average of EU countfibss factor will be used for fuel
consumption for diesel trucks as well as for diésebmotives in the next Section.

3.3.2 Diesel powered trains

Jargensen and Sorenson (1997) estimated two marda(i.e. the power specific emission
factor (BSER) and the brake specific fuel consumption (BgFQsing measurements and
regression as shown in Table 3.2. Specifically, tthe factors are estimated by empirical
measurements of several types of diesel trains €3 in Denmark, Austrian diesel trains,
and British trains). The 3.180 g Gkg indicated in Table 3.2 is the weighted averagiee

of those trains. As explained above for the fuehstonption (i.e. energy consumption)
specifically, there are two approaches to estinfatd consumption: the physics based
approach and the empirical data approach (i.e.otmettp and top-down approach,
respectively). The former approach based on physicemplicated since it concerns several
experimental factors influencing energy consump#ad emission factors. In other words, it
is difficult to generalize without several assurops such as elevations, type of fuel, and the
number of stops. On the other hand, the latteragmbr suggested by Jargensen and Sorenson
(1997) can overcome this roadblock. Specificallyg tolling stock’s properties (e.g. the
weight, stop spacing, and speed) play an imporetto estimate fuel consumption in the
latter approach. Other factors, such as curvamnayity, air friction, and rail friction, are
considered in the curve fitting of several traif$us, the constants (i.e. k and c in Table 3.2)
can be different for each type of train (e.g. FoEltrains: k = 0.007 and C = 74; for TGV
trains: k = 0.0097 and C = 70; for Swedish RC sai= 0.015 and C = 81 (for thorough
description, see Jgrgensen and Sorenson (1998)edtimated fuel consumption and some
value of factors (weight, distance, load factor,EB$ are used for estimating the direct
emissions from diesel powered locomotives.

Diesel powered trains also have production emissas) mentioned previously. It is worth
mentioning the slight difference between the dieslelised for diesel powered trains and the
one for trucks. The one for diesel powered traircaied ‘red diesel’, which is dyed for
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taxation, or sometimes called ‘gas oil' in Europdile the other for trucks is called ‘white
diesel’. The energy content of red and white diésellmost same at least in Europe: 38.6
MJ/litre (=138,000 BTU/gallon) (Commonwealth of Aradia, 2004, Queensland Transport
Facts, 2006, Discussion with Zoetmulder, 2007). réfuge, production emissions can be
calculated by using the same production emissictofa(PE) (kg/GJ) as described in the
truck section.

Table 3.2 data needs and methodology for direct essions from diesel powered trains
and fuel consumption

. . . Production
Direct Emissions Fuel consumption o
Emissions
TE intermodal Dloco F = V2
Equation = Fuel specific emission’ ~ kXﬁ%
factor

F = the energy consumption pf
locomotives (KJ/tonne-km)

Fuel specific emissionk and C = train dependepnt
Where factor = (BSEFi/BSFC) constants:
(Data . k= 0.019.and C = 63 far
Needs) BSEIIZ.. is the power large freight trains (6006.96 kg of
specific emission factors tonne empty mass) COJ/1GJ
BSFC is the brakex = distance between stops |in
specific fuel consumption km:
80km = x = 200km
Vave = average speed
: Fuel Specific in averag X =120 km .
Assumption eva\,e: 10 to 110 km/h in 10km/h

(9/kg) is 3.180 interval (constant)

3.3.3 Electric powered trains

The emissions for electric powered trains are maamhitted at electric power plants, when
electricity is generated (EC, 1999). In other worddike emissions from diesel-based freight
modes, operational emissions - at least in termsiofpollution while trains are being
operated - are not generated. Thus, electric lotwemare free of direct emissions. As shown
in Figure 3.3 the production emission is the onbntabutor of long-hauling of electric
locomotives. Electricity use and the type of poweneration is the main issue in case of
emissions from electric powered trains. We used tihe down approach since the
development of bottom up approaches for energyafiseains is still under development
(Jong and Chang, 2005). Contrary to diesel pow&aads, a break down in categories, in
particular with respect to of power plants is nekd&e assume that the energy required to
pull an electrical train can be calculated using thethodology as presented in Table 3.2.
Combined with the fuel efficiency of power plantise energy needed for an electrical train
can now be calculated, The difference between das® electric powered train is the fuel
efficiency (i.e. the energy content): 38.6 MJ/lifoe diesel powered trains and 3.6 MJ/Kwh



Chapter 3 -Assessment of C{emissions: data needs, methodology, and reseamtiefvork 41

for electric powered trains (Queens Transport F2@06, Fuel and Energy Conversion and
Equivalence Chart, 2007).

Once the fuel consumption is estimated, the sowifcelectricity generation should be
considered. Lewis et al. (2001) specified £&nissions in terms of power sources: coal-fired
power stations (959.2 g/kwh), oil-fired power stas (818.6 g/kwWh), combined cycle gas
turbines (447.5 g/kwh), and nuclear power stati@ng/kwWh). Nuclear electricity shows the
lowest CQ mass per unit kWh when viewed against other payeeeration sources. As in
the case of diesel production mentioned previousig, emission factors estimated above
include emissions generated from all pre-combuspi@tesses such as the transport of raw
materials, processing, and extraction. The diffeeeof electricity production emissions over
the countries in EU is much higher than the oneibproduction emissions. Norway, for
example, emits very low G(1.7 kg/GJ) when compared to other EU countri8$.@ kg/GJ

in Greece, 257.3 kg/GJ in Denmark, 212.0 kg/GJXetanhd, with an EU average overall of
130.6 kg/GJ. For more detailed information, seevMkeet al., 2001). This discrepancy in the
production emission factors for different countrieainly reflects the type of electric power
generation used (i.e. nuclear, coal/oil, and reidsveesources).

3.3.4 Transshipment and transmission loss

Electricity consumed for loading/unloading and tigh at intermodal terminals is considered.
This research uses the electricity consumptionofaassumed by Kamp et al. (EC, 2005):
5.33 kWh/TEU. Specifically, this factor is calcddt by estimating average electricity
consumption of cranes and lights in intermodal teain(100 kwh/h), the number of TEU

loaded/unloaded per hour (37.5 TEU/ h), and the bmrmof transshipment points (i.e. 2
intermodal terminals). The production emission dactkg/GJ) of electricity discussed

previously (e.g. EU average: 130.6 kg/GJ) is mliighto electricity consumption factor in

order to estimate emissions from transshipment.

Transmission loss is also considered for elegriédr transshipment operation at the
intermodal terminal as well as electric powerethtrln the UK and US, transmission loss of
7.5% approximately is reported (Woolf, F., 2003plal Energy Network Institute, 2007,
Powerwatch, 2007). Thus, about 8% of extra elattneeds to be generated in order to meet
the required power consumption of transshipmented@ctric powered trains.

3.4 Emission models for freight transport systems

In this section, we attempt to clarify the type @hissions (i.e. direct and production
emission) by different mode (i.e. truck and diedelttric locomotive) and process (drayage,
long-haulage, and transshipment). Since this rekeaims to estimate the GOnass of
combined freight systems (i.e. intermodal freighétems), the relationship between entire
door-to-door freight activities and emissions eetitby separate modes is mathematically
modelled and combined in both the aspects of dtracking systems and intermodal freight
systems as follows:
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3.4.1 Notations

Terminals K =11, 2, ... K]

Shippers | =11, 2, ... 1]

Consignees J =11, 2, ... ]]

Modes m = [Truck, DLoco (diesel locomotive), ELd@bectric locomotive)]
Sources of electricity generation = [coal, oil, ieac]

E truck is total emissions from truck trips

E intermodal Dloco 1S total emissions from intermodal freight systamsg diesel locomotives
E intermodal ELoco 1S tOtal emissions from intermodal freight systemising electric

locomotives

Fijm is fuel consumption (KJ/tonne-km) of mode m frota j (or from k to k+1)

Dj is distance travelled (km) from i to |

Wh, is gross weight of load per trip by m (kg)

TEm is exhaust emissions (gy m (kg/tonne-km)

PEms) is production emissions (GOby m (with s sources if the source is
electricity) (g/kwh)

EC is electricity consumption factor (KWh/TEU)tatminals

Qkk+1 is frequency rate of trains (total tonnes arrivédeaminal k/capacity of
train)

L is average transmission loss of electricity kmw power plants and
railways (%)

Xi is 1 if a trip is made, O otherwise

3.4.2 Emission models for freight systems

Etruck = [Direct emissions] + [Production emissions]
= [Hot emissions and Cold emissions] + [Fuel constiom*Emission rate]
- zz (ID ij WTruckX ijTETruck] + |_FTruck Dij WTruckx ij (PETruck)J)
il joo
E intermodai Dioco = [Emissions from drayage] + [Emissions fromdédmauling] + [Emissions
from loading/unloading]
= [Direct emissions from trucks + Production enossi
+ [Exhaust emissions from long-hauling + Prothrcemissions]
+ [Emissions from loading/unloading]

= z Z ([D ik WTruckX ik TETruck] + [FTruck Dik WTruckX ik PETruck]) } Emissions from

Drayage

idl kK

+ Z z (I,D kj WTruckx ijETruck] + I,FTruckD kj WTruckX kj PETruckJ)
e Emissions from

+ Z {([D k,k+1WDLocoX k,k+1TE DLoco] + [FDLoco D k,k+1WDLocoX k,k+1PEDL0c0 ])X Qk,k+l} } Iong—hauling

kOK

+ Emissions from
Hz x(EC)x Y > X; } x @+ L):l X PE ansshiprents) } Transshipmel

i0r joo
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E intermodal Elcco = [EmMissions from drayage]+ [Emissions from ldrapuling] + [Emissions
from loading/unloading]
= [Direct emissions from trucks + Production enossi|
+ [Production emissions from long-hauling]
+ [Emissions from loading/unloading]

= z z ([D ik Wrra X i TETruck] + [FTruck D WrraX i PETruck]) Emissions from

il kK Drayage
+ Z Z ([D kj WTruckx ijETruck] + [FTruckD kj WTruckx kj PETruck])

+ e } Emissions from
Z{([FELOCO D k,k+1WELocox k,k+1(PEELoco + L)]) x Qk,k+1} |Ong'haU|ing
kOK

+ Emissions from
|:|:2 x (EC) x ; J% X ij :| X (1+ L):I x PEtransshipment(s) } Transshipmel

Among several factors, the fuel consumption rajfg)(Rhe exhaust emission rate (f)Eand
the production emission rate (PEdepend on practical and empirical measurements as
reviewed previously. The models are tested in the section.

3.5 Application: numerical example

3.5.1 Estimation of CO, in respect of three freight systems

This paper has specified different types of ,Gflass emitted by truck-only and intermodal
systems, and modelled them in the context of doateor deliveries. The central question for
the numerical example iiow much CQis emitted if 1,000 TEUs (Twenty Foot Equivalent
Units) should move at a given constant sfjgdidis notable that the average speed indicated
in this study is the average driving-only speedead of the average speed. An earlier study
assumed 60 km/h for trucks and 40 km/h for trall@ic, 2007). The average speed in this
research is the plausible driving speed (not thel tistance divided by total travel time,
including delays due to congestion etc.). To compaaight systems with each other, the pre-
and end-haulage needs (i.e. drayage) in intermegdaéms should be considered. Although
the distance of drayage depends on several facorgverage of 50 km might reasonably
reflect the market situation in the EU (Janic, 200 herefore it is assumed that 100 km of the
total transport distance is by truck, leading te tise of truck emission factors for that
distance. The total distance travelled by the sumhly system is assumed to be same as the
intermodal freight system. This is an assumpti@dileg to slightly optimistic values for the
intermodal systems because drayage might leadd&iaur factor >1. The gross weight of a
TEU is assumed to be approximately 20 tonnes4i2h tonnes for tare and 17.75 tonnes for
load) (Janic, 2007, EC, 2005). Therefore in caseuzk-only systems 1,000 trips are needed.
Assuming that the trains have three containersmagon with an average loading factor (i.e.
utilisation rate) of 0.7 and 20 wagons per traem(d, 2007), in case of intermodal systems 25
trips are needed. The average locomotive and wagoghts are approximately 120 tonnes
and 24 tonnes respectively, based on the spedaiicaf the so called Class 66 locomotives.
Thus, the gross weight of a train is 1,340 tonnath, 600 tonnes empty mass, and 740 tonnes
of containers. The EU emission factor for electyigieneration (i.e. 127.4 kg/GJ on average
in European countries (Lewis et al., 2001)) is usedhe crude source of electricity.
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(a) CG emissions from truck-only freight systems
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(Electricity Source in EU average: nuclea®s3 coal/oil 30%, hydro 14.5%, and gas 9%)

Figure 3.5 Total CO, from three systems for 1,000 TEUs

The total mass of COemitted by trucks under given conditions is estedafor various
average speeds (20 km/h to 100 km/h in 10km/hvaterOf course low speeds of 20 — 60
kms are hardly relevant in case of long distanaesiport. However, they are included to show
the impact of speed on emissions. In practice spe$d60-90 km/h are most relevant.
Gradient and temperature are assumed as 0% and re@pectively. The mass of GO
produced by diesel trucks is definitely proportibta the distance travelled. It is not
proportional to the average speed but produces/thleaped pattern, as shown in Figure 3.5
(a). This means the least amount of,G©emitted at around 60 km/h to 80 km/h. The longe
the distance, the more pronounced the U-shapesdtiticttion.



Chapter 3 -Assessment of C{emissions: data needs, methodology, and reseamtiefvork 45

For intermodal freight systems with diesel poweradd electric powered locomotives, £0O
mass is almost proportional to average speed astdndie as shown in Figure 3.5(b) and
3.5(c), respectively. Actually, drayage by trucks intermodal systems is very crucially
affecting CQ mass in case of relatively short transport distance. approximately 200km-
400km). It is notable that the slopes depicting,@@ass in intermodal systems are much
gentler than those of truck-only systems. In othierds, CQ mass from train-based freight
systems shows to be less sensitive to speed.

3.5.2 Comparison of CGO;, from freight systems according to the electricitysource

The Figure 3.5(c) shows intermodal freight systemth electric powered locomotives,
assuming that the percentage of electricity geroeras the EU average (i.e. 35 % of nuclear,
30 % coal/oil, 14.5 % of hydro, and 9 % of gas)wWie et al., 2001). In addition three
scenarios were designed to examine production ems$fom different electricity generating
sources, and to compare them with emissions fr@asetibased intermodal system and truck-
only systems. The scenarios are based on 100%anymbever generation dependency, 50%
nuclear and 50% coal and oil power generation coethi and 100% coal and oil power
generation dependency. As shown in Figures 3.®(@), CQ emissions for each intermodal
system scenario using electric powered trains stimated assuming the same Q0ass per
1,000 TEUSs as used in the previous numerical exanapld are compared with the truck-only
and diesel powered train scenarios. The truck-sydgem always emits more g@an diesel
powered intermodal systems. However, unexpectédiy) 60 km/h on the truck-only system
does nor or hardly emit more than electric poweneéermodal system assumed 100% usage
of coal/oil. Thus, in case of a large share of doall as the input for a power plant the
intermodal freight system does not necessarily Hawer CQ emission than a truck-only
system. Note that there are some countries in tdewBich depend on coal and oil for
generating more than 50% of their electricity nedsiseece 91.7%, Denmark 89.3%, Spain
61.2%, Italy 58%, UK 55.4%, and Ireland 55.4% (Levet al., 2001). If the electricity
provided to electric locomotives comes purely fromclear power plants or from 50%
nuclear and 50% coal/oil plants, then intermodeigiit systems using electric locomotives
emit much less CPthan truck-only systems. Actually, the average,@&mission from
electric powered intermodal system in EU countisesearly the same as in the case of ‘50%
nuclear and 50% coal and olil’.

3.6 Conclusion and further research

Since earlier studies have only considered @@ss from individual freight modes, it has not
been clarified that intermodal systems emits,@@ass less than truck-only systems. The
factors influencing emissions for both freight syss are identified. Through the numerical
example, the C@mass emitted from three kinds of freight systemesestimated at various
average speeds from 100km to 1,000km. In additronpmparing the C®Omass from truck-
only systems with one from intermodal systems basethree power sources scenarios, the
results partially answer the initial questiorfAre intermodal freight systems really more
sustainable than truck-only freight systems in g&ewh CQ emissions?’- in that the use of
electric powered trains does not always result awer CQ emissions, depending on
regional/national power generation conditions. Tiediecause some countries in EU are still
mostly dependent on coal/oil for electricity gerienra This result can offer input for short- or
medium-term strategies for controlling €@ EU countries. E.g. the results show in which
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cases pricing policies could be introduced to eregel shift to intermodal transport resulting

in lower CQ emissions, for example depending on electricibdpction.
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This research is a first step to assess €Missions of intermodal freight transport versus
situation in Europe (Janic, 2007). Especially, i&yhge distance is greater than the long-

truck only systems. Following Van Wee et al.
further improvements. First, the average distarfcérayage used in the numerical example

(i.,e. 50km per one-end) was more or less arbitatijough it reflects logistics market

Figure 3.6 CO, mass from truck-only, diesel powered locomotive Ised intermodal

system,
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haulage in the case of comparison between the -ttalk system and the diesel powered
intermodal system, the increased drayage distaace be problematic. In the case of
comparison between the truck-only system and theetr&d powered intermodal system, the
increased drayage distance can cause that thei@misg the electric-powered intermodal
system based on 100% of coal/oil is even worse timenby the truck-only system at 50km/h
as shown in Figure 3.6(a). The second challendateseto the lack of consideration of empty
back haul rate (i.e. loading factor for returningdr the truck-only system, it is simple to be
considered while another research framework shbealscheeded to analysis the empty back
hauls in intermodal system. It is advised to ineldiémpty back hauls more sophisticated in
the future. Thirdly the total distance travelled tioyck-only system and intermodal system
might differ. Since the geographical distance tigtotoad network is not same as the distance
through rail network, different detour factor (largfor rail than for road) could be used.
Finally, as already announced in the introductian,is recommended to develop a
comprehensive framework for assessing the emissidngehicle including the stage of
scrapping, and including terminal construction.sTWwould probably be a full research project
in itself.
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Toward a better methodology for assessing CO
emissions for intermodal and truck-only freight
systems: a European case study
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Transportation in 2010.

Abstract

This study aims to examine whether the intermodagit system really emits less gan

its road-based counterpart. Three types of fresgbtems are considered: a truck-only system,
a rail-based intermodal freight system, and a Ve@dert sea)-based intermodal freight
system. Furthermore, nine scenarios are designtrirs of four different power sources for
an electrified rail-based intermodal system anddhtlifferent sized ships for a vessel-based
intermodal system. The results show that if the@uwof electricity and the size of vessel are
considered, intermodal systems do not always exs# CQ than truck-only systems.

51



52 Intermodal Freight Transport on the Right Track?

4.1 Introduction

Intermodal freight systems have been recognizedltasnative shipping methods that have
the potential to be more economical and emit fegreenhouse gases than unimodal (i.e.,
truck-only) freight systems. However, “Trends i fhransport Sector” (2006), a report based
on statistics published by the European Commissstiows that the share of road usage
increased (+33.9 percent) between 1980 and 20@tessed in tonne kilometres. Concerns
about greenhouse gases as well as air pollutioea baen raised as road usage has increased
(EC, 1999, 2000, 2003). Due to the increased awarerand concerns, international
organisations and national and local government® lpomoted the need to increase the
share of non-road freight modes that emit less d@eneral (EC, 2002). However, there is
scepticism about whether the intermodal freightesysreally emits less GO

Several emission models for individual transpordeshave been developed. Despite some
differences in details, the fundamental structues similar. The amount of emissions is a
function of vehicle specification (dominant detemamts being manufactured year and engine
type or emissions control equipment, yearly mileamed the size of vehicle), operations
related factors (distance travelled, speed cruimseight loaded or utilisation factors, empty
haul rate, the distribution of different-sized loagl units, driving cycle characteristics
including variables such as the number of stopsd, @her minor factors (slope/curve of
infrastructure, and ambient temperature). The itgpwe of these factors varies between
modes. For example, the source of fuel (diesellestrcity) is only very important for rail
transportation while for barges the impact of tlze ©f vessel on fuel use is important. The
impact of transport distances on emissions is nmoportant for road transport than for rail
and waterborne vessels.

This study treats two large issues on,CGEissions from transport: (1) the method and
assumptions to assess £@®missions from individual modes such as truck], rand
waterborne vessel; (2) detailed issues relatechtermodal systems. In case of the .CO
emissions assessment method for individual modaae&ral previous studies resulted in the
gram of CQ emissions per tonne-km. McKinnon and Piecyk (204@) Van Essen et al.
(2009) recently synthesized them (Appendix 4A).tBam one hand, the reported gram of,CO
emissions per tonne-km was assessed under numassusptions. It would be better to
realise those assumptions and present either & @hgmissions or an emissions function
instead of a simple constant per tonne-km baseg f@or. Finally, it will be demonstrated
that those simple CQactors (i.e., gram of Cemissions per tonne-km) are valid only under
a particular assumptions. On the other hand, indhse of intermodal freight systems
(including not only the modes involved but alsansfaipments), additional issues need to be
taken into consideration such as the differencgeafgraphical scope between truck trips and
rail trips, terminal operation, and the impact ofyhge distance. Specifically, this study
identified six issues that need to be included Wwhich are quite often underestimated by
researchers when G@missions for intermodal transport are assessddcampared with
truck-only systems. Some of these issues alscetaeant to calculate emissions of individual
transport modes, but become of particular relevamieen comparing intermodal transport
with single mode transport. First, earlier studimsused on emissions from unimodal freight
transport systems based on door-to-door delivenytftick systems) or terminal-to-terminal
delivery (for rail systems). However, for intermbdystems, emissions from terminal-to-
terminal by long-haul and emissions from origintdegion to terminals and vice versa
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should be taken into account separately. This ggdugcal distinction between truck-only and
intermodal systems—one of the main focuses ingtudy—can cause serious miscalculation
when considering emissions from different transpsystems. Second, emissions from
terminal operations (e.g., from the electricity somption of electric cranes and lighting,
from forklifts and from reach stackers) have notrbancluded. Third, the production
emissions of fuel, which can affect the global emwinent in the medium-term, often have
been ignored. The fourth issue is the consideratf@ources of electricity related to electric-
powered trains and terminal operations. Local glgtt supply is rarely considered. The fifth
issue is the loss of electricity due to transmis$iom the power plant to locations of use (i.e.,
railway and terminal). The sixth issue is ignormgliversity of loading units with different
weights and sizes. This issue in particular shdaddconsidered, since intermodal systems
only allow standardized loading units. The sevastiue is the capacity of vehicles/vessels
and the (often related) utilization factors. Needl¢o say, two 500-TEU vessels are more
efficient than five 200-TEU vessels, for examplée3e seven issues should be specified and
included in the C@emissions assessment process.

The European Commission (EC) (1999) overcame i igsue (the production emissions of
fuel) by developing a comprehensive model to asgageus emissions from different types
of transport modes. This model, Methodology for ddkting Transport Emissions and
Energy Consumption (MEET), also provided a backgdoagainst which to consider the
effects of different sources of electricity at tt@untry level, which partially overcomes the
fourth issue. However, although the report was wegful for assessing emissions from each
individual transport mode, it was not applicable tbe combination of freight transport
modes, the so-called intermodal (or multimodal)gine system. Therefore, the EC research
evolved to assess emissions from whole transpatesys instead of individual transport
modes, and to compare each at the level of thghiraystem. The new model based on the
MEET was called REal COst Reduction of Door-to-dmwermodal Transport (RECORDIT)
(EC, 2000). Environmental impact was estimated naweurately under the new model,
because the study limited the geographical bounalatlye corridor level (i.e., several factors
such as distance travelled and average speed Wwseeved in a more realistic way for certain
routes). RECORDIT completely surmounted the fired ¢hird issues identified by this study.
It also partially improved the second and sixtluéss However, the focus of RECORDIT was
to estimate the full cost, internalizing the extdroosts in monetary terms. Accordingly, the
eventual focus was the comparison of the final éokt between different freight transport
systems rather than the estimation and comparis@mdesions. In addition, the fourth and
fifth issues were not addressed in this report. edixeless, RECORDIT included vast
amounts of information useful for freight emissi@ssessment.

Based on these two EC projects, Kim and Van Wed9RG&Gummarized data needs,
methodologies, and research frameworks for asgp€¥ih emissions from freight transport
systems, including intermodal and truck-only systamterms of type of fuel sources (i.e.,
diesel and electricity). However, they did not ddes CQ emissions from waterborne

transports. In addition, since their focus was ¢évealop a framework and to identify data
needs, the model was not fully demonstrated buplyimpresented at the conceptual level
using several assumptions. Another EC project,tPiotions for Combined Transport

(PACT) (EC, 2003), which is mainly based on the kvof the Institute for Energy and

Environmental Research (IFEU) and the Association $tudy of Combined Transport
(SGKV) (2001, 2002), demonstrated that the enviremtal friendliness of intermodal freight
systems in terms of CQdepends on the study area and boundary. IFEU @ivS2001)
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paid special attention to the first issue. They parad several case studies that considered the
third, fourth, and sixth issues. The most recembpeian Commission project on the emission
assessment from transport, Regional Action for &igal Integration of Shipping across
Europe (REALISE), concentrated on the environmeintgdact of transports. This project
showed a clear comparison between truck-only ftesgbtems and intermodal freight systems,
satisfying the second and third issues mentionedebut missing the production emissions
issues (Kamp, Lloyd, and Vassallo, 2005).

The current study aims to include all the issueat&d in the previous two studies (all the
issues mentioned above except the last), developdel assessing G@missions for truck-
only systems and rail-based and short sea-basedmintlal freight systems, and finally,
compare CQ@ emissions generated by those systems in a givea aeea. In addition,
scenarios for electricity generation are considefé@ remainder of this paper is organized as
follows. Section 2 presents intermodal transpodggaphy, introduces the semi-Life Cycle
Assessment (LCA) model and briefly describes théhounlogy and data for both individual
transport modes and combined freight systems. @e8tpresents a case study. By combining
each process (i.e., drayage by trucks, transhigna&nthe terminal, and long-haulage) into
three freight systems with consideration of fowgcticity generation options for rail-based
intermodal systems, nine scenarios are designegdcl-only system (TO), a diesel powered
train-based intermodal system (DI), four electriavered train-based intermodal systems (El
1, 2, 3, and 4), and three different size vessséthantermodal systems (VI 1, 2, and 3).
Section 4 presents a sensitivity analyses for fesuwes: drayage distance, average cruising
speed, the ratio of 20ft/40ft containers, and nunadbdlat cars for rail options (i.e., impact of
shorter/longer trains). In Section 5, we attemptatswer the question, “Does the rail-
based/vessel-based intermodal freight system reatly less CQ one than the truck-only
freight system?” and summarize findings, limitasand topics for future study.

4.2 Methodology

4.2.1 Intermodal transport geography

The ECMT (European Conference of Ministers of Tpamg defines an intermodal freight
system as follows: “Intermodal transport is the ement of goods (in one and the same
loading unit or vehicle), which uses successfullyesal modes of transport without handling
of the goods themselves in transshipment betweenntbdes” (ECMT, 1998; Janic and
Reggiani, 2001; Bontekoning, Macharis, and Tripg)40 Figure 4.1 represents a geographic
distinction of both intermodal freight systems andk-only systems based on a door-to-door
container trip. Intermodal freight systems inclutteee main stages: drayage, terminal
operation (transhipment), and long-hauling. Draydgethe stage for collection and
distribution. The transhipment process at an intelah terminal is loading the collected
loading units using trucks in non-road modes ame viersa. Long-hauling, which gives the
intermodal freight systems a great advantage thregpnomies of scale, is the movement
between intermodal terminals. Therefore, the doettdor distance in an intermodal system
for container movement is different from the trumkly system. Van Wee et al. (2005)
suggested detour/circuitry factors to overcome glisgraphic difference in general. However,
since detour factors depend on the study arealisitence travelled by different modes should
be based on the transport networks in the studytarestimate more accurate distances.
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Figure 4.1 Conceptualisation of intermodal freighttransport systems and truck-only
systems (Source: EC (1998) and Kim and Van Wee (200

As discussed previously, the IFEU (Institute foeEgy and Environmental Research) and the
SGKYV (Association for Study of Combined Transpaittempted to clarify this issue by using
pilot studies with different transport network®(j.road and railway). As shown in Figure 4.2,
they concluded that the total intermodal distandeakvays be longer than for a truck-only
system, except when the shippers/receivers andefmtnals are on the same line (IFEU and
SGKYV, 2001, 2002). One method to simplify this s$sito assume the drayage distance as a
constant (e.g., 50 km of drayage distance at eadh(Rutten, 1995; Janic, 2007)), which is
only taken into account in intermodal systems i€ tbpecific locations of origin and
destination are unknown.
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Figure 4.2 Distance of intermodal freight system @production based on IFEU and
SGKYV, (2001))

4.2.2 Semi-life cycle assessment

In this research, Life Cycle Assessment (LCA) miaglis partially used to estimate specific
transportation emissions, making comparisons atsyiséem level possible. In recent years,
increasing attention has been paid to this tecleniquhe field of energy consumption and in
emissions from freight transportation (Spielmanad &cholz, 2005; Facanha and Horvath,
2006). However, since LCA is an attempt to assesgamentally harmful effects over a
long period, it is not always appropriate in shamt-medium-term analysis because the life
cycles of infrastructures used in freight systemes reot comparable. In addition, emissions
from the infrastructure do not affect the enviromtneuch in the short- and medium-term.
However, including emissions related to manufaoty/scrapping vehicles and
constructing/deconstructing/ maintaining the ininasture is definitely meaningful in
examining long-term effects.

Since we focus on short- and medium-term analyhis, study includes emissions from
exhaust and the production of fuel, but excludesssions from the construction of
infrastructure and vehicle manufacturing, definthg process as Semi-LCA (Kim and Van
Wee, 2009) which is used later in the case studmi&CA is applicable in the short- or
medium-term when two freight transport systemscampared using the same criteria. For
example, since electric trains do not emit Gfiring operations at the vehicle level, the
emissions produced cannot be compared with othetemolnstead, emissions from the
generation of electricity, the so-called “produnti@missions,” need to be considered.
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Specifically, emissions from extracting, refinirend transporting crude oil are included in
production emissions (EC, 1999; Facanha and Hore&6; Kim and Van Wee, 2009).

4.2.3 Top-down and bottom-up approach

Generally, two methods of estimating emissions ftaansports are used in current practice:
top-down and bottom-up (Van Wee , Janse, and Vanhkiimk, 2005). The former uses
aggregate statistics about emissions as well &s tahtors influenced such as freight demand
for and distribution of type of vehicles while thater focuses on examining emissions by
using chemistry or physics principles. The latteemiore appropriate for examining the impact
of individual determinants on emission levels whilee former is more appropriate for
practical application. The two methods are complaarg. For the purpose of this research,
the top-down approach is used mainly, but someildetauch as emission factors) are
obtained by bottom-up methods. In other words,bdasic equation for estimating emissions
from transport using the top-down approach in #tigly is a function of transport activity
profiles and fuel consumption that are obtainedfiaexl by the bottom-up approach (EC,
1999).

Our combined approach is based on the MEET pré§e€t 1999), which is used as the main
methodology to assess ¢@missions in this study. Once the inputs (e.gmaitel, fuel,
distance travelled, load weight, speed, gradienbiant temperature, etc.) and outputs (e.qg.,
mass of CQ are identified, the relationship between thegauis and outputs is clarified
using regression equations estimated by the MEHjegr (EC, 1999). Then separate
estimates are made for the £@ass of four different freight modes (truck, dldeseomotive,
electric locomotive, and vessel). Also, as mentibpeeviously (Subsection 2.2), the scope of
the production emissions is limited to those ineldidn the Semi-LCA (i.e., all emissions
from fuel extraction, refining, and transportatioiifuel). Specifically, in order to assess such
production emissions properly, the fuel consumpteirould be estimated in advance.
According to the Carbon Balanced Method, the fumhstimption is estimated based on
exhaust CQ@ emissions and other emissions such as CO (carbonoxide), HC
(hydrocarbons; also referred to as volatile orgaaimpounds (VOC)), and PM (particulate
matter) (EC, 1999). Specifically, it is presentedeq. (1) as follows (EC, 1999):

[FUEL]=a2+r1)x([C02]+[Co]+ [HC] +a{PM]] 1)
44 " 28 @2+r) 12

Where:

[FUEL] is the mass of fuel

[COy], [CQ], [HC], and PM] are the masses of direct (exhaust) pollutants

r; andr, are the hydrogen to carbon ratios of the fuelld@demissions respectivelyi(andr;
are 2.0 for diesel (EC, 1999))

a is the proportion of carbon in tR&M emissions (a=1 is used in EC (1999))

Once the amount of fuel consumed is estimated ifegettdependent modes (trucks, diesel
locomotive powered trains, and waterborne vessgtsjjuction emissions are estimated by a
pre-defined factor: how much G@missions are generated when 1 kg. of dieseltraard,
refined, and transported (before it is used fagfretransportation): 6.96 kg. of GOGJ.
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For trucks, direct (exhaust) emissions consistaifdnd cold emissions. The amount of the
direct emission is used as the input for the catimlance method (i.e., fuel consumed should
be balanced with emissions generation) to estinfiaée (EC, 1999). Then, production
emissions are considered, including the emissioesemted during the processes of
extraction, crude oil transportation, and refinirfgnally, by adding the two types of
emissions, the total emissions from trucks arereggd.

For intermodal freight systems, there are threegsees (drayage, long-hauling, and terminal
operation), each resulting in a different extenteafissions (direct and production). In the
long-haulage process, three types of long-haulinges are considered: diesel powered train,
electric powered train, and vessel (diesel bagedpscription of the vessel-based intermodal
system is omitted since it is similar to the digsmiered rail-based intermodal system.
Electrified vehicles generally emit pollutants iiffefent ways than diesel vehicles. That is,
direct emissions (those at the vehicle level) dbaxist. Instead, emissions are at the power
plant level (production emissions). It is notalfiattthe emission factor of a truck-only system
is also used in the drayage stage of intermodaHtesystems. Furthermore, for intermodal
systems using electrified trains, some power soganarios are considered to estimate
production emission rates (e.g., 100 percent nucB20 percent coal/oil, and 50 percent
nuclear and 50 percent coal and oil). For detaiedhematical/technical methodologies to
assess Coemissions, we refer to EC (1999) and Kim and VaeW2009).

4.3 Case study: a corridor between Western and EasterBurope

The following case study aims to test the emissmmalels formulated in the previous section.
Nine scenarios, including combinations of freighode, fuel/energy sources, and size of
waterborne vessels, were designed to assess thee@i@ed from freight systems and to
compare each at the freight system level. The assons of the case study and
characteristics of the study area are describeen,TBQ emissions corresponding to the nine
scenarios are assessed and compared.

4.3.1 Assumptions and characteristics of three freight sstems in the study area

The CQ emissions assessments model for different fregystems are applied to three
corresponding routes in a Western-Eastern Europedoo between Rotterdam in the
Netherlands and Gdansk in Poland. This corridor was of the major freight corridors
between Western and Eastern Europe (Walker eR@04). In the port of Rotterdam, the
largest container hub in Western Europe, contaiaegscollected from neighbour countries
(Belgium, Northern France, Western Germany, and ebuxourg) and distributed to
destination hubs. In this study, the port of Gdawsls selected as one of the most feasible
partners of the port of Rotterdam in Eastern Eutopmeet the increasing container demand
between Western and Eastern Europe. This subsdwigfty describes some necessary inputs
and the methods used to obtain them.

Distances

Fuel consumption and G@missions are distance-dependent. In order toratety estimate
the distance travelled, the shortest path findeahnique is used in Network Analyst, one of
the extension of ArcGIS (Geographic Information t8gg). Figure 4.3 visualizes a primary
road network excluding a lower level of roads (glocal and inter-city roads). A major rail
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network excluding passenger-only rail lines andribes short-sea route from Rotterdam to
Gdansk are used to estimate the distances fobaagd and vessel-based intermodal systems
(Rotterdam, 2007), respectively.

Speed and travel time

CO, emissions from transport are highly correlatedpgeed (Kim and Van Wee, 2009). In
addition, the speed of a transport mode deterntnagel time. Since travel time is one of the
most crucial factors in freight mode choice, it sldoat least be mentioned to justify this case
study. The issue of speed is specified first arah ttravel time is discussed. Two types of
speed are considered: average and average crufiegage speed is defined as the total
distance per total travel time, and is used tavede the total travel time. Average cruising
speed is the average driving-only speed, whiclséluo assess G@missions in this study.
Considering average speed shows the feasibilitthisf case study even though it is not
relevant for the assessment of £énissions. Therefore, it is worth taking travehei into
account, assuming a reasonable average cruisingd sped time losses for three freight
systems. With reference to speed limits and teehratiowances along the corridor, we
assume that cruising speeds for truck-only sysigomg-haul), freight trains, and vessels are
90km/h, 90km/h and 20km/h (about 10.5 knots), retspely. The main time loss for both rail
and vessel intermodal freight systems is duringstngpment (loading/unloading at ports or
terminals). In addition, the rail intermodal systeeguires 30 minutes to 1 hour to change
locomotives at some borders (EC, 2006). The trudig-eystem loses time for truck drivers’
resting/sleeping time because drivers must follawogean regulations. More specifically,
for the truck-only system, assuming 20 hours favidg (10 hours/day as per European
regulations) and 24 hours for sleeping and eatddghours are taken. However, cold and
idling emissions are not taken into account in dase study because of their very low share
in overall emissions during long-distance transgortthis case, more than 1,000 km) (Kim
and Van Wee, 2009). The rail-based intermodal systees not need driver sleeping time,
but requires drayage time, transshipment timeeatdiminal and locomotive changing time at
the border (EC, 2000). Assuming a drayage distdmceach end of 50km (Rutten, 1995;
Janic, 2007; Rotterdam, 2007) and an average spe6@km/h by local trucks, two extra
hours are added. In total, 45 hours are taken Rotterdam to Gdansk. In the same manner,
the total travel time for short sea shipping iseatimated 71 hours. However, if it is assumed
that all facilities in the logistics chain run farcertain time (e.g., between 8 a.m. to 5 p.m.), in
practice the three freight systems have similavelralays although the truck-only system
seems to be faster than the other systems. Therefdermodal freight systems, at least in
this case study, are plausible in terms of econ@spects because they are not expensive and
are not crucially slower than truck-only systems.
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Figure 4.3 Study area and routes for different freght systems

Demand and Loading UnitsThere are several waysxpoess freight volumes: tonne-km,
vehicle-km, or LU (loading units)-km. When the imtedal freight system is compared with
the truck-only system, the LU-km seems to be thestnappropriate because the units of
measurement at the terminal are mostly indicateeénms of LU (e.g., a tonne of GOEU,
€/40 foot container (EC, 2000)). However, the dsttion of several types of containers/swap
bodies make the loading unit issue more complicaldds issue becomes crucial when
intermodal freight systems are compared with trockr systems. For example, a long-
distance truck mostly loads one container regasddéds size. For trains and vessels, one 40-
foot container occupies twice the space of thed2@-€ontainers. This is the main reason to
specify the distribution of some types of contasndrhis case study considers two types of
containers: 20-foot and 40-foot.

In 2008 in Rotterdam, 20 ft.-containers had apprately 33 percent of the total container
throughput (expressed in TEU), the share of 4@dhtainers was approximately 67 percent
(Port of Rotterdam, 2008). In other words, if wasider of each 1,000 containers, nearly 500
are 20 ft. containers and 500 are 40 ft. contaifresilting in 1,500 TEU in total). The reason
to specify the size of container instead of ushegunit of TEU is the non-linear relationship
between container size and weight. The average gvegyht (including tare weight) of a 20-
foot container is 14.3 tonne, while the value fatOafoot container is 22.2 tonne (EC, 2000).
In other words, the doubled size of a 40-foot cimretaresults in less than double the weight
and less than twice the emissions. The impactetdmposition of different sized containers
on CQ emissions will be examined in the sensitivity gaat in the next section. Also, 20 ft.
and 40 ft. containers are regarded as Type C apd Ayswap bodies, respectively (EC, 2000).

Capacity and loading factors

We assume that the train length is 550 m, allowg@gwagons per trip. Accordingly, this
study assumes that 50 TEUs can be moved at oneatim&aximum. We assume that three
different-sized short sea shipping vessels are: 2#, 500-, and 800-TEU vessels. Loading
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factors for the truck-only system, rail system, aedsel system are assumed as 1.0, 0.75, and
0.75, respectively. The loading factor for the kramly system can be assumed because a
truck can carry at most one container regardleshenfype of the loading units, as discussed
previously. For the loading units for rail and dhea shipping, RECORDIT was consulted
(EC, 2000). Inputs in terms of freight systemssamamarized in Table 4.1.

Table 4.1 Comparison of characteristics of three &ight systems in the study area

Fuel Distance (km) | Average Average Travel | Capacity Loading
cruising speed (km/h) | time (Maximum) | factor
speed (km/h) (Hours)

Truck-only Diesel | 1146 90 60 34 One 40 ft| 1.0
system (TO) container or
two 20 ft
containers

Diesel powered Diesel | 1130 (long-| 90 for DI and 50 for DI and| 45 75 TEU per| 0.75
rail-based haulage) + 100 60 for | 50 for trip
intermodal (drayage by drayage drayage
system (DI) trucks) = 1230

Electric powerel|Electricity] 90 for | 50 for | 45 75 TEU per| 0.75
rail- based El and 60 for| El and 50 for trip
intermodal drayage drayage
system (El)

Short sea-based Diesel | 2700 (longt 20km/h for SI| 20km/h for SI| 71 200-/500- | 0.75
intermodal haulage) + 100 and 60 km/h| and 50 km/h /1,000-TEU
system (SI) (drayage by for drayage | for drayage per trip

trucks) = 2800

The central question for the case study is how n@Ghis emitted if 1,500 TEU (500 20 ft.
containers and 500 40 ft. containers) move froncgdaaround Rotterdam (from distances of
at most 50 km) to places around Gdansk (up to 59?Kihis is more specific than the
question asked in the beginning of this study, Wwhethe intermodal freight system really
emits less C@than the truck-only freight system. Using sevexrssumptions in terms of
demand, vehicle/vessel specification, and travaratteristics, the number of trips for each
system can be estimated. Using this assumptio®01tfuck-only trips are needed for the
1,000 containers. Specifically, 500 20 ft. trucksl ®00 40 ft. trucks should be used. For rail-
based intermodal freight transport, assuming thattains have one 20 ft. container and one
40 ft. container per wagon with an average load@atpr of 0.75 and 22 wagons per train, 30
trips are needed (i.e., 50 TEU per train). The ayedocomotive and wagon weights are 120
and 21.5 tonnes respectively, based on the spabiiits of the so-called “Class 66”
locomotives (Kentrail, 2008). Therefore, the gressght of a train is approximately 1,400
tonnes, with 600 tonnes of empty mass and 600 sonheontainers (i.e., 14.3 22+22.2 22)
assuming it is fully loaded (loading factor=1.0prRhe vessel-based short sea intermodal
freight transport system, if a 200-TEU vessel viti5 of loading factor would be used for
the short sea route, 10 trips are needed to sBOITEU (500 TEU + 500 FEU). If a 500-
TEU vessel and a 1,000-TEU vessel with the samdirigafactor (0.75) were operated, four
trips and two trips are required respectively.

4.3.2 Electricity scenarios and results

Nine scenarios were designed to examine direct{mtamh emissions in terms of the main
long-hauling/drayage transport modes, sourceseatritity, and size of waterborne vessel, as



62 Intermodal Freight Transport on the Right Track?

shown in Table 4.2. The scenarios for electricépegration are based on 100 percent nuclear
power generation dependency, 50 percent nucleapebfent coal and oil power generation
combined, 100 percent coal and oil power generatigpendency, and European average.
Note that for the production of electricity usedeminals we assume the European average
of the fuel used.

Table 4.2 Nine Scenarios

Freight Systems Electricity Scenarios Vehicle Capa
Alt 1 Truck-only systems (TO) N/A 1-2TEU
Alt 2 F)lesel powered train N/A 75 TEU
intermodal systems (DI)
El-1:
EU average: 35 %
Alt 3 nuclear, 30 % coal/oil,
14.5 % hydro, and 9 %
Electric powered traingas (Lewis, et al, 2001
: _ 75 TEU
Alt 4 intermodal systems (El 1 to 4) E|-2: 100% coal/oil
Alt 5 EI-3: 100% nuclear
4 0 i 0,
Alt 6 El-4: 50% coal/oil, 50
nuclear
Alt 7 N/A SI-1: 200 TEU
Short sea-based intermodal ]
Alt 8 systems (SI 1 to 3) S| -2: 500 TEU
Alt 9 S1-3:1,000 TEU

The CQ emissions for the nine scenarios are presentétgyire 4.4. Overall, the ranking in
terms of the lower mass of G@missions is Alt5 — Alt 2 — Alt6 — Alt3 — Alt 9Alt 4 — Alt 1

— Alt 8 — Alt 7. Before discussing the results wiethy explain a few issues that might lead to
a better understanding for Figure 4.4: (1) Alt § haither a drayage nor a terminal operation
part; (2) no direct emissions are produced duriegtefied rail options (Alt 3 — 6); (3) the
emissions from both terminal operations and drayagesqual for all intermodal options (Alt
2 —9); and (4) production emissions in the digselsport options count for approximately 10
percent of direct emissions (Alt 1, Alt 2, Alt 7=9)he specific findings are summarized as
follows. First, the 200-TEU vessel-based intermayastem (Alt 7) emits the highest mass of
CQO,, while the short sea-based intermodal system dhmtdeast CQemissions. McKinnon
and Piecyk (2010) developed composite emissiomfador intermodal combinations. They
showed that the small container vessel based ingahsystem always emits less £&xcept

in the case of electric rail transport with a hgjirare of nuclear power (as in France): 15.9
grams of CQ emissions/tonne-km for short sea-based intermsgstems, 21.2, grams for
electrified rail based intermodal systems (EU age)atrue 10.0 grams for electrified rail-
based intermodal systems assuming the power plerage fuel mix of France, and 25.9
gram for the diesel powered rail-based intermogatesn, respectively. Our results partly
confirm those of McKinnon and Piecyk (2010) . Howewvthey did not consider that short
sea-based intermodal transport often has a highudé&ictor. In our case study, the distance
of the main haulage in the case of short sea toah$p,700 km) is more than twice that of
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truck-only transport (1,146 km). Our case couldels&reme, so we suggest that our results
should not be generalized. Nevertheless we thinuddactors should be included; because
of the sometimes relatively high detour factor $bort sea shipping, this mode is not always
the least- C@emitting alternative. Second, in general the sewfelectricity generation is
the most important factor— G@missions of intermodal rail-based transport aveekt with
nuclear power generation (Alt 5) and highest witlalcand oil (Alt 4). Third, for the CO
emissions of short sea intermodal systems, vegzelisthe most important factor. Despite
the extreme detour of Alt 9, thanks to the largee of the vessel, it emits less €than Alt 1.
Note that the suitability of vessels depends orwolt characteristics and the level of
demand: the higher the demand, the more likelyuee of larger vessels. Fourth, in general,
the diesel powered rail-based intermodal systenh ZAlemits less COthan the electrified
rail-based intermodal system, assuming the avemawebination of electricity power
generation (Alt 6).

Tons of CO; Emissions

1,800

1,600 -

l-:.l

Drayage

1400 -

1,200 -

.I
o w] | Drayage
_m_

1,000 -

800

600 -

400 |

200 -

MmN

DN\
-:EE:

Altl Alt2 Alt3 Alt4 Alt5 Alte Alt7 Alt8 Alt9

I Production Emissions of Drayage
Direct Emissions of Drayage

[ Emissions of Terminal Operations

B Production Emission of Main Haulage
Direct Emissions of Main Haulage

Figure 4.4 Comparison of CQ emissions for nine scenarios in tonne
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4.4  Sensitivity analyses and discussions

In the previous section, values for some factorsevessumed that do not necessarily meet
logistics operations in practice. This section prés a sensitivity analysis for those factors

shown in Table 4.3.

Table 4.3 Factors in the sensitivity analyses

Factors

The magnitude assumed
this study

iThe magnitudes examined
sensitivity analysis

in

Drayage Distance

50km at each end (100k
in total)

mMBOkm (60km in total), 70kn
(140km in total)

Average cruising speed (TQ)0km/h 80km/h, 100km/h

- 210 20 ft. container
# of 20 ft. containers in .| (accordingly 645 40f
1,500 TEU (The remainde‘s?ﬁ(gzordzig | ft'SOgon;r%mefrtbcontainers)
is assumed as 4Oﬁ'containergs])y - 810 20 ft. container
containers) (accordingly 345 40ft

containers)

[72)

# of wagons for rail options

22

18, 26

The sensitivity analyses aim to examine the impmdceach factor on COemissions and
accordingly to check the change of the rankingeesl in the previous section (the ranking
of the base case was Alt5 — Alt 2 — Alt6 — Alt3 k A— Alt 8 - Alt 4 — Alt 1 — Alt 7).

4.4.1 Drayage distance

As the drayage distances decreases to max 30 kene, i no change in ranking. The truck-
only system has the highest €@missions, except from Alt 7 (short sea and a lkigtour
factor, 200 TUE ships). When drayage distancesasas to max 70 km, there is a minor
ranking change: Alt 1 and 4 change, resulting endtder Alt 5 — Alt 2 — Alt6 — Alt3 — Alt 9 —
Alt 8 - Alt 4— Alt 1 — Alt 7. The change is the result of a very sroainge in C@emissions.

4.4.2 Average cruising speed for truck-only system (TO)

When cruising speed is decreased to 80km/h, appaigly 114 tonnes of G@missions are
reduced in Altl. The consequence is the changarndf lbetween Alt 1 and Alt 4: Alt5 — Alt 2
— Alt6 — Alt3 — Alt 9 — Alt 8 -Alt 1 — Alt 4 — Alt 7. Assuming a cruising speed of 100km/h,
CO, emissions increase by 200 tonnes. The effectite gimilar to the case of the decreased
drayage distance. Although there is no ranking gbarhe difference in COemission
guantity between Alt 1 and Alt 7 decreases from 22Be base case to only 23 tonnes.

4.4.3 The number of 20 ft. containers in 1,500 TEU

Generally speaking a reduction in the share (aachtimber) of 20 ft. containers results in a
reduction in CQ emissions because of the reduction in weight. Nio& in this test the
weight of the load to be transported implicitlyclsanged as well, so the sensitivity tests do
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not assume equal cargo to be transported. If thebeu of 20 ft. container is reduced from
500 to 210, C®emissions from trucks decreased from 1,308 tomoek212 tonnes (-96
tonnes). However, in the rail-based intermodal@yj the impact is much lower (-14 tonnes
in case of Alt 2) because the lower load weighdfisnuch less importance. Figure 4.5 shows
feasible distributions of containers over flat tgres. Specifically, a feasible distribution over
both 20 ft. and 40 ft. containers to flat cars um base case is as shown in Figure 4.5(a) while
the distribution for both sensitivity tests are whan Figure 4.5(b) and d(c). The changes of
ranking in case of the first test 4(b) is: Alt A 2 — Alt 6 — Alt 3 - Alt 9 — Alt 8 -Alt 1 —

Alt 4 — Alt 7. If the number of 20 ft. containers in 1060EU would be 810 (Figure 4.5(c)),
there is no change of the ranking.

- # of flat cars = 22

I < - X 5 [ ] X 5 - 51 TEU on flat cars
oo————00 ro——o Coo———o - 30 trips

(a) A feasible distribution of two types of contais over flat cars for the base case
(i.e. 500 20ft and 500 40ft containers)

- # of flat cars = 22

_- X 7 _ X 1E X 0 - 51 TEU on flat cars
roo—oo e ————

- 30 trips

(b) A feasible distribution of two types of contais over flat cars for the 10% of 20ft containers
(i.e. 210 20ft and 645 40ft containers)

- # of flat cars = 22

I - . e % 2 [ ] ] X 7 B x 3 - 51 TEU on flat cars
oo o TO TOo TO o0 o————o - 30 trips

(c) A feasible distribution of two types of contais over flat cars for the 40% of 20ft containers
(i.e. 810 20ft and 345 40ft containers)

Figure 4.5 Feasible distributions of two types ofantainers over flat cars for the base
case and two alternative cases (10% and 40% of 2@bntainers respectively)

4.4.4 The number of flat cars for rail options

When the number of flat cars decreases, rail optemit more C@because then more trips
are needed. Longer trains emit less,@@r unit. In the case of 18 flat cars (four rentbflat
cars resulting in six more rail intermodal tripssbiborter trains), the ranking is changed to: Alt
5— Alt 2 — Alt6 —Alt 9 — Alt 3 —Alt 8 - Alt 1 — Alt 4 —Alt 7. In the opposite case (i.e., the
number of wagons is 26—longer trains) the ranksnghianged to: Alt 5 — Alt 2 — Alt 6 — Alt 3
—Alt9-Alt4-Alt8 - Alt1 - Alt 7.

Our overall conclusion is that changes in the aggioms could lead to changes in the ranking
of transport alternatives. As a result, it is risgydraw generally applicable conclusions with
respect to C@emissions of options to transport goods.
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4.5 Conclusion and future research

Chapter 3 in this dissertation overcame most sborilags of previous studies (i.e., the five
issues out of six discussed previously: the gedugcap distinction between truck-only and
intermodal systems, emissions from terminal openati production emissions of fuel, the
source of electricity, the loss of electricity) (Kiand Van Wee, 2009). This extended version
adds four issues to the last version and examineasa study. First, the total distances
travelled by truck-only systems and intermodal esyst are considered based on the
corresponding network system. The distances estnay GIS for the case study were more
accurate than those derived using detour/circdagtors. In addition, the average speeds
cruised by trucks, trains, and vessels are coreidéno. Second, the issue of loading units is
specified as 20 ft. and 40 ft. containers. Thir additional intermodal freight system (short
sea shipping intermodal) is included in the analySinally, the extended model is applied to
a case study. Furthermore we included a sensitaniglysis for the values of factors that
affect CQ emissions.

In considering the initial question of whether tlad-based/vessel-based intermodal freight
system really emits less G@han the truck-only freight system, we found thtas is not
always true. Results depend on assumptions withectgo factors such as the source of
electricity, size of vessel, drayage distance réti® of 20 ft. to 40 ft. containers, the average
cruising speed for truck-only systems, and the remalb flat cars for rail options is taken into
consideration. The first two factors are examimed iscenario analysis (Section 3) while the
other factors are examined in sensitivity analy&esction 4). In both the scenario analysis
and sensitivity analyses, the ranking regarding €fissions clearly was changed. According
to those results, at least in Europe, the interinbidaght system does not always emit less
CO; than truck-only systems. The results in this stoolyld show the contradiction to tonne-
km based C@emissions factors to some extent (See Table 4k (Appendix 4A).

This study might require further improvement. Thrstfchallenge for future research is the
consideration of the empty back-haul rate. Thid igkd to the different loading factors for
the return trip. It would be simple to consider treck-haul rate for the truck-only system,
while another research framework would be neededartalyze empty back-hauls in
intermodal systems. The second challenge relatdeetoonsideration of different truck types
to be used for drayage versus the truck-only syskemractice, in most cases, the trucks used
for drayage have different characteristics thans¢hased for long-distance haulage. In
particular, drayage trucks tend to be older and lel efficient. As a result, different
emissions factors would need to be used for mocerrate results. Third, we recommend
developing a comprehensive framework (i.e., a EGW), including the emissions for
scrapping and infrastructure construction/deconstin for long-term analysis.
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Appendix 4A

Table 4A (a) Published emission factors for heavyrtaculated truck

Organization| Gram of CQ/tone-km Assumptions about vehicle loading
NTM 59 60% utilization
IFEU 66 Average
TREMOVE 77.2 >32t GVW
DEFRA 82 >32t GVW/27% empty running/59% load factor
INFRAS 91
ADEME 109 max load 25t/21% empty running/57% loackdr
STREAM 120-160 > 20t GVW
Max Planck 182 > 40t GVW
Institute
80 < 40t GVW

Source: McKinnon and Piecyk (2010) and Van Essexh.@009)

Table 4A (b) Published emission factors for rail feight movement (Gram of CQ/tone-

km)

Organization All rail freight Diesel-hauled Electihauled
ADEME 7.3 55 1.8
NTM 15 21 14
AEA Technology 20
DEFRA 21
INFRAS 22.7 38 19
TRENDS 23
TREMOVE 26.3
IFEU 35 18
McKinnon/EWS 18.8
STREAM 20 - 60 15- 60

Source: McKinnon and Piecyk (2010) and Van Essexh.@009)

Table 4A (c) Published emission factors for inlandvaterway/barge movement

Organization Gram of C{ione-km Assumptions
INFRAS 31
TRENDS 31
TREMOVE 32.5
IFEU 28-35
STREAM 35-95 32 TEU
STREAM 40-105 96 TEU
STREAM 30-90 200 TEU
STREAM 25-80 470 TEU
STREAM 10-40 1,900 TEU (Deep sea)

Source: McKinnon and Piecyk (2010) and Van Essexh.@009)
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Table 4A (d) composite emission factors for intermgal combinations

Intermodal combination Road distance as % of totgl
5% 10% | 15% | 20%

road-rail average rail freight 24.0 26.0 280  30.0
electrified rail (EU average) 21.2 23.B 25/5 27.6
electrified rail (France) 10.0 12.8 156 18.2
diesel rail 25.9 27.8 29.7 31/6

road-inland 32.6 34.1 35.7| 37.2

waterway

road short-sea large tanker (18371 tonnes) 7.9 10.¥3.6 | 16.4
small container vessel (2500 tonnes) 15.9 18.4 8 2023.2
larger container vessel (20000 tonnges}4.0 16.6 19.1| 21.6
all short sea 18.3 20.6 229 252

Source: McKinnon and Piecyk (2010) and Van Esseh.@009)

Table 4A (e) Recommended average emission factors

Transport mode Gram of CQ/tone-km
Road transport 62
Rail transport 22
Barge transport 31
Short sea 16
Intermodal road/rail 26
Intermodal road/barge 34
Intermodal road/short sea 21
Deep-sea container 8

Source: McKinnon and Piecyk (2010)
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Abstract

The break-even distance of an intermodal freigbtesy is a crucial piece of information for
shippers as they decide whether to choose a spduo#ight transport system. It is also
important for policy makers who want to demonsttatshippers that the intermodal system
is substantially more beneficial over a certaintatise and encourage shippers to use it.
However, the break-even distance is highly depenoiemarket situations. In other words, it
is not possible to estimate the definitive breakredistance that is generally applicable. To
date, the literature has addressed factors, inwucbsts and distances, that impact the break-
even distance without considering the relative ingwe of each of these factors. This study
attempts to address this gap in knowledge by etiatughe relative importance of geometric
and cost factors. The former includes drayage i (i.e., pre- and post-haulage by trucks),
truck-only distance, rail distance, the shape ef tharket area, and the terminal location,
while the latter includes the drayage truck rate, long-distance truck rate, the rail rate, and
the terminal handling rate. Finally, by developm$ylonte Carlo-based simulation model, the
relative importance can be evaluated. The key riigpds that the geometric factors and
terminal handling costs are not more significarmntithe transport costs (i.e., rail costs and
long-distance trucking costs) in general. Spedificdo shorten the break-even distance,

71
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either reducing the rail rate or increasing thekreate is the most effective strategy. A one
percent change in these factors is almost sevesstithree times, and twice as effective as a
one percent change in the handling costs at tefspimail distance, and drayage cost,

respectively. Furthermore, neither the oval-shapetket area nor a terminal relocation

attracts customers to intermodal systems in gen@aken two options are combined, the

synergic effect is significant.

5.1 Introduction

Intermodal freight transport systems have the pi@leno perform better than unimodal
systems in economic and environmental terms; asualty transport policies that encourage
intermodal transport have been implemented. Lankirpablications include the EU White
paper ‘European transport policy for 2010 - timaedéxide’ (EC, 2001b) and The Intermodal
Surface Transportation Efficiency Act in the Unit&tites (USDOT, 1991). However, in
terms of its current share, intermodal transpoeinseto be performing below its potential.
The modal split of the transport of goods in billimn-kilometers for EU-27 is 45.6% by road,
37.3% by sea (domestic and intra-EU-27 transpadt) oth0.5% by rail and 6.5% by inland
waterways and pipelines (EC/Eurostat, 2007). Bexaos-road transport modes should be a
main part of the intermodal freight system, thatieely lower mode share of rail and inland
waterway is a strong indicator of the low markedrshof intermodal transport.

Among several conditions influencing the freightdaahoice, the economic feasibility of a
freight mode in given circumstances is obviouslye oof the most significant factors.
According to LOGIQ, an EU research project into tleeision making-process in intermodal
transport, “the cost is the most important criterio the decision making process” (EC,
2000a, 2006). The break-even distance is often izssedaluate the economic feasibility of an
intermodal freight system. It is defined #s distance at which the costs of intermodal
transport equal the costs of truck-only transp@ttitten, 1995).

Once the break-even distance (or its range) has és@nated, the choice of freight mode by
the private sector, especially by the cost savimgnted shipper, becomes much easier.
However, unfortunately, it seems to be difficulig@neralize the break-even distance because
it is influenced by several factors, such as drayagck distances, long-haulage rail distance,
truck-only distance, drayage rate, long-haulage, ratuck-only rate, trans-shipment rate,
detour factors and terminal locations (Nierat, 198dmerchik et al., 2009). Break-even
distances found in the literature are often based specific study area or were estimated by
simply assuming values for those factors or igrgpsame of those factors.

Although the definitive break-even distance canbetestimated, it might be possible to
evaluate the relative importance of the factors thiquence the break-even distance. In this
study, we address four related modeling issues i@y be helpful to consider when
examining the relative importance of these factéisst, the definition and boundaries of
break-even distance are unclear. Specifically, hheak-even distances found in previous
studies are one of the following distances: (a)dber-to-door distance by truck, (b) the hub-
to-hub long-haulage distance by non-road (rail),the total distance including drayage by
trucks and long-haulage by non-road, or (d) theketadistance between two economic
activity centers. Secondly, some studies consigerdistance as the crow flies while others
consider the actual (network-based) traveled digtamhirdly, there is a lack of insight into
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the transferability of the geometric factors onbese are obtained for a specific case (i.e.,
spatial heterogeneity). To improve transferabilityp geometric factors must be generated
based on geometry theories. Finally, cost functiomsld be enhanced. The cost functions
found in previous studies are mostly simple coristates rather than distance-dependent or
quantity-dependent rates. In the price competitietween two different modes (or even
systems), these functions should be taken into umtcéo demonstrate the impact of
economies of scale, more specifically, either eauee of distance or economies of quantity
(McCann, 2001).

The factors considered in this study largely falbitwo categorieggeometricfactors andost
factors. The former consist of drayage distancegdoaulage distance, truck-only distance,
the shape of the market area, and terminal locatidnMonte Carlo simulation method,
which can generate numerous shipper-receiver (edgstination) pairs in confined areas, is
used to approximate the average estimates of saomejric factors on the break-even
distance. In other words, the random effect ofdiséances decided by those random points is
examined.Cost factorsinclude truck drayage costs, long-distance truz$ts; rail costs, and
terminal transshipment costs. Because some cdst$aalso have inherent uncertainty due to
spatial heterogeneity, random effects are alsad®d in the Monte Carlo simulation model.

In Section 2, break-even distances reported inipuswesearch are presented. Using a cost-
distance graph, the break-even distance is repezsém a two dimensional graph. We then
address the four issues described above in SeBtidime details for geometric factors and
cost factors that influence the break-even distameesystematically presented. In Section 4,
under the assumption that the intermodal termiaaés|ocated in the center of a circular
market area, the relative importance of the geamatrd cost factors is evaluated through
two sets of distance assumptions: 500 km for timg-lvaulage distance and 50 km for the
radius of the circle-shaped market area, and 1K0and 100 km for these variables,
respectively. In Section 5, we examine the imp&athanging the shape of the market areas
and moving the terminal locations on the break-alistance when these assumptions are not
made. It is important to note that these two fac{oe., the shape of the market area and the
location of the terminal) are handled separatetabee they are not fundamental factors, such
as distance and cost, but indirect geometric fadtwat affect fundamental factors. Finally, we
summarize our findings, the limitations of the studnd future work in the conclusions
section.

5.2 Break-even distance of intermodal freight system

5.2.1 Conventional approach

There are two types of break-even distances reportprevious studies. First, the break-even
distance obtained by a survey, interviews with géip, or market observation in a given
freight corridor/marketthe surveyl/interview approactin this case, no causal relationship
with external factors is found. Giannopoulos anthAiopoulou-Klimis (1996), for example,
remark that “intermodal transport has generallynbe®re competitive over longer distance:
500 km is usually used as a criterion for the \igbof intermodal service”. This criterion has
been applied in Europe. To some extent, the MinistiTransport of The Netherlands (1994),
Van Duin and Van Ham (2001), Konings and Ludemad(20Bontekoning and Priemus
(2004), Van Klink and Van Den Berg (1998), and Béktand Woxenius (2004) have utilized
this simple market perception without any specditalysis. UIRR (1999) distinguishes
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domestic and international intermodal transpor@ k& for domestic intermodal systems and
760 km for international intermodal systems (Bdrdrel Woxenius, 2004). In North America,
researchers estimate the break-even distance t@bbet 500 miles (800 km) (Transport
Canada, 1996, Resor and Blaze, 2004, Lim and T20008) by using market observation.
This surveyl/interview approach is simple, but thgpl@ability of its results to other
corridors/markets is limited.

Second, some researchers estimate the break-estana# through cost modeling in a given
study areathe mathematical modeling approachhe basic equation used in this approach
states that the total truck-only costs equal the totermodal costs, as in Eq. (1).

TCTO = TC||\/| (1)

Where, TCqro is the total costs for the truck-only system artere TCyy is the total costs for
the intermodal system.

Many previous studies have used Eq. (1) to estimatiecompare the break-even distance for
the current situation with an improved break-evistatice (i.e. mostly the shorter break-even
distance), based on proposed strategies. Belowegzipt the dominant strategies as found in
the literature, and give quantitative effects fpedfic cases. Appendix 5B gives a summary
of previous studies on break-even distances.

B Better drayage operation

e Morlok and Spasovic (1994), Spasovic and Morlok9@)9 and Nozick and
Morlok (1997) show the impact of better operatidnli@yage on the break-even
distance. The improved drayage operation shortenbrieak-even distané®m
1,300 km to about 770 km

B Rail operation and technology

e EC (2004b) shows the impact of the increased efiiwy of railroad. The break-
even distance is shortenigdm 738 km down to 609 km

e Fowkes et al. (1989a) examined the impact of tgadni utilization rate of train
space and the higher size of containers. In extiases the break-even distance
can be reducefilom 1,030 knfor 40 foot containers with 50% utilization rate t
520 kmfor 20 foot containers with 90% utilization.

e Janic (2008) shows the impact of the increasedtheniga train (i.e. higher
capacity). The break-even distance is imprdvech 1,100 kn{for the
conventional intermodal freight train with a length500-600m}o 600-700 km
(for the long intermodal freight train, 800m — 1000 long).

e Resor and Blaze (2004) examine the introductiomionible-stack technology in
the United States. The break-even is reddicad 1,500 km teeither645 km(the
effect of introducing double deck rail operatiom)even ta200 km(for the effect
of double deck operation as well as central drayggeation)

B Transshipment technology

e EC (2004a) shows the break-even distance couldliisantially decreasdtbm

500 - 600 km to 300 kby introducing CargoSpeed.
B New terminal/relocation of terminal

e Arnold et al. (2004) show that there mayrnmeimpactfrom adding a new

terminal or relocating a terminal in the intermodwdrket area.
B Pricing
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e Wichser et al. (2007) shows that the expectedmi$eel pricing and wage cost
in Eastern Europe might cause the lower break-distancerom 1400 km to
500 - 700 km.

e Janic (2007) examines the case that external aosiscorporated into freight
cost function and rail frequency is unknown. In $tisdy the break-even distance
decreasefom 1,000 knto eitherB00 km(for 10 trains/week) o850 km(for 20
trains/week).

However, the possibility of generalizing those fesbased on the mathematical modeling
approach is limited. Specifically, the break-evestahce is estimated based ©6ro and
TGwm which should be different in different regions atimtie periods. In other words, the
spatial and temporal heterogeneity of cost funstiand varying market circumstances make
generalizations of break-even distances (i.e. diimitive break-even distance) impossible.

5.2.2 Graphic representation and intermodal/truck-only ccost review

Focusing on the mathematical modelling approadh ptieak-even distance is often described
as a simple cost-distance graph as shown in Figdrdt is useful to understand how various
costs at the different stages of an intermodalrclaae interrelated, to clearly present the
break-even distance when both uni- and intermogstems have the same total cost for a
certain distance, and to examine the impact of gingna cost factor on the break-even
distance. Note that similar figures are also shawrior example, McGinnis (1989), Rutten
(1995), Konings (1996), and United Nation (2006).

In Figure 5.1, there are four poin, B, C, andD), with four corresponding projected points
(A", B, C’, andD") on the X-axis, and four different slopes/lengtasb, c, andd). Point A
indicates the origin location at which the init@st occurs. For convenience we assume that
the initial costs for both the intermodal and tleck-only system at PoinA are equal,
although in practice the initial costs for two tsport systems generally differ. PoBitandC

are the locations of the two intermodal terminals. (hubs).D is the location of the final
destination (i.e. receivers). When the four poemts projected on the X-axis, the segments

between two points indicate physical distancesciipally, A'B' andC'D’' are the drayage
distancesB'C’ is the long-haulage distance, aAtD' is the break-even distance.

ayi is the rate for drayage (€ per km) in origin hugioe H; as a part of the intermodal chain
andb is the rate for long-distance truck costs (€ paj,kwhich is generally lower thaay;
where H; [0 [Ho,Hp]. Differences can relate to different road infrasture and traffic
characteristics: drayage mainly occurs at urbaregional roads while truck-only transport
has a high share of relatively fast and therefelatively cheap motorways. Since drayage at
each end in the intermodal chain takes place iferdifit areas, the rates (i&o andayp)
could be different. For example, Min (1991) repdrtde various drayage trucking costs
across a region in Japan ranging from 1.80 $ / Wbiecfoot for Kyoto to Nagoya to 5 $/km-
cubic foot for Kobe to Tokyo. The European Proj&CORDIT (2000b) also shows huge
differences in drayage costs across European ¢esnf.62 € / km for 20 foot containers and
1.23 €/ km for 40 foot containers in Patras, Geesed 1.89 € / km for 20 foot containers and
3.78 € / km for 40 foot containers in Basel, Swiaed. It is notable that the share of drayage
costs in the total costs is 30-40% (Spasovic andldl@p 1993, FHWA, 1994, EC, 2000b,
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2001a). Resor and Blaze (2004) reported that deagagts around a port region in the U.S.
account for more than 70% of the total costs whertransport distance is about 300km.

Cost A
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== = = = Rail or Barge — Roat = eeeeee Terminal

Figure 5.1 Cost structure for intermodal system andruck-only system (Based on Rutten
(1995) and United Nations (2006))

Barton et al. (1999) surveyed experts and prangti® about the long distance truck rddeir
Minnesota, in the United States. The industry cosss was 0.78 $/ km. Resor and Blaze
(2004) reported $ 189 for the value Af(truck-only system) and 0.876 $/km foin Figure
5.1.

G is the terminal cost. RECORDIT demonstrates thatiteal costs vary between location of
the terminal and the transport modes handled (BG0QIR). Six types of intermodal terminal
can be distinguished: truck-rail, rail-rail, trucand waterway, truck-deep sea, rail-deep sea,
inland waterway-deep sea. In this study, we magolysider the first three terminal types in
which the range of costs is € 27 — 49 per lift.tBaret al. (1999) reported the transhipment
costs as $ 140 per lift and Resor and Blaze rep&®0 per lift (2004).

d is the non-road transport rate as a function sfadgice, weight, capacity of transport mode
and service quality. The value dfmay decrease if the volume increases. Resor arzkBla
(2004) and Janic (2008) collected all costs suchloasmotive/railcars ownership and

maintenance, crew, fuel, and so on for the UnitexleS and Europe respectively. 0.122 $/km
are found in a US case (Resor and Blaze, 2004ic §2008) developed a model with more
than 10 explanatory variables, but did not presanges for unit costs. RECORDIT reported
0.23 — 0.68 €/km (EC, 2000b). Table 5.1 shows ansamm of the rate costs obtained from
previous studies after the year 2000.

Appendix 5A presents the cost structure for trartsjpéfrom a sea port, in which no drayage
is needed at one end of the trip.
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Table 5.1 Minimum and maximum cost factors as foundhn literature

20 Foot container 40 Foot container

Min Max Min Max
a (€/km) 0.29 1.89 a (€/km) 0.58 3.78
b (€/km) 0.62 0.67 b (€/km) 1.37 1.52
c (€/ container) 27 49 c (€/ container) 27 49
d (€/km) 0.23 0.68 d (€/km) 0.46 1.35

(Main Sources: Resor and Blaze (2004), EC (2001, Janic (2008))

5.3 Methodology

5.3.1 Redefinition of break-even distances of intermoddireight system

Subsection 3.1 presents three types of intermodadkbeven distances based on the three
average distance factorsD(.s , Dyaae » @Nd Dy, ) presented in Figure 5.2. These three

distances are assumed to be the average lineandctstas the crow fliesd,, and D,,.,. are

the average over-all OD pairs, whilg,,,, is for a givenH,Hq pair. Specifically,D,,., is the

non-road distance (e.g., the rail distance inshisly) betweeid, andHy. We note that it can
also be regarded as the market distance betweembwkets.D,,,, , the actual rail distance
betweerH, andHyg, is also expressed as,; xD,... , Wherea,,, is the rail detour factor, which

can be defined as the ratio of actual distanceutdidlean distance (Levinson and El-Geneidy,
2009) and is referred to as either tloaite factoror circuity factor for long distance rail

haulage @., > 1; a., =1 whenD,,, is the Euclidean distanceR,.,..., iS the average

drayage distance between all points (i.e., shipmerd a terminal in market A market area
0 is assumed to be a circle with radieg where an intermodal terminal is located in the

- . . N . . .
center.D,.,... . IS defined asxp;,../N, wherep;, .. is the drayage distance in marketor
- n=1

drayage drayage
the " shipper andN is the number of shipper-receiver pairs (O-D paiithin marketo.
Dyayege « 1S defined in the same way for markktthe destination market area. In addition,

Dgrayage= %uroad X Darayage » WhET€ Dyoase IS the actual drayage distance ang,, is the road detour
factor in urban areas for drayage by trucks, is the average distance over all OD pairs. In

addition, D, = a,..,* D, Where awmes 1S @ road detour factor in non-urban areas (e.g.,

regional/international) for truck-only systems.idt notable that Southworth and Peterson
(2000) and Lim and Thill (2008) developed impedahgections rather than detour factors
(Qoasr Mworessr @Nd ag,,) @s N this study.

One may argue that the circular shape of the maireet does not necessarily occur in practice.
We assume that the market area is large enougbveer all OD-pairs for which intermodal
transport is an option. If so, the shape of thea atees not matter. A graphical check of
intermodal OD-pairs confirms our assumption: vewy intermodal OD-pairs are located near
the edge of the market areas. Strictly speaking, cmmclusions only hold for the given
circular shaped market areas. We did not furthereamse the size of the market areas for
computational reasons.
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Figure 5.2 Three average distances and a generaligper-receiver pair

It is notable that previous studies modelling tmeak-even distance for intermodal freight
transport systems have not fully taken into accob@tabove-mentioned clarification. Rutten
(1995), for example, specified Eq. (2) as follows:

FCi +VCioxBE = FCGn + VCimx BE (2)

Where, FC,, and FCi,, are the fixed costs of a truck-only and intermoftalght system
respectively €/ Loading Unit), VG, and VG, is the variable cost of truck-only and
intermodal freight system respectivelg/(km), andBE is the break-even distance that is
applied for both systems (km).

What distance components from Figure 5.2 shoulddsel in Eq. (2) to estimate the break-
even distance? ThBE on the left side (i.e. the truck-only system) dbobe @\ros X Dro
while theBE on the right side isitherthe summation of the legs of the intermodal chdth
the long-haulage distance (i.Buog + Dyayage o T Dayage « ) OF the long-haulage distance only
(D, )- Then, the relationship is:

D,, # D,y # Dy ® 3)
re, =D . +D +D

HoHd drayage o

Z
Where, D,,

drayage d

If D...e IS Negligible in relation to the total distancayadistance factors in Eq. (3) (i.e.

either b, , D,, ,Or D_TO) might be acceptable as a candidate for the begak- distance.
However, if this is not so, those three distancksukl be considered separately. Two

® D,y # D, is obvious sinceD,, is always greater tham,,.,, while D;; # D,.. does not seem to be
straightforward. It is also notable that Eq. (3)risonsistent withA'D’ as presented in Figure 5.A'D" was represented
as bothD,, and D, . The details will be fully considered in 3.2.2.
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previous approaches are worth presenting to cltrigyissue. On the one hand, Rutten (1995)
regarded drayage costs as parfFGf,. Obviously, D,.,.,. IS not taken into account in,, .

Therefore, theBE considered by Rutten (1995) i, when two systems have the same

total cost. On the other hand, Janic (2007, 206gandedD,, as theBE when the total costs

for the two systems are equal. Both approaches seé¢mat the modeling barrier adequately.
However, it would be more appropriate to consitierdrayage costs as a parMd, for the

former rather thaCj,, and to distinguier_TO with D, for the latter. Hereafter, when the
total costs are equal for two systems, tiB&alistances are defined as follows:

® BE,.«etisS the break-even market distance, which shoulddoal toD,,,,, and

the average distance between market centers ({bs)h
® BE), is the break-even distance of the intermodal sy&tased on the distance

actually traveled, which is approximatediy, ;
® BEpoor-t0-door IS the break-even distance of an intermodal syst@sed on door-to-
door distance, which is equalg, .

Then, Eq. (2) is properly revised as

FCio +VCiox BEpoor-to-door= FCim + VCimx BEw 4)

More precisely,
FCo +VCiox D;g = FCimt VCdrayage_d‘ Ddrayage_o +VCdrayage_o“ Ddrayage_d

+ VGong—haqu Dok (5)

In addition, it could be of interest to clarify tlleree break-even distances with respect to
actors.BEpoor-to-door IS @ppropriate for individual shippers since theus is the feasibility of
the intermodal systems compared to the truck-oydyesn for their businesses, whidg, is
useful for intermodal operators or a group of shigpconcerned with the collected freight
flows in order to decide the feasibility of the iemtintermodal chainBEnarket Should be
concerned by the rail operator, terminal operatsrpolicy makers that mainly decide the
locations of hubs and demarcate the market boundary

5.3.2 Geometric factors

This subsection is designed to confirm Eg. (3) @oddetermine additional geometric
characteristics.

Random points and average drayage distan®g,(...)

Different drayage distances may also be the resfuldifferent shipping contexts, which
influence the cost structure. Morlok and Spaso&9¢), Janic (2007, 2008), Nierat (1997),
Rutten (1995), and Kreutzberger (2008) reportedssumed 160-km, 50-70-km, 57-km, 50-
km and 25-km average drayage distances, respsctivieé large range of drayage distances
might be caused by spatial heterogeneity of the caisdy areas. Thus, it is necessary to
systematically estimat®,.,.,. for the general case. We suppose that all shippérich are

represented as{{, Yo) in Figure 5.2, are uniformly distributed withihet origin market area.
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Additionally, we suppose that a market area israleiwith radiusR. Then the average
distance between any points (shippers) in a cictbe center (a terminal) is calculated using
a Monte Carlo method. To generate a random poirdn&X Y are two random numbers that
are determined as follows:

X =B Cosh, Y = Siry (6)
where3is a random number between 0 and the radius of ehanea R) that defines the
length from the center (i.e., hub) afids also a random number between 0° and 360° that
defines the angle.

N -
The average (i.e.z B, ! N, whereN is the number of points) seems to bg,.,. for all of

n=1
the generated points. However, because many pariatgenerated randomly with this method,
the more random points are likely to be plottedrriba center (i.e., the density of points is
higher toward the center). In other words, theriistion is not uniform but center-biased
(See, Figure 5.3(a)). To avoid this biased ploftRd,/,) can be estimated by calculating the

inverse of the cumulative distribution, wheres a random number, € ¢ < 1 andR is the
given radius of a market area (presente®asr Ry in Figure 5.2). Thus, instead of Eq. (6),
the random point used in this study is:

X =Rx,[uxCog@)andY = Rx./u x Sin6) (7)
whereOSR(ﬁ)SR

Obviously,

- N

Ddrayage = ZR(\/ ,Un)/ N (8)
n=1
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(a) Biased random distribution toward the cente b) Non-biased random distribution

Figure 5.3 shippers distribution in an origin marke area with 50km of radius

Figure 5.3 (b) shows 100 pairs of,(Y) with the two random numbers that are uniformly
distributed in the origin market area with a 50-tadius based on Eq. (7), while Figure 5.3(a)
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shows the distribution based on Eq. (6). ExamidiBgases fronR= 50 km to 200 km with
steps of 10 km, Eq. (9) can be estimated.

Dyayee = (2/3) xR~ 0.667% R 9)

Also note, becausg could be zero, a terminal can be regarded as e#theorigin or a
destination. Equation (9) (as well as Eqg. (10) ¢l useful to understand the relationship
between the radius of market area and averagegdayatance in the analysis of this paper.

Average truck-only distance%)
Suppose two pointsX(, Yo), (X4, Yg)) are randomly generated in two different cirdheysed
market areas with two different radR{ andRy) and matched as in Figure 5.2. The average

distance between the two points expresset,asan be formulated as:

B RN ST XN B SN L SRR N
TO oo N

Where ., and 6, are the B random interior angle of origin and destinationrkea area
respectively, whereyu,, andJu_m are the i random number between 0 and 1 for origin and

destination market area respectively, wher¥,(CY,) and (CXy,CYy) is the center point of
origin and destination market area respectivelyl ahere Ry, and Ry is the ' radius in
origin and destination market area respectively.

A similar approach is found in a previous studywkes et al., 1989b). However, they did not
consider the market boundary. In other words, #tkus of the market circldR}or Ry) was
not specified.

In the proposed simulation model, when the numbehipper-receiver pairs is large enough,
D,, seems to be equal f,, . However, it has been shown that these two distanc

components are generally not the same. Furtherntoiefound that there is a relationship
among three average distances as followed:

DTO - DHoHd =~ Z/I(Ddrayage/ DHoHd)W ¢ O

I:)TO =~ Z/I(Ddrayage/ DHoHd)W + DHoHd (11)

Note, Eq. (9) is used for changimy+Ry to 2x (2/3)xD,,.... iN EQ. (11).y andw are
estimated as 81.97 and 1.8& £ 0.95, the number ab,_. andR, combination = 42, the

number of trail = 20, the number of OD pairs = B00See, Appendix 5C for the details).
Finally, Eq. (3) is more clarified as in Eq. (13)ldw.

DIM > DTO > DHOHd (12)

To summarize, it was also found that the differenesveenD,, and D,, increases a®p,0yage
increases. Thus, in general, the competitivenessthef intermodal model decreases
significantly asD,,,,... increases.
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5.3.3 Cost factors

The cost components,(b, andd (€/km/TEU) presented in Table 5.1 are obviouslgfuls
However, they ardinear constant rates that do not include the distoeffect as distance
increasesThey can be replaced withdéstance-dependent cost function that properlyetf
the distance effeciTechnically, the proposed cost function is not dig proportional to
distance, as emphasized by Taaffe et al.(1996)sagdested as an interesting subject for
future research by Lim and Thill (2008). If thesesicfunctions are considered, the total cost
for the intermodal freight system and truck-onlgtsyn is formulated as follows:

TCIM =y Ddrayage) xX X 2Ddrayage+ l'IJIM _IonghauI(DHoHd) XX X DHoHd

2xTSx X (13)
TCl'O = l'IJTO( DTO) X X X DTO (14)

IM _drayage(

whereTc,, is the total cost of the intermodal freight tramgpsystem ( € )yc, is the total
cost of the truck-only freight transport system ), €, .....{D..,.;0 1S the distance dependent
cost function for truck drayage in an intermodadteyn ( € / LU-Km),%,, ..u(Dioe) 1S the
distance dependent cost function for long-distaaden an intermodal system ( € / LU-km),
Y, (D,,) IS the distance dependent cost function for a-distance truck ( € / LU-km), ants

is the trans-shipment cost ( € / LU). We note #ihof the distance dependent cost functions
can be regarded as marginal cost functions in tefrdsstance.

As a result, Figure 5.1 could be replaced by Fidgude wherea, b, andd have continuously
changing slopes as distance increases. This gsag application of intermodal systems that
fully reflects the economies of distance of induadifreight transport modes (McCann, 2001).

Cost a

Total
Cost

»
»

A B’ o4 D"
Distanct
== = = === Rail or Barge — Road = = sceese Termina

Figure 5.4 Distance-dependent cost structure for termodal system and truck-only
system



Chapter 5 — The relative importance of factoraieficing break-even distance 83

5.4 Analyses and results

All of the analyses in this section were perforrbeded on the Monte Carlo simulation model
developed in MATLAB 7.4 (R2007a). In Subsection,&a%suming that a terminal is located

at the center of a circled market area with 50Rgmand Ry and 500-kmD,,.,,s , a reference

situation is presented with the resulting mode eslzard some characteristics of the shippers
choosing intermodal systems rather than the trudik-system. Some sensitivity analyses are
done with £10 — 20% changes in geometric and @xtbfs relative to the reference situation

in Subsection 4.2. Another situatio®,(,, is 1,000 km andR, andRq4 are both 100 km) and

its sensitivity analysis are additionally examinadSubsection 4.3. In Subsection 4.4, the

relative importance of factors influencing the lixe@en distance is summarized. Finally, two

important geometric factors are tested in the samne the shape of the market area and the
location of terminals.

5.4.1 Reference situation:D,,.,, =500km andR,=R4= 50km

10,000 O-D pairs Ko,Y,) and K4, Yg)) are randomly generated between two market areas.
The distance between two hubs and the radius ohtaxket areas is assumed to be 500 km
and 50 km, respectively. Based on the distancerabge cost function and the estimated
average distances (e.g., average drayage distandesverage truck-only distances) presented
in Section 3, total costs for both the truck-onjgtems and intermodal systems are estimated,
and finally, the shipper-receiver pairs for whora thtermodal option is cheaper are selected.
The percentage of chosen pairs is considered théb@termodal system share. In the case
study, the distance dependent cost function foh lsyage and the truck-only system is
assumed to be 5.4¢Distancg '8 (Janic, 2007, 2008) (See Appendix 5D for the tetf

this function). It is confirmed that the distancgpdndent cost functions are within the range
of a andb presented in Table 5.1. Based on Arnold et al0420we assume rail costs to be
65% of total truck-only costs. This distance-deparictost function is also within the range
of d presented in Table 5.1. Therefore, for all renmgjrtase studies, the constant unit costs
(& b, andd in Table 5.1) are replaced by the distance dep#ndgit costs:a = b=
5.46x (Distancd®?"® d = 0.65¢5.46x (Distanc§®?’® Forc, a rate within 27-49 (€/LU) is
chosen randomly; the averages about 38 (€/LU).

The road detour factor in urban areas for drayagg, () and in regional/international areas
for long-distance truckingd,,..q) iS @assumed to be 1.30 and 1.20, respectively.rdiheay
detour factor &, ) is assumed to be 1.25, which indicates a smd#éour than the urban

road area and a larger detour than the non-urlea Because higher detour factors depend
on lower road/rail network density, the number @friinals stopped at (in network), and

natural obstacles such as lakes and mountairssdifficult to generalize them without a case

study (Ballou et al., 2002). Obviously, there isitsgd heterogeneity in that, for example, the

average detour factor for an inter-city road wasreted to be 1.46 in Europe and 1.2 in the
U.S. (Ballou et al., 2002). Nevertheless, as bbth tbtal distance travelled and Euclidean

distances increase, the detour factors are reptotetbcrease for randomly generated OD
pairs (Levinson and EI-Geneidy, 2009).

The preliminary test results for the referenceadiin are shown in the second column of
Table 5.2. The average total cost of the intermegsiem (€ 646/LU) is higher than the truck-
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only system (€ 583/LU). The mode (system) sharéhefintermodal system in this case is
about 8.37 %; the intermodal system is more coripetfor about 837 pairs out of 10,000
pairs than the truck-only system in terms of cdsis. clear that, as shown in the third column
in Table 5.2, the average truck-only total codtigher than the average intermodal total cost
for the intermodal pairs. The average drayage mhistas significantly reduced from 33.3 km
to 19.4 km. In other words, reduced drayage digtahas a great impact on the
competitiveness of intermodal systems. The maxini® is another important geometric
indicator. If Do exceeds 566 km, an intermodal system is never ohioséhis test. If the
drayage costs are relatively low, intermodal tramsps generally more competitive. The
spatial distribution of the pairs of intermodal iops (i.e., shippers/receivers who select the
intermodal option, which are referred toiatermodal pair$ represented asin Figure 5.5 is
also interesting. The intermodal points form anloWet leans slightly in the opposite
direction of the long-haulage. It is notable thanibul et al. (1989) and Nierat (1997) found
the shape of the market area: the family of Dessadvals. Nierat (1997) suggested that for
all of the shippers within the oval market aréae intermodal system is competitive (cheaper).
However, nofall of the points in the boundamyecessarily choose the intermodal option, as
shown in Figure 5.5. Specifically, the green diach@maped points shown #s in Figure
5.5(b) are the randomly generated shipper and wecdocations in the original and
destination areas, respectively. The origins arsfimkgions are randomly matched. If all of
the points in the boundary are chosen, the blaakregpoints shown as are superposed on
the diamonds« ). However, only the visualized 8&¢l squares are superposed. Thus, 837
shipper-receiver pairs select the intermodal ogti(Bee the number of pairs in Table 5.2).
The reason that intermodal transport is not chdseall origins and destinations in the oval
area is that given the origin, the destinationaisdomly chosen in the study area and vice
versa. Thus, an origin in the market area coultinked to a destination near the border of the
destination market area, and therefore, intermwdakport is not competitive.

An important question isWhat is the break-even distance in this calsethe break-even
distance 500 km under a set of given conditiong.,(& market area with a 50-km radius,
costs for trucks, rail, and terminal operations] detour factors)? The general answer is that
there is namnebreak-even distance because the split betweemmatial and truck-only pairs

is not linked only to the door-to-door distancertRarmore BEyarket andBEy are clearly not
500 km. We tested longer market distances from 8000 1,700 km. The system (mode)
share increases as the long-haulage distance sesteaboub0% for 750 km,80% for 900
km, and100%for 1,335 km and longer distances. Strictly, Bigy in this situation is 1,335
km, in whichall shipper-receiver pairs select the intermodatiop.

However, increasing the long-haulage distance istin® only way to increase the higher
intermodal mode share. Other factors obviouslycaftee intermodal share as well. This
raises another questiolVhich factor is the most effective factor in in@ieg intermodal
mode share and decreasing BE We attempt to answer this question using seitgitiv
analysis in the next subsection.
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Table 5.2 Comparison between 10,000 random pairs drthe selected pairs

All pairs Intermodal-selected pairs
(TGm <TCro)
The number of pairs 10,000 837 (i.e. intermodatesh@.37%)
Average truck-only total cost583 599
(TGwm)
Average intermodal total cos646 581
(TCro)
Average drayage distance 33.3 km in each arg@.,4 km in each area
66.6 km in total 38.4 km in total
AverageDro 501 km 520km
Max Do 596 km 566km
% of drayage cost 20% 15%

5.4.2 Sensitivity Analysis on the basis of the referencgtuation

Examining six factors by changing + 10% ~ + 20%doh®n the reference situation, the
average intermodal shares with standard deviatayesreported. Inversely, we found the
distance at which the intermodal share is ab®d®% and 100%, indicating Bés, and BEogs
respectively. Finally, using simple linear regressinodels we find the slope (i.e" 8olumn

in Table 5.3) that indicates the impact of a chammgthe factors on the intermodal shares,
where the dependent variable is the intermodalestia., %' column in Table 5.3) and the
independent variable is the magnitude of changes @° column in Table 5.3) with 10%
steps, including the reference situation (i.e., @ change) and the conditions for 90% and
100% intermodal share. The slope is calculated dker full range of changes in the
independent variable. The ranking in tHe @lumn in Table 5.3 is estimated based on the
magnitude of the slope. In other words, a higheohlte value of slope in linear regression
model means a higher ranked factor. The standardtites of the intermodal share (i.e™ 6
column in Table 5.3) are reported to show the ramddfects caused by shipper-receiver
locations and terminal costs. They are not grei@n 1% of the average intermodal share.
Overall, the random effects are not significant.

Using the example presented above (we call thisr#fierence situation, which is also
visualized in Figure 5.5 and presented in Tablg, 52 impacts of the changed conditions for
those factors on the intermodal share as well@adtbak-even distance are examined through
sensitivity analysis for six factorf{, D... , & b, ¢, andd) in this section. Due to changing

factors in trials of the simulation model, the sameriment is repeated 20 times (i.e.,
10,000 O-D pairs are randomly generated 20 tim&g) report the average intermodal mode
share and the standard deviation of the intermoaale share.

" The reason to express ‘about’ 90% and 100% isusectne exact 90% and 100% of the intermodal shase
rarely found in the simulation due to the randoffeaf Every single trial randomly generates diffeér&0,000
OD pairs.
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Long-haulage: 500km

All generated points

=  Points where intermodal
option is selecte

= © Intermodal Terminal

Shippers’ area (origins) Receivers’ area {dasbns)
(b) The distribution of all and selected pointsd$bipper/receiver market area.

Figure 5.5 Simulation result for 10,000 randomly geerated shipper-receiver pairs
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Table 5.3 Simulation Tests withD,,,, =500km and R,=Rys= 50km (20 trials for 10,000
random OD pairs)

Slope in Ranking

Ave. Changes of Ave
Test# Factor Change Changed intermodal S.D. intermgodal linear . .(REIat'Ve
rate value share (%) (%) share )regressmn(?i |)mportance
Reference situation: o2re
a=b=5.46x (Distancg™'°;
Base | = 0.65x 5.46x (Distancg®?; 8.37 028 0
27<c < 49(€/LU);ay =1.3,a, =1.2,053=1.25
-20% 40 km 17.26 0.38 +8.89
R, andRy -10%  45km 11.65 0.31 +3.28
(Radius of market area) +10% 55km 5.74 0.24 -2.63 -1.09
1 +20% 60km 4.17 0.19 -4.20 (R*=0.93) 3
Condition for 90% -64%  18km 90
IMS(Intermodal Share)
Condition for 100% IMS  -79%  10.5km 100
-20% 400km  1.84 0.12 -6.54
(D -10%  450km  4.07 0.16 -4.30
2 (Long-haulage distance) +10% 550km 13.96 0.27 +5.59 0.?0 5
+20% 600km  21.38 0.41 +13.01 (R°=0.95)
Condition for 90% IMS +98% 990km 90
Condition for 100%IMS  +167% 1,335km 100
-20% 0.8xa 27.06 0.47 +18.69
a -10% 0.9xa 15.06 0.33 +6.69
3 (Drayage rate) +10% 1.1xa  4.42 0.22 -3.96 -1.02 4
+20% 1.2xa 2.53 0.12 -5.84 (R?=0.96)
Condition for 90% IMS -62% 0.38xa 90
Condition for 100%IMS  -90% 0.1xa 100
b -10% 0.9xb 0.14 0.04 -8.24
+10% 1.1xb 48.00 0.53 +39.63
g4 (Truckonlyrate) +20% 12xb 8500 049 +76.63 (ZF'QQ: a5
Condition for 90% IMS  +23% 1.23xb 90 '
Condition for 100%IMS  +45% 1.45xb 100
-20% 0.8xc 15.08 0.3 +6.71
c -10% 0.9xc 11.23 0.31 +2.87 -0.28
5 (Terminal cost) +10% 1.1xc 5.74 0.24 -2.63 (R'2 -0.98) 6
+20% 1.2xc 4.00 0.13 -4.37 '
Max Condition -100% c¢c=0 61.92 0.47 +53.55
d -20% 0.8xd 63.87 0.39 +455.50
n -10%  0.9xd 31.96 0.52 +23.59
g  (Railrawe) +10% 1.1xd  0.77 0.11 -7.60 '(1522: 0.2) 2

Condition for 90% IMS -32% 0.68xd 90
Condition for 100%IMS  -55%  0.45xd 100

Test #1: Impact changes in the drayage distance

The radius of a market area affects the averaggageadistance. The changed drayage
distance is obviously associated with the interrhgtare. To attract 90% of shipper-receiver
pairs in the market area to the intermodal systamradius of the market area should be less
than 18 km (i.e., a 64% reduction of the radiushewthe intermodal share is 100%, which is
the condition oBEy, the radius is 6 km (i.e., 88% reduction of théiua). Six kilometers of
average drayage seems to be unrealistic. In otbedtsy500 km 0BEwarke; and 508 krhof
BEw are also unlikely to be found in practice. Neveltss, a smaller market area and
accordingly shorter drayage distance are cleadyvshto increase the intermodal mode share.
A policy option to decrease the average drayagartis could be to build a new intermodal
terminal in the market area. An additional termimathe market area clearly almost halves

508 km = 500 km (long-haulage distance) + 6 (radifi a market area) 2/3 (converting from radius to
drayage distance based on Eq. (9)2 (two market area)
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the average drayage distance. However, it seelms $till open to debate as to whether a new
terminal or relocation of terminals significantlyeaeases the break-even distance and
eventually increases the intermodal share in praciirip and Bontekoning (2002) reported
that the effect of a new terminal leads to a sindsteak-even distance, while Arnold et al.
(2004) argued that a new terminal is not reallgetff’e (Woxenius et al., 2007). We this issue
further, at least theoretically, in Section 5.

Test #2: impact of market distance change

The intermodal share increasesag,, increases because of the lower per-km costs of non
road modes compared to road modes. It is integeghiat the overall impact of market
distance change on the intermodal mode share (&6, 0.95), which is indicated as the
slope of the regression model in Table 5.3, is edn&s the 8 out of six factors. However,
looking at + 10% changes in test #2 (-4.30% andb9%. for -10% and +10% change,
respectively), the impact of such changes is greatsn some other higher ranked factors: for
example,Ryin test #1 (+3.28% and -2.63% for -10% and +10%ngkarespectively), which
is ranked %. In other words, for small changes (+10%), thenges inD,,, have a greater
impact on the intermodal share than an equallyelaigange irR,, which shows that the
relationship between independent and dependerablas over the whole range of changes in
the independent variable is not fully linear. Maecifically, the impact on the intermodal
share of a change in,,., decreases as the change increases. It is notatil@lthough the
better regression form could be modeled as, fomgk, y = -0.002%+ 0.90x + 11.68 (R=
0.97), the linear form should be used for comparisth other tests. Note that the condition
for 100% intermodal share (i.e., 1,335 km) shownTable 5.3 is the same as tB&y
discussed in Subsection 4.1.

Test #3: impact of drayage cost change

It is confirmed that lower drayage costs lead togher intermodal share. A 20% reduction in
drayage costs increases the intermodal share fr8id@to 27.06% (i.e. the mode share of the
reference situation). According to previous studMerlok et al., 1990, Spasovic and Morlok,
1993, Nozick and Morlok, 1997, EC, 2001a), decrapsirayage cost has been recognized as
one of the most effective options for shortening threak-even distance. However, it is
relatively less effective than other options imtsrof relative importance. To sum up, the key
finding here inTest #3s that reducing drayage costs alone does notyalgaarantee a higher
intermodal share. To reach 90% of intermodal shheedrayage cost needs to be decreased to
77%, which hardly happens in practice. As policytiaps to reduce drayage costs, the
optimization of a drayage operation through a @mwontrol in the hub area is the recognized
example (Morlok and Spasovic, 1994, Nozick and EkirlL997, Resor and Blaze, 2004).

Test #4: impact of Long-distance truck cost change

Increasing the long distance truck costs is thetrafisctive way to increase the intermodal
share in this case study. A 10% increase of trudt results in only a 39.63% increase in the
intermodal share. Policy measures to increase tteste could include a distance-based road
tax. The implementation of a distance-based roadsiach as that discussed recently in the
Netherlands (Lowy, 2009) might be a strategy taaase the intermodal share since it has a
relatively small impact on the drayage price. Aar@ase in truck costs of only 23% results in
an intermodal share of 90%. Thé & the linear regression {R 0.86) is lower than for the
other factors. The plotted points indicate nondmity. Points around 90%-100% show a
much lower slope (i.e. less sensitive mode shateutdk-costs) than points around 10%-20%.
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Actually, a better fitted regression model is aypomial form: y = -0.033%+ 3.24x + 25.12
(R? = 0.94). Nevertheless, as mentioned previously, litrear form should be used for the
purpose of comparison (i.e. relative importance).

Test #5: impact of terminal cost change

Some previous studies expected that new technalogie optimized operations for
transshipments would contribute considerably toighdr intermodal share (EC, 2004a).
However, they may not only consider the reduced lbosalso take into account some other
effects (e.g. new technology might attract shipgersise the intermodal system due to the
reduced costs as well as other reasons such as festsshipment and secured process). In
this study, we simply tested the £10% to +20% cleangf the terminal costs without
considering the changes related to other effedts.résult shows that even when the terminal
cost is free of charge, the intermodal share woulg be about 62%. In other words, it is not
possible to reach even 90% of intermodal shareugfiralecreasing terminal costs.

Test #6: impact of rail cost change

As rail costs decrease, the intermodal share signifly increases. Compared Ta@st #4
(long-distance truck cost change), it is slightdgd effective. Conversely, increasing rail costs
leads to a very serious situation: if the rail costreases by 10%, the intermodal system is
barely used (0.44% intermodal share). A feasiblesgy to reduce rail cost is to increase the
rail capacity. Janic (2008) examined the impacusihg long intermodal freight trains in
Europe (a train length between 800 m and 1,000 th 88-40 rail flat wagons) and showed
that there is a significant cost reduction and etiogly a shorter break-even distance when
compared to the conventional intermodal freighingda length of 500-600 m with 25-30 rall
flat wagons). The operating frequency (e.g., Sngaiweek or 20 trains / week) can also
contribute to reduced rail costs (Janic, 2007).s&libs or tax benefits for the rail industry are
a conventional way to reduce rail costs. For exaniple diesel oil for locomotives, so-called
‘red’ diesel, is basically the same quality as ‘t@hdiesel for trucks. The only difference is
that the red diesel is provided at a tax-discouptezk.

Detour factorsd;, a2, and,a3) could be included in the sensitivity analysiswéwer, because
the effects equal those of the reduced unit castsifayage, truck-only and rail rates, we do
not present them. Infrastructure network policiesld also be developed to reduce detours to
achieve shorter drayage distances and long-hdulistances.

5.4.3 Sensitivity Analysis on the basis 0D,ns =1,000km andR,=Rs= 100km

Another market situation was designed at the sateeas the reference case (i.e. the market
radius at each end is 10% of the long-haulage riislaand examined. The purpose is to
examine the impact of different market sizes aredltimg-haul distances on our findings by
comparing them with the reference situation. Irs tBubsection some significant differences
between the previous case (hereafter, Case 1) lematdse based on the new condition
(hereafter, Case 2) are discussed rather thanetlhdsd The intermodal mode share in Case 2
Is 24.47% (0.49 standard deviation for 20 tranNgljch is almost three times higher than in
Case 1. The higher intermodal share in Case 2 dmukl/idence that the intermodal system is
much more competitive in the long-distance marke@{0Okm) than the medium distance
market (500km). In order to understand this sigatfitly increased intermodal share, the cost
function used in the analysis needs to be discussee, Appendix 5D). For the long distance
truck and rail competition, the unit cost around®k@ (Case 1) is not significantly higher
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than one around 1,000km (Case 2). The unit costeaually improved. However, the unit
cost rate steeply decreased over short distancesewtirayage is considerably affected.
Therefore, the increased drayage distance signtficaontributes to the higher intermodal
mode share. In addition, the impact of terminakgoshich is only taken into account in the
intermodal system, is diminished as the absoluteuatnof the total cost for both systems
increases.

Table 5.4 shows the results for Case 2. Overadl, ganeral trends of the impacts of the
changes in factors are equal to those of Case elier, there are a couple of minor changes
in Case 2 compared to Case 1: as the market simmages, the impact bfis slightly stronger
while the impact ofd and c is weaker. The differences in the other varialdes almost
negligible and do not need to be reported.

Table 5.4 simulation tests withPyeuq =1,000km andR,=R4= 100km (20 trials for 10,000
random OD pairs)

Ave. Slope in linear
lESt Factor ;T:nge \(z}igged intermodal 2/) Change regression Ranking
share (%) 0 (R
Base Same asin Table 5.3 24.27 0.490
-20% 80km 43.53 0.46 +19.26
R, andRy -10% 90km 32.72 0.49 +8.45
1 (Radius of market area) +10% 110km 18.34 0.37 -5.93 -1.11 3
+20% 240km 13.89 0.35 -10.38  (R*=0.97)
Condition for 90% IMS -49.5%  50.5km 90
Condition for 100%IMS -64% 34km 100
-20% 800km 9.04 0.16 -15.23
(D -10% 900km 15.86 0.29 -841
Lona-haulage distance) +10% 1,100km 34.64 0.47 +10.37 0.61
2 (Long £ +20% 1,2000km  45.25 045 +20.98 (R*=0.92) 5

Condition for 90% IMS  +72% 1,720km 90
Condition for 100%IMS +140%  2,400km 100

-20% 0.8xa 54.00 0.55 +29.73
a -10% 0.9xa 38.35 0.45 +14.08
3 (Drayage rate) +10%  l.lxa 14.85 0.34 -9.42 -1.05 4
+20% 1.2xa 8.82 0.29 -15.45 (R*=0.97)
Condition for 90% IMS  -47% 0.53xa 90
Condition for 100%IMS -76% 0.24x a 100
-20% 0.8xb 0.003 0.01 -24.27
b -10% 0.9xb 1.38 0.13 -22.89
4 (Truck-only rate) +10% 1.1xb 70.22 0.47 +4595 2.25 1
+20% 1.2xb 94.39 021 +70.12 (R?*=0.91)
Condition for 90% IMS  +17% 1.17xb 90
Condition for 100%IMS +35% 1.35xb 100
-20% 0.8xc 31.63 0.47 +7.36
c -10% 0.9xc¢c 27.93 0.53 +3.66 014
5 (Terminal cost) +10%  1.1xc 21.38 0.43 -2.89 (R'z = 0.99) 6
+20% 1.2xc 18.29 0.31 -5.98 '
Max Condition c=0 62.04 0.55 +37.77
-20% 0.8xd 83.63 0.23 +59.33
d -10% 0.9xd 56.47 0.69 +32.32
6 (Rail rate) +10% 1.1xd 4.82 0.20 -19.45 -1.18 >
+20% 1.2xd 0.30 0.05 -23.97 (R*=0.92)

Condition for 90% IMS  -24% 0.76xd 90
Condition for 100%IMS -45% 0.55xd 100
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5.4.4 Relative Importance for break-even distance

Table 5.5 presents the relative importance (i.anking) of the factors in terms of the
intermodal share foit10% change in factors and the slope of the linegression equation
(8" column in Table 5.3 and 5.4), which indicates dkrerall impact of one unit change of a
factor. The relative importance, represented asrkimg for the £10% change, is not
necessarily the same as the linear model in bode Qaand Case 2. However, the orders of
rankings in Case 1 for both10% change and the linear model are the same & Zas

Table 5.5 Rankings and relative importance of factis
Case 1: 500km of long-haul age distance witBase 2: 1,000km of long-haul age distance with 100km

50km of drayage distance of drayage distance
+10% Linear model +10% Linear model
Sign . Mode share _Relative Sign . Mode share ) Relative
Ranking Change (%) Ranking Impact Ranking Change (%) Ranking Impact
R - 5 3.28 3 1.09 - 5 8.45 3 1.11
D 4 5.59 5 0.60 + 4 10.37 5 0.61
a - 3 6.69 4 1.02 3 14.08 4 1.05
b + 1 39.63 1 2.09 + 1 45.95 1 2.25
c - 6 2.87 6 0.28 6 3.66 6 0.14
d - 2 23.59 2 1.72 2 32.32 2 1.18

In both cased) is the most influential factor in both the 10% change as well as in the linear
model.d is ranked #, andc is the least effective one among the factors.Fadp,,., , anda,

it is interesting to check the difference in ramkivetween thet 10% change and the linear
model. For example, the decreased market radiuegepted afl, in Table 5.5 is not

effective initially (ranked %) but it moves to "8 most effective in the linear model in the two
cases. The phenomenon indicates that decreasingdhes of the market area is not more

effective than reducing the drayage c@gtand increasing the long-haulage distanbg,( )

in the early stage. The impact of the decreasddsdmbcomes increasingly more effective and
is finally more effective than the other two fagtoifhus, if there are only three options
available to shorten the break-even distance (dueedsed market area radius, the increased
long-haulage distance, and drayage cost reducioa)if one wants to highlight the dramatic
effect of these factors, the decreased marketraddas is the better optian the long tern{(in
general) than the others, while the short termthe reduction in drayage costs is the most
effective factor among these three factors.

Nevertheless, the generalized relative impact sethan the linear model. The effects based
on the relative importance can be summarized dswsel to shorten break-even distance,
increases in the long-distance trucking rate is eneffective than

decreasing terminal handling costs 7.5 times;
halving the drayage rate or radius length
increasing the rail distance 3.5 times.
decreasing rail costs 1.7 times

The relative importance for Case 2 is summarizetlaily: the effect of increases in the long-
distance trucking ratés equal to the effect of
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decreasing terminal handling costs 16 times
halving the drayage rate or radius length
increasing rail distance 3.7 times
decreasing rail costs 1.2 times

5.5 Further discussions on market shape and terminabication

All of the analyses in Section 4 are performed unkde assumption that the share of a market
is a circle and the terminal is locateat the center These assumptions are released in this
section. According to Nierat (1997), the intermoucferket area might belong to the family of
Descartes’ ovals. We simplify the market shaperasligpse defined as’Ry+L)? + Y/((Ro-
M)/2)? = 1, wherel andM are constants. Specifically,andM are set to make the area of the
ellipse (i.e.,nx(RotL)x(R,-M)) equal to the area of the circle (i.exR,%). For example, if
L=10 km andR,=50 km,M=50 — 56/(50+10) = 8.33L andM, which eventually determine
the share of ellipse, are graphically defined iguFé 5.6(a). Figure 5.6(b) is the reference
situation assuming 500 km af_,, and 50 km oR. Three additional tests are designed. First,

the terminal in the proposed ellipse-shaped maaked is located at the center: Test #7 in
Figure 5.6(c). Second, the origin and destinatemminal locations are on the right and left
sides of the circle at 10 — 40% Rfrespectively: Test #8 in Figure 5.6(#l).is defined as the
corresponding distance to be moved by 10 — 40% dhird, the assumptions of Tests #7 and
#8 are combined (i.e., the non-centered terminahnnellipse-shaped market): Test #9 in
Figure 5.6(d).

Table 5.6 Simulation tests for market shape and teminal location (20 trials for 10,000
random OD pairs)

Ave. -
Test Factor Change rate intermodal S.D Changes from Slope n linear
# reference case regression(R
share (%)
L andM +10%;L= 5km; M= 4.55 km 8.31 0.29 -0.06
7 (Ellipse-Shaped +20%;L=10km;M=8.33km 8.44 0.23 +0.07 0.031
et area)p +30%; L= 15kmM=11.54km 8.43 0.21 +0.06 (R® = 0.031)
+40%;L=20km; M=14.29km 8.31 0.22 -0.06
+10%;N = 5km 8.61 0.32 0.24
. g’elocation +20%;N= 10km 8.63 0.21 0.26 0.014
S +30%;N=15km 8.77 0.29 0.40 (R?=0.95)
+40%;N=20km 8.98 0.26 0.61
+10%;L= 5km; M= 4.55 km;N=5km  14.02 0.26 5.65
'F-{'e'}’(')'czrt‘ig’r\]' +20%;L=10km; M=8.33km:N=10km 22.66 051 14.29
) . . - . _ . 0.90
9 terminals  with +30%;  L=15km;  M=11.54km; o 0.37 2422 0
ellipse-shared ~ N=15km ' ' ' (R*=0.98)
0/n- = . - .
market area +40%); L=20km; M=14.29km; 4254 036 34.17

N=20km
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Figure 5.6 Graphical illustrations of tests in terns of ellipse-shaped market areas and
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The result of sensitivity analysis for those fast@ presented in Table 5.6. In test #7, as the
circled market area changes to the proposed ellibgeintermodal share does not change
significantly. The low R value indicates that the oval-shape change iselbt associated to
the intermodal share. The minor changes presemsdtrfrom the randomness. Test #8
examines the impact of the terminal relocation. @arad to the other tests in the previous
section, the number of changes is very minor bedrty shows an increasing intermodal share.
It is surprising to see the results of test #9 wtemt #7 and #8 are combined. Test #9 clearly
shows the synergic effect: the effect on the intetah share of combining the factors of test
#7 and #8 is larger than the sum of the effectesif #7 and 8.
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Figure 5.7 Spatial distributions for selected 4,258hipper-receiver pairs (Test #9: +40%
case)

This dramatic phenomenon reflects that more custeimethe area ‘behind’ the terminal (i.e.,
the opposite direction of the main haulage) magdethe intermodal option due to the
increased truck-only distance and therefore adbeptosts shown in Figure 5.7. Note that the
three tests in this section are not comparabladddsts in the previous section. Specifically,
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these two factors (i.e., shape of market area &edldcation of terminal) are handled
separately because they are not fundamental fastons as drayage distance or truck-only
distance but indirect geometric factors that inficee fundamental factors.

5.6 Conclusions

Because the break-even distance of the intermoeight system is highly dependent on the
market situation, generalization is not possiblesnethough it is crucial information for both
the private and public sectors involved in logstielowever, the relative importance (i.e.,
relative level of effectiveness) of several factibrat influence the break-even distance can be
evaluated in general terms. The factors considerdiais study consist of geometric and cost
factors. The former includes drayage distances (re- and post-haulage by trucks), truck-
only distance, rail distance, the shape of the etaskea, and the terminal location, while the
latter includes the drayage truck rate, the lorggagice truck rate, the rail rate, and the
terminal handling rate. Because each factor isdetgrministic, this study uses a Monte-Carlo
simulation method, which can generate random vali#sn certain ranges, to estimate the
relative importance of the related factors.

Reviewing previous studies shows that the break-eN&ance is not well-defined in terms of
average distance and perspective. Therefore, wegadted three break-even distances:

BEmarkes BE v, andBEgoor-to-door that correspond 10, , D, , @and Dy, , respectively. These

three geometric factors are systematically estichaiging the Monte-Carlo method. This
study also paid special attention to the cost fonctPreviously, cost functions have been
calculated as a per-km constant function, while #tudy introduces distance-dependent costs
for drayage rate, long-haulage rail rate, and Idisgance trucking rate.

In the simulation model, we estimated the relataportance of changes of £ 10 and + 20%
in six geometrically-relevant models. A key findimg that the impact of changes in the
geometric factor is not more significant than cobinges when distance-dependent cost
functions are used. The specific result is thathgetac factors (distances) and terminal
handling costs are not more significant than trartsposts (i.e., rail costs and long-distance
trucking costs). In addition, the result also shakaat reducing the drayage costs is not more
effective than either an increase in long-distamngek costs or a decrease in rail costs. Thus,
reducing drayage costs will not necessarily guaeiat sufficient increase in the intermodal
share. More specifically, a one percent changé@se factors is almost seven times, three
times, and two times more effective than a one grchange in the handling costs at
terminals, rail distance, and drayage costs, réispedc These results give intermodal
operators insight that is useful for prioritizingvestments that could reduce the logistical cost
by shifting toward intermodal transport. The reswbuld also be useful for policy makers to
decide the priority of policy options, such as pdovg subsidies to stimulate intermodal
transport. For example, increasing truck rates, bygadding taxes, has been found to be the
most effective policy to increase the intermodablemghare (see Table 5.5). If a fund to either
increase the intermodal mode share or decreasatdiemodal break-even distance is limited,
it should have priority over reducing drayage c@BtsandRy) and terminal costc(ranked at

6). Furthermore, it was found that neither the e@reped market area nor terminal relocation
significantly increased the intermodal share. Hosvewhen these two options were combined,
a synergic effect occurred that led to a signifiaanorease in intermodal transport. Our results
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are useful for guiding decisions on new terminahteons while accounting for the shape of
the potential market area.

Though we aimed to show the importance of seveaatofs that influence break-even
distances that are generally ignored in literatuve,do not present a full overview of all
factors that could be considered, nor did we inelthebse factors in all possibly relevant ways.
As a result, there are some limitations to our ys&d. First, the radius defining the origin
market areaR,) and the destination areldgj are assumed to be equal. It may be interesting to
study the impact of unequal market area sizes.r8edbis study only takes into account the
economies of distance, which is one economy oksicafreight transport. The economies of
scale based on quantity (i.e., cheaper rate adityusncrease) could also be another important
factor, although it is expected that there may bmmelation with economies of distance.
Third, in our study we only focus on te&ategiclevel. At theoperationallevel, factors such
as speed (including congestion levels), and ‘jodime aspects’ may be important. Fourth,
the sampling method used in this study could berawgd. As often is the practice in (GIS-
based) spatial analysis, it is an option to lajna fmesh on the study area and uniformly draw
in each cell. However, even in this case, matcBingh two points randomly and making OD
pairs might be required. The result will not bensigantly changed, but the sampling method
will be more straightforward. Fifth, the cost fuiocts could be enhanced by accounting for
labor laws that limit the number of consecutive fisoaf driving. Finally future analyses
could include simulations with multiple terminalerging the territory, and then even the
market area could be changed relative to the lmeatof the multiple terminals. The number
of terminals and their spatial arrangement cou&hthe varied and the response in terms of
intermodal market share analyzed. Despite thes#alions, this study is still meaningful in
terms of finding the priority based on the relatimgortance of factors relevant for the break-
even distance when multiple options are availablantrease the intermodal share (i.e.,
shortening the break-even distance).
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Appendix 5A

Figure 5A illustrates the cost curve for transdooim a port to a destination. In this case,
intermodal transport is more competitive becausirayage process is unnecessary at the
origin area.

A
Cos ﬂ
Total D’
Cost
a
CHD
b . " — *
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C
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E, »
. Distance
= « = = Rail or Barge ——— Road  ceeees Terminal

Figure 5A Comparison between intermodal system antfuck-only system in the case of
transport from sea ports to destinations

(Note, a similar graph is also shown in Rutter@8)%and Macharis and Pekin (2009))
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Appendix 5B
Table 5B (a) Break-even distance from port
Authors Condition Drayage Long Total (km) Main long-| Commodity | Place (Origin| Year
(year) (km) haulage haul mode and
(km) Destination)
Min | Max | Min | Max | Min Max
Resor, R. R. and Blaze, J. R (2004) | Before Double Deck introduction 30| 100| 150 700 965 | 1,449 Rail | Container Before
with on-dock rail Port of New| 2000
After Double Deck introduction wit 30| 100| 150| 700 645 965 Rail | Container York and New| 2000
on-dock rail Jersey, U.S.
After Double Deck introduction wit 30| 100| 150 | 700 192 289 Rail | Container
on dock rail + drayage and termingal
improvement (central control)
Ministry of Transport (MOT, 1994)| Barge 100 Barge | Container Europe 1994
Van Duin and Van Ham (2001),Rail 200 Rail | Container Europe
Konings and Ludema  (2000),
Bontekoning and Priemus (2004)
Table 5B (b) Break-even distance in the case of det-door trip
Authors(year) Condition Drayage Long-haulage | Total (km) Main  long-| Commodity Place (Origin and Year
(km) (km) haul mode Destination)
Min | Max | Min | Max Min | Max
Van Klink and Van Den Berg (1998) 500 Rail Container Europe
ICF Min= 1991, 784 | 952 Rail Container Europe 1991 -
Max=2002 2002
Kombiverkehr Domestic 350 Rail Container Europe 1998
UIRR in Béarthel and Woxeniu(2004) Min=Domestic, 550 | 760 Rail Container Europe
Max=International
Rutten (1995) Possibly 50 50 100 Rail Container Europe
Barthel and Woxenius (2004) Short terminal stops50 50 650 Rail Container Europe
and night haul
Ministry of Transport (MOT, 1994), Van Duin Survey/Typical 250 Barge Container Europe 1994
and Van Ham (2001), Konings and Ludema 400 Rail Container Europe
(2000), Bontekoning and Priemus (2004) T‘I

° Concerning the values of “min.”and “max.” in TablB (a) and B (b), it should be noted that thesenat absolute values. They are conditional toasimptions as made in the respective
studies, e.g. with respect to the geographical areaarket segment.
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Table 5B(b) (Continued)

Authors(year) Condition Drayage Long haulage Total (km) Main Commaodity Place (Origin} Year
(km) (km) long-haul and
mode Destination)
Min | Max | Min Max | Min Max
Fowkes et al.(1989a) Min=20 foot container and 9G#zation, 322 644 Rail Container U.K. 1987
Max=40 foot container and 50% utilization
Stock J.R. and Lambert Neither (i.e. min and max) are the break-even 617 Rail Container U.S. 1987
D.M. (1987) distance but average distance. We assumed the
average distance was found by the authors since 376 | 1367 Barge
the economical feasibility on the distance|is
reflected by the market.
Oum (1979) Min (320km) = Nonmetallic basic product 320 640 Rail Different Canada| 1979
Max (640km) = Fruit, Vegetable types of
c.f. : 480km - Other refined petroleum produgts commodities
Morlok and Spasovi¢ Typical 160 U.S. 1994
(1994)
Janic et al. (1998) Innovative bundling network 150 500 Rail Container Europe| 2002
Min = Competitiveness to road haulage
Max= Complete domination
Janic (2007, 2008) The full cost including interreld externall 50 75 650 | 1050 Rail Container Europe| 2002
costs
Min: high frequency of train operation (20
trains/ week)
Max: current frequency of train operation (5
trains/week)
Nierat (1997) 57 630 Container Europe| 1997
Kim et al. (2009) Market Observation 50 200 1200 1300 Container Europe| 2008
Giannopoulos and Typical 500 Rail Container Europe| 1997
Aifantopoulou-Klimis
(1996)
Kreutzberger (2008) Market Observation, economic alyais, 25 600 Container Europe
network analysis
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Appendix 5C: A simulation model

This appendix is designed to demonstrate Eg. (B), (# Do # D,.. , WhereD,, =
Dyons + Derayage o + Darayage « ) @Nd to find a relationship among these factarsbdth the origin
and destination areas, uniformly distributed 5,88@dom points are generated and matched
for the 42 combinations consisting Bf,., andR (see the table below). Based on Eq. (10),

the average distance between two points is estingde all combinationsD,, can be

estimated by repeating this procedure 20 timesleT&l and the regression model below
contain the details.

Table 5C Simulation results for estimatingD,, with 100km step ofD,, and 25 km step oR

Dhona (km)| R (km) Dro(km) | S.D. Dhiora (km)| R (km) Dro(km) | S.D
1 500 50 501.19 0.50 2p 800 50 800.80 0.46
2 500 75 502.95 0.68 23800 75 801.97 0.80
3 500 100 505.20 0.94 24800 100 803.15 1.07
4 500 125 507.72 1.56 25800 125 804.74 1.31
5 500 150 510.68 1.73 26800 150 806.72 1.63
6 500 175 515.26 1.71 27800 175 810.58 2.22
7 500 200 521.13 1.84 28800 200 812.64 2.09
8 600 50 601.01 0.52 20900 50 900.57 0.46
9 600 75 602.60 0.64 30900 75 901.37 0.89
10 | 600 100 604.28 1.09 3[L900 100 902.81 0.98
11 | 600 125 606.64 1.27 3P 900 125 904.50 1.18
12 | 600 150 609.07 1.42 33900 150 906.05 1.41
13 | 600 175 612.94 1.55 34900 175 908.55 2.34
14 | 600 200 616.86 1.49 35900 200 910.88 2.59
15 | 700 50 700.98 0.38 36 1000 50 1000.36 0.58
16 | 700 75 702.22 0.70 37 1000 75 1001.35 0.63
17 | 700 100 703.78 1.17 381000 100 1002.34 0.97
18 | 700 125 705.41 0.75 3P 1000 125 1004.01 1.38
19 | 700 150 708.08 1.22 401000 150 1005.93 1.59
20 | 700 175 711.14 1.41 411000 175 1007.22 2.21
21 | 700 200 713.95 2.16 4P 1000 200 1010.42 1.47
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Figure 5C Regression curve for the relationship
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Appendix 5D: Distance-dependent cost function
Table 5D Distance-dependent unit cost and total ctss(Janic, 2009)

Unit cost = 546x Dist % (Euro/km

Distance Unit cost total cost = Distan¥eUnit cost
50 1.84 92.01
100 1.52 151.77
150 1.36 203.39 Used for drayage
200 1.25 250.34
250 1.18 294.11
300 1.12 335.49
350 1.07 374.98
400 1.03 412.93
450 1.00 449.59
500 0.97 485.12
550 0.94 519.68
600 0.92 553.37 Used for Long distance
650 0.90 586.29 truck-only system
700 0.88 618.52
750 0.87 650.11
800 0.85 681.12
850 0.84 711.60
900 0.82 741.58
950 0.81 771.10
1000 0.80 800.19
4.0
35
£ 30
T .5 b
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7 20
[e]
O 15
=
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Figure 5D.1 Distance dependent Unit cost function
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Figure 5D.2 Distance dependent total cost function
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Abstract

This study developed a framework incorporating ecoies of scale into the multimodal
minimum cost flow problem. To properly account tbe economies of scale observed in
practice, we explicitly modeled economies of sa@alequantity, distance and vehicle size in a
given multimodal freight network. The proposed rnmatidal minimum cost flow problem
contains concave equations due to economies & fmatjuantity, non-linear equations due to
economies of scale for both quantity and distaao€, non-continuous equations due to the
economies of scale for vehicle size. A genetic rtigmn was applied to find acceptable route,
mode, and vehicle size choices for the multimodaimum cost flow problem. Four
scenarios considering various demand and capawtyding the current logistics operating
scenario in a Western-Eastern European corridoe weamined. The GA optimization results
demonstrated how the economies of scale influesgsttm (mode), route choices, and total
cost under various demand/service capacity scendnoaddition, the vehicle batch strategy
for each near-optimal solution is found for therfeoenarios.
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6.1 Introduction

The intermodal freight system has been recogniseghaalternative to the truck-only system
(EC, 1997, 1998, 2001, USDOT, 1991). Despite ismdvantages—such as high extra costs
for relatively short-distance collection/distribani by trucks (referred to as either drayage or
pre- and post- haulage) and their transshipmerdageastions at ports and intermodal
terminals and a less-flexible schedule—the intermhdekight system still has great potential
to significantly reduce total logistics costs, naithrough economies of scale gained in long-
haulage by non-road transport modes such as wabterbeessel or rail. However, it is
generally understood that specifying economiescafesin a cost function is quite difficult
(McCann, 2001). Especially when the cost funct®formulated for an Operational Research
(OR) problem, to solve it practically the problene formulated cost function has been often
over-simplified such as linear function. Thus, tkeonomies of scale was not fully
incorporated in OR problems. To properly take iatzount the economies of scale in OR
problems, non-linear function and even non-contusudunction if necessary should be
considered. In addition, as the number of transpurties increases in a given network, the
formulation and solution of OR problems generalgcdime more complicated. Thus, if a
multi-modal related network problem such as Multitalb Minimum Cost Flow Problem
(MMCEFP) with non-linear and even non-continuouseghiye functions would be considered,
it is extremely difficult to solve it by traditiohéinear- and non-linear programming methods.
This study aims to formulate the MMCFP incorporgtéconomies of scale and to solve it by
using a proposed genetic algorithm based heuadgiorithm. The expected outcome of this
study is mode (systeédn/route choice with batch strategy for the givedsCeither directly or
via hubs (for example, “Ten A type (e.g. 1 TEU kue 2 TEU truck) of trucks and B type of
train are selected between node 1 and hth the combination of a C type of vessel and D
type of train are selected between hub 1 and hBbERtype of train and five A type of trucks
share are selected hub 2 and node 2”). The catesobutcome, which has not been shown in
previous studies, is the feasibility to select mplet modes with different sized vehicles
between two nodes.

There are three newly added components influertbiagnodeling and solution as follows:

* Enhanced Multi-modal network representation (Seciip

* Cost functions incorporating economies of scalethiea form of OR problem
(Section 3)

» Solution technique to solve the proposed OR prolffeection 4)

As noted, the multimodal transport operations iacfice are often oversimplified in OR
problem formulation. In this study, based on thénitleon of intermodal freight transport
system, some overlooked multimodal network issuesrecorporated. This enhanced multi-
modal network captures more realistic intermodatioms. We defined three types of
economies of scale existing in a freight transpoarket: Economies of Scale for Quantity
(ESQ), Economies of Scale for Distance (ESD), andnBmies of Scale for Vehicle Size
(ESVS). In general, ESQ, ESD, and ESVS can be el@fas the cost discount effect as
guantity shipped, distance travelled, and the Vehsize increase, respectively. The cost
function incorporating those three different types economies of scale is the main

' The sequence of transport modes
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component of the objective function of the propoB#dCFP. The cost function is examined
in Section 3 while the MMCFP based on the cost tioncis formulated in Section 4. It is
notable that the formulated objective function iMEFP is non-linear, non-continuous, and
non-convex. Thus, meta-heuristic approach insteastantional linear programming and non-
linear programming methods is appropriate to salvéVe developed a GA-based heuristic
algorithm to solve the proposed MMCFP in Sectiofifte added value is that since handling
constraints is most challenging part when a GAsisd,l the developed algorithm paid special
attention to effectively treat the constraintshe MMCFP. Finally, the developed GA-based
algorithm for the MMCFP is tested in a small mubigial network in Europe. Then, the final
outcome for the given network is presented: roubelenchoice and the batch strategy for the
chosen route/modes in terms of combination of difiesized vehicles.

6.2 Proposed network representation and route/system cince sets

We begin our discussion by defining an intermodailght system. The European Conference
of Ministers of Transport (ECMT) defined the intexdal (combined) transport system as
follows:

Combined transport is a transport in which the maart of the European
journey is carried oudy rail, inland waterways or seand in which any initial
and/or final legs carried obly roadsare as short as possible (ECMT, 1998).

It is explicitly pointed out that trucks take thetial and final legs (i.e., short distances) and
non-road modes serve for the main haulage (i.egdodistances). Thus, when a multimodal
network is drawn in this study, we assume all @aiéind final trips are done by trucks even
though there are some exceptions in practice.derao properly reflect in the form of drawn
multimodal network, we speculate the aggregationaafes. When a node is represented in a
multi-modal network, it is generally assumed tHatralividual shippers/receivers are located
at the center (so-called centroid). In the caseuak-only system, it makes sense since some
shippers are advantageous in terms of the distaaeelled to the receivers and the others are
not. However, in the intermodal cases, we nee@hsider some extra transport costs within a
node if the node is not a real shipper/receiverrdvipecifically, if two nodes are connected
with three modes as shown in Figure 6.1(a), thermodal terminals for rails or vessels
should be hidden nodes. Otherwise, those trips@aeial cases rather than general intermodal
trips. If nodes could be represented as shippas’raceivers’ real locations, Figure 6.1(b) is
more appropriate. In addition, since hubs are ekplirepresented, it would be realistic to
add some constraints at hubs. However, collecting presenting all the locations of
shippers/receivers is time consuming. Alternativelie propose an enhanced multimodal
network with penalty concept assuming that all gaip must pay for extra operational costs
within any nodes unless they would select truckrosystems. Figure 6.1(c) and 6.1(d)
describe the proposed multimodal network represientavith non-road drayage penalty
(6,,,) @and extra transshipmentssé(truck, rail)). This study only considers rail-drayage as a

non-road drayage since rail network at the regitsadl is mostly as dense as road network.

The penalty concept shown in Figure 6.1(d) leadtheomore realistic and flexible option
such as truck> rail > vessel> rail - truck rather than the conventional intermodal apti
such as truck> rail - truck. Based on the proposed network representaigure 6.2
shows an example of arc (1,3) with nine feasiblalgioations of transport modes. Obviously,
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these nine feasible combinations are applicablany other OD.r indicates the feasible
combinationsy = 1 is the truck-only system;= 2 and 6 are the conventional rail based- and
vessel based intermodal system respectively. Therstt = 3, 4, 5, 7, 8, and 9), so-called
“2" level intermodal systems”, have at least onedwilfage at either initial or final leg. Note,
a penalty is applied for all thé%evel intermodal systems due to the extra draygeribed

in Figure 6.1(d).

Figure 1(a) Multimodal Network without direct (tktonly) connection
Node is at the city/regional level

Figure 1(b) Multimodal Network highlighting drayage
Node is at the individual shippers/receives level

Figure 1(c) Proposed Multimodal Network with peialtof within nodes
Node is at the regional level

road drayac
X 15

1 ) j H
Node 1 X1s nor-road drayac

Ol — I < == - Non-
: Penalty for non-. road
! road drayage ! A termina '
L g . : R 5 road drayag

Non-road drayac
1H

TSc(truck, rail)= | <N Xgyleremamee S
| Transshipment costy . = 72 R
| between truck and

Figure 1(d) Assumption of node inside (extra céstsion-road drayage)
Node is at the regional/city level

e , ., @ o @

Truck Rail Vesse Real Origin / Node Huh
Destination

Figure 6.1 Multimodal network representation
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r=2 @_@ ...............................................................................
r=3 M ............................................................................... @ ....... ’@__p’
r=4 H@ ......... @ ...............................................................................
r=5 ’_>@ ......... @ ............................................................................... @ ....... ;@_“
r=6 @_>@_ .......................
r=7 @_>@_ ....................... _>@ ....... ;@__p.
r=8 ._@ ......... »@_ .......................
r=9 H@ ......... »@_ ....................... _>@ ....... ’@_p.
Options Mode(s) k, LIK Description
(r) Penalty Pre-haulageMain haulag Post-halage Penalty
( Jinilial ) (kl) (k2) (k3) ( innal )
1 0 0 1 0 0 Truck-only system
2 0 1 2 1 0 Conventional Rail-based intermodal system
3 0 1 2 2 P Rail-based intermodal system
with rail-post haulage
4 P 2 2 1 0 Rail -based intermodal system
with rail-pre haulage
5 P 2 2 2 P Rail-based intermodal system
with rail-pre/post haulage
6 0 1 3 1 0 Conventional Short sea-based intermodal system
7 0 1 3 2 P Short sea-based intermodal system
with rail-post haulage
8 P 2 3 1 0 Short sea-based intermodal system
with rail-pre haulage
9 P 2 3 2 P Short sea intermodal system
with rail-pre/post haulage
1, 2 and3 indicate truck, rail, and vessel, respectively.
P in the penalty columns indicates that extra trugkcosts are required for handling initial colleas or final
distributions.

Figure 6.2 Description of feasible intermodal choie sets

6.3 Previous and proposed unit cost functions incorporegng economies

of scale

In many MMCFPsthe unit cosis assumed as a linear function that is propoatiom either
quantity (e.g. TE®), distance (e.g. km), or the composite form (&gU-km) for analytical
simplicity. An ideal way to specify these three dgpof economies of scale in a MMCFP
would be to develop a comprehensiweit cost functionthat is likely to be a non-linear

TEU s Twenty-foot Equivalent Unit
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function of quantity, distance, and vehicle sized @o incorporate such a comprehensive
function into the objective function. It is stratfgrward that the unit cost function plays a
vital role in many OR models including MMCFPs. Thesbecause the total cost in objective
function is determined by multiplying the unit cdanction with the assigned quantities (a
decision variable in many cases).

6.3.1 Previous unit cost function incorporating economie®f scale in OR problem

When considering ESQ (Economies of Scale in termQuantity) only in most of the

previous OR problems, the unit cost in the objecfinction has been over-simplified to be
as

e constant unit costs that are homogeneously appdiexvery link (arc) and are
consequently linearly associated with the quamistgigned to it (Skorin-Kapov
et al., 1996)

* piecewise linear cost functions in which the uitds stepped down when the
guantity shipped is over a certain assumed quariisria (Chang, 2008), or

* non-linear discount functions that are dependeht on quantity (O'Kelly and
Bryan, 1998, Horner and O'Kelly, 2001, Racunica hahter, 2005)

The prototype of the objective function for a MMCEPto minimize the total cost,Cj, as
follows:

Minimize TC; = > C; X; 1)
(i, HOA
Where A is a set of arcs between nodesd;
Cij is a unit cost for ard,{) (€/ TEU')
X is a decision variable for artj§ (TEU)

Unit cost Cj) generally plays a key role in these kinds of pepis. Skorin-Kapowet al.
(1996), for example, developed a model with a figedstant discount factor between hubs to
attempt to describe ESQ in the hub location proldsrfollows:

MinimizeTC = > Y Y a, xCx X! xd¥ (2)

(i, HOA (I,m)OH kOK

Where

TC! is the total cost between hulbgn) [1 H, for modek (€)

a, is a discount factor between hubsnf [1 H

C*is theconstantunit cost of flows between hubsnf) [ H (€/TEU-km)
X, is the quantity shipped betweenjf LA (TEU)

df is the distance between hubsnj L1 H (km)

Cis not expressed as a function of quantity or distabut constants depending on mdde (
Therefore, any economies of scale can not be esguesvith C*. If this constant were
estimated with consideration of economies of sahis,model would have taken into account
only ESQ at most that indirectly affect inter-hidafs. O'Kelly and Bryan (1998) developed a

1TEU is Twenty-foot Equivalent Unit
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hub location problem considering ESQ only for pagee transports. They also assumed that
economies of scale were gained in inter-hub linkdy.oRacunica and Wynter (2005)
overcame this assumption by allowing the amourgcoinomies of scale on inter-hub links to
be relatively larger than other local links (i.drayage or pre-/post- haulage). The simplified
cost formulation adopted by the above studies is:

TG = 3 S (Ck (XK, @) x X[ xd¥) (3)

(i, HOA (I,m)OH

Wherecy (x!,ar) is the unit cost function (€/TEU-km or €/ton-kmig\nubsl andm
where cost islependenton flowsx .

The core of this approach was to develop the distclwnctionc, (X}, a;,) , which depends on

quantity and the characteristics of the route betwsubs. Such a discount function describing
economies of scale has been commonly used in prewtudies due to analytical simplicity
(O'Kelly and Bryan, 1998, Horner and O'Kelly, 20&Bcunica and Wynter, 2005).

6.3.2 Proposed unit cost function incorporating economiesf scale in OR problem

Although it is easy to estimate the demand-depenctest function (i.ect (xt.q)) ), it is still

independent of both distance and vehicle size. iBsudsed in Jara-Diaz et al. (1992), both
distance and quantity non-linearly affect the maeajicost. However, obviously, each mode
has different dependencies with ESQ, ESD, and ESW&t is, if the unit cost functions for
each mode are properly developed, the issues dilel@ounting and correlations could be
avoided. Moreover, some freight modes might havantjty-sensitive cost functions while
others might have distance-sensitive (e.g., trucksyehicle-size sensitive (e.g., waterborne
transport) cost functions. Since an intermodagfiesystem consists of more than two modes,
it might be unfair for the cost to be solely a ftioe of quantity (i.e., ESQ), ignoring ESD and
ESVS.

Reflecting the above-mentioned issues, the obgdimction with the proposed unit cost
function is:

TC = X X MoK (X df, 8 x Xy xd) (4)
(i,))EAKEKVEV
Wherecy(x},df,s*) is the proposedinimumunit cost which is a function of quantity
(%), distance d;*), and vehicle size") for v type of vehicle ok mode (| = the number of
vehicle type) for each modg)(

The minimum unit cost df mode is defined as the minimum value among diffeuait costs
depending on what types of vehicles are used. Tihermam unit cost,c(x;.d},s*), will be

shown in the case study (Table 6.1) based on prs\studies assuming there are 3 types of
vehicles for each mode (Janic, 2007, 2008, Culteaand Khanna, 1999). In addition, if the
shipped demand is greater than the capacity dhtigest vehicle, multiple vehicles should be
used. In other words, different unit costs candaenfl depending on batch strategy, which is
related to ESVS. The algorithm for finding the mmgim unit cost through the batch strategy
is as follows:
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Step 1: For each mode, set up initial given distar(d;jk) andv types of vehicle.

Step 2: Generate choice sets base8bfor eachk. The number of choice sets 14-2.
For example, if there are 3 types of vehicle (M5 3) indicatinga, b, andc
(a is the largest and accordingly the most efficiént is fully loaded), the
number of choice sets (i.e., batch strategy) 34=7; @>b->c), @>b),
(a=>0¢), (b—=>c), (aonly), only), and ¢ only).

Step 3: For each vehicle size and mode, estimate' d¥,s*) asX;increases.

Step 4: For each mode and each generated chojamakrilate the number of vehicles
used and the number of remaining TEUs for one emiaVel vehicle.

Step 5. For each mode, estimab&(x,d,C.), where ®*(X,d,C,) is the unit cost
function of A" combination.

Step 6: Find the minimum unit cost and the optitvetich for given quantityX) and
distance q).

Step 7: Increase the fixed distance up to a celeail and return to Step 3.

Figure 6.3 shows an example of the unit cost comnpetof three different freight systems
based on Table 6.1. When Figure 6.3 is drawn, stetagls are assumed as follows:
® There are three different sized vehicles for eadden(i.e. seven choice sets (i.e.,
batch strategy))
® The vehicle types used in the test were 1 TEU, B,Tdéhd 2.5 TEU trucks; 60 TEU,
75 TEU, and 144 TEU trains; and 200 TEU, 500 TEkG 800 TEU container
ships.
® The distance travelled is 1,000km for a long-haglagd 50km for a drayage.

1100

1050

Truck-only system
----- - Rail-based intermodal system 7
B --+--Vessel Based intermodal system

1000

950

900

850

Unit cost

800

750

700 - B

650 [ | | | B
50 100 150 200 250
Quantity (TEUS)

Figure 6.3 Comparison of minimum unit cost as quarty increases
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In Figure 6.3, curves are broken when batch styaseghanged and accordingly the minimum
unit cost is decreased. Vessel based intermodmyshows cost competitiveness after about
110 TEUs regardless of the batch strategy. Fotnamlsport, the batch strategy changed seven
times between the segments, indicated as A, B,,E, B, and G in Figure 6.3. In segments A,
B, and C, a 60 TEU train, a 75 TEU train, and a TE train were optimal, respectively. It

is interesting that the 144 TEU train was more cetitipe than any combination of 60 and 75
TEU trains (somewhere in segment C) until reaciiag TEU. In segment D, two 75 TEU
train trips showed the minimum unit cost. The camakion of a 144 TEU train and a 60 TEU
train was found optimal in segment E (i.e., up @& ZEUs of quantity). In segment F, the
combination of a 144 TEU train and a 75 TEU traiasvoptimal (i.e., up to 219 TEUs of
quantity). From 219 TEUs of quantity, two 144 THdins showed the minimum unit cost. It
is noted that very small fluctuations for both #zélsed and vessel-based intermodal systems
are caused by truck-drayage that also has batategies according to the assigned quantity.
The non-continuous fluctuations of such graphs dhes insight that many local minima in
MMCFP are found when several batch strategies ansidered. The total number of batch
strategies is dependent @hgnd k| where v is the number of vehicle size for eacllenand k

is the number of transport mode. Thus, as suchabi@s increase, the local minima
dramatically increase. More details are discussele next section.

6.4 Multimodal minimum cost flow problem and the GA-based heuristic
algorithm

6.4.1 Formulation of a multimodal minimum cost flow problem incorporating
economies of scale

Consider a networls = (N, A), whereN is a set of nodes arilis a set of arcs. There are four
nodes inN: origin, destination, hubs in the origin area, aods in the destination area. These
nodes are denoted &5 D, Ho, andHp, respectively. The arcs are defineda@‘é wherei is
the origin nodejLIO, j is the destination nod¢,ID, k, is a " freight mode, and,LIK.
Feasible routes are pre-defined as consecutiveglmdiindividual arcs and denotedraand
specified in Figure 6.2, wherds an integer indicating the different combination

The objective function is as follows:

Z=Min > > & X/ ()

(i, HOA 1OR
Where X; is a container flow between i and j fo(TEU): Decision variable
@ is the minimum unit cost between i and j fq€ / TEU)

o; is a function ruled by. Depending on which is assigned, the function value can be
estimated. Thus, Eq. 5 is non-linear and even motituous. Generallyp: (unit: €/ TEU) is

a function of all drayage processes bykallong-haulage by ak, necessary transshipments,
and penalties for rail drayage. Specifically,

+TSdtruck, k) + Ci (Xl Ay, S) x dify + TSk, k,) +

iho

CHEN)

initial

Clan 2X%, 082,16 SY) X Af2 g + TSEK,, ky) + G (X2, dfey, S xdlfsy + TSk, truck) + 3y, (6)

(i, )EA



114 Intermodal Freight Transport on the Right Track?

Where
kn UK, ki,kz,andks are the first, second, and third modes assigmspectively
s 1S @ penalty for rail drayage; a constant penélkyiis rail (i.e., wherr = 4, 5, 8,
and 9), 0 otherwise (€ / TEU)
s IS @ penalty of rail drayage, a constant penalkgiis rail (i.e., wherr = 3, 5, 7,

and 9), 0 otherwise (€ / TEU)
TScs, ko) is the transshipment cost betwégmndk, (€ / TEU)
Cr(Xy.df,s¥) is the unit cost function embedding ESQ, ESD, ag¥/& between

andj (€ / TEU-km).

There are four notable characteristicsef First, the unit ofcl(x,df,s*) is € TEU-Km in

order to include the effect of ESD in a given natwdVhile ESD may not play a significant
role in MMCFP since the distance is given, it iff storthwhile to include ESD because of (a)
different levels of ESD for long distance transpggained mainly in the truck-only system and
in non-road parts of the intermodal systems andlig@conomies of scale for short distance
transport occurring mainly in short-distance drayhyg trucks. Secondly, the optimal batch to
find the minimum unit cost through testing all pbss combinations of different vehicle sizes
was considered to estimate(xy,dl,s*) as specified in the previous section. Note thatuthie

cost is not a fixed constant in this case but ation. The function values with the same
demand X(i,-k) and distancedﬁk) vary depending on how the different vehicle si¢8% are
batched. Thirdly, transshipment costs between traic# rail, between rail and rail, and
between truck and vessels are distinguished (EGQ)20rhus,TScis a function of modes
involved. Finally, the demand in unit cost functitor long-haulage, indicated a}’ x; in

(i, )0A

Chkéhd((iyj)EEAXiF,dthd,S”) , Is not for a singl®D pair but the summation of aﬂj"z. This allows the

clear description of ESQ in long-haulage by nordroedes such as rail and vessel.
There are four constraints, as follows:

Constraint 1 Flow-conservation constraints (i.e., equality stoaints)
> x; = D,, forall (,j)OA

Constraint 2 Mode availability constraints
> >k <ut, re Or, kOK

ro (i,j)0A
Constraint 3 Hub capacity constraints
D> % <Hubt, re Or, kOK

ro (i,j)0A
Constraint 4 Non-negativity constraints (lower bound)
X =0 for allr and (,j) A

Where
D, is a given demand betweeandj (TEU)
rg is ak mode-related intermodal system (e.gk=f(truck),rx = 1; if k=2(ralil) r =
2, 3, 4, and 5; ik=3(vessel)rk=6, 7, 8, and 9)
u®is k mode availability (TEU/week)
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Hub is the capacity of hubs for transshipments for edo(rEU/week) (e.g., ik=2,
Hubis rail intermodal terminal capacity;kE3, Hubt is port capacity)

In Constraint 2 it is assumed that the rail-based intermodalesyst = 2) and the ¥ level
rail-based intermodal systenmrs< 3, 4, and 5) use the same freight train seraieshare the
same limited capacity (i.e., train slots). The sasgumption is similarly applied to four short
sea shipping options (i.e.= 6, 7, 8, and 9).

6.4.2 GA-based heuristic algorithm for solving a MMCFP

A Genetic Algorithm (GA) is a powerful optimizatiomethod of finding a near-optimal
solution, especially for non-linear and even nonttwmous functions such as the one
proposed in this paper. The rationale for introdgcGA for the proposed problem is that
traditional linear and non-linear methods cannbtessuch a problem. Specifically, due to the
dependence ob; on Xi,-k and accordinglyX;" as presented in Eq. 6, the number of feasible

system/route choices for each O-D set is not singlyr. The numerous combinations of
route options and batch strategies in the proposedel make it more complicated than a
general MCFP. The complexity of the proposed probknd the reason to use GA are
demonstrated with a simple example in Appendix 6A.

However, the Genetic Algorithm (GA) was not a perfmethod that always guarantees the
optimal solution as widely known. Nevertheless, nasntioned previously and shown in
Appendix 6A, it seems to be a feasible method tml fat least the near-optimal within
reasonable computation time. The more serious isstie GA is to handle constraints in OR
problem (Michalewicz, 1995, Michalewicz and Schaera1996, Deb, 2000). In this study, a
heuristic method to overcome such a weakness sla@d. Specifically, this study attempted
to overcome this disadvantage by modifying theidhpopulation (Michalewicz and Fogel,
2000) and developing penalty functions (Michalewit@295). The outcome of the developed
GA-based heuristic approach is the near-optimaltsol for route, mode, and vehicle size
choices including batch strategy. The basic ideth raechanism of the GA can be found in
Holland (1975). The settings we used in this studye

Real encoding rather than Binary encoding
Stochastic universal sampling

Modified simple crossover

Dynamic mutation

Elitism

The procedure of the algorithm highlighting init@pulation generation ensuring the equality
constraint is specified in Appendix 6B.

6.5 Case study

In this section, a GA is applied in a case study@amear-optimal solution is found in terms of
system choice, route assignment, and batch strédegywen demand-capacity sets.
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6.5.1 Study area network and OD pairs

The case study examines a multi-modal network bethwiestern Europe and Eastern Europe.
Figure 6.4 presents distances between six nodesnaltdmodal links. Nodes 1, 2, 3, 4, 5,
and 6 indicate Amsterdam, Brussels, Warsaw, VilnRstterdam, and Gdansk, respectively.
The distances are estimated by using the shordgistfimder of GIS (Geographic Information
System) for each multimodal network. Using the nod&tion defined in the previous section,
0 =11,2], D= [3,4], Ho =[5], Hpb =[6].

The demands (container flows) in tB® sets were estimated based on the European Statisti
Bureau (Eurostat, 2008). The current container $ldar (1> 3), (1> 4), (2-2>3), and (2
—>4) are 315, 27, 217, and 13 TEUs respectively. 3émwice capacity of truck, rail, and
vessel are 400, 150, and 200 TEUs respectivelyofegt proposal for new short sea shipping
between Rotterdam and Gdansk was used to reflectcéipacity of vessels in service
(Rotterdam, 2007). However, since the demand andcsecapacity could be uncertain to
some extent, we examined three more cases: cudemiand with unlimited capacity
(Scenario 2), double demand with doubled servigacity (Scenario 3), and double demand
with unlimited capacity (Scenario 4).

Truck Rail Vessel Origin Hub or potential hub

Figure 6.4 Distance ) in case study area (Unit: km)

6.5.2 Cost functions incorporating economies of scalecf (x;,d;,s"))

It is a challenging task to develop the cost fuordi formulated in Eq. 6. The original
equations for trucks and trains were obtained fdamic (Janic, 2007, 2008) while those for
vessels were taken from Cullinane and Khanna (1999%!.d/,s) for each modekj is

estimated by modifying these three original costfions as presented in Table 6.1. Note that
the cost functions in Table 6.1 are used to ploFfgure 6.3.
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Table 6.1 Unit cost function by mode and size of eles: c¥(x ,d* sv)
k & Unit cost function:C*(X ,d*,s¥)
Cost (E/vehicle-km§ = ax(d)”
Whereo = 5.46,3 = -0.278
0'(X, DS = J* X (5;6><(d 3y %) (€/TEU-km)
Basic formulation (Janic, . 2y 2 % 1 0278 .
2007, 2008) QY(X,D,S?) = y* X(546x(d) ) (€/2TEU-km)
0'(X, D,8%) = X( 5;‘6 x25x(d? ") (€/2.5TEU-km)
k=1 Where )*, y?, and y° are weight factors assumed as 1.0, 1.1 [and
1.2, respectively.
v=1 S'=1TEU CHX ,d*S%) = 1.2% %X(di})/’ (E/TEU- km)
v=2 S2=2TEU CY(X ,d%S?) = %X(di})/‘ (E/TEU- km)
v=3 SB=25TEU CY(X ,d* S®) =0.9% %X(di})/’ (E/ITEU- km)

Cost (€/ km-ton) =x (W' xd?)”

Basic formulation (Janic,

where a =0.58, B=0.74, W is the total weight of a trainyW’ =
Wo'(locomotive weight) +W(flatcars weight)+X*14.3(loads

2007, 2008) _ .
weight) for v type of train.
lIIZ(X 1d2,SZV) = [ 058x (VVOV +VV1V +X *l4.3)xd 2)0.74]/ X (€/ TEU-km)
1= 60TEU;
k=2 v=1 1 locomotive C*(X ,d? S =[0.58%{(89+20% 24+X % 14.3)xd*} >/ X
with 20 railcars
S§% = 75TEU;
v=2 1 locomotive C?(X ,d?S%) =[0.58%{(89+25% 24+X* 14.3)x d?} >4/ X
with 25 railcars
S¥ =144 TEU;
v=3 2 locomotives C?(X ,d? S%) =[0.58%{(89 X 2+48X 24+X; x 14.3)x d*} *"4/ X

with 48 rail cars

Basic formulation (Cullinane

and Khanna, 1999) Cost (€/ TEU-km) = a constant for ship size

C*(X ,d* s*)=0.08 (US $ /TEU mile)

v=1 S*=200 TEU vessel
~ 0.8 X0.08% (1/1.609) = 0.04 (€/TEU-km)

k:3 3 3 @32y — H
C3(X,d?S%¥) =0.05 (US $ /TEU mile
v=2  S?=500 TEU vessel © . ) LSS lle)
~ 0.8X0.05% (1/1.609) = 0.025 (€/TEU-km)

C*(X ,d*,S*)=0.034 (US $ /TEU mile)
~ 0.8%0.04%(1/1.609) = 0.02 (€/TEU-km)

v=3 S*¥=800 TEU vessel

6.5.3 Results

Table 6.2 shows the system/route choice and b&tategy to minimize the total logistics cost.
The other scenarios in the other rows are discussed The first column is 4 OD pairs (i,J).
in the second column was defined in Figure 6.2 spetified in the third column in terms of

freight transport modes between two nodes via hubs.

* Janic Janic, M. (2007) Modelling the full costs af intermodal and road freight transport network,
Transportation Research Part D, 12 (1), pp.33-d4duraed that a vehicle is capable of carrying 2 THilker

two 20-foot containers or one 40-foot container.
®1USD=0.74€in May 2009
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Table 6.2 Route/system choice for four scenarios:eision variables(X;') for all (i,j) andr

Nodes and links Batch Strategy
Gj) r ©@O®:Nodes Demand  Truck Train L .. Tran Vessel  Train Truck
. (TEV)  pre- pre- long-  long- post-  post-
©0: Hubs only
haulage haulage haulage haulage haulage haulage
Scenario 1 (Base Scenario — Case studly);value (Total Cost) = € 496,928
w3 1 O Truck ® 315 cs5
14 1 o Truck ® 27 c2
23 3 o ke Rl o R g 59 2 c7 c3
7 o ke Vesselg Ral g 143 c3 c3 c3
g o Rl g Vesselg Tk g 15 c7 c3 cs
24 1 @ Truck ® 13 c1
Scenario 20bj. value (Total Cost) = € 376,189
13 1 O Truck ® 28 c1
5 © e o R o 287 cs c5 c2
@ 1 O Truck @ 27 c2
23 5 @™ e o * o 27 c2 c5 c2
29 2 © %o ™ o ™ e 13 c1 c5 c1
Scenario 30bj. value (Total Cost) = € 877,539
@3 1 © Truck ® 630 c5
Rail Rail Rail
49 5 ©_© ~ 6 o 54 C7 C5 C5
23 4 0" e™™ @ ™kag 4 c3 C5 cs
9 @ e V¥l R o 393 c3 c6  C5
e 5 @ e™ o ™ @ 26 c3 c5 cs
Scenario 4; Obj. value (Total Cost) = € 657,184
13 9 o e Ve " g 630 c3 c2  cs3
Truck Rail Rail
4 53 9. .06 06 - @ 54 C2 C5 Cc7
23 7 @ ™*e Ve " 5 141 c3 c2  cs3
9 @ e V¥l R o 278 c3 c2  cs3
24 1 @ Truck @ 1 c7
2 @ "*e R @ ™9 11 c3 C5 c3
1 oM e @ ™Mo 1 c3 c5 c2
Truck Rail Vesse
C1: 2.5 TEU truck(s)*> C1: 14+TEU train(s)*-> C1: 800 TEU vessel(sy®>
2.0 TEU truck(s)* -1.0 TEU 75-TEU train(s)*>60-TEU train(s) 500 TEU vessel(s)®200 TEU vessel(s)
truck(s) C2: 14+TEU train(s)*-—> 75-TEU train(s) C2: 800 TEU vessel(sy® 500 TEU vessel(s)
C2: 2.5 TEU truck(s)* > 2.0 TEU [C3: 14+TEU train(s)*-> 60-TEU train(s) C3: 800 TEU vessel(sy® 200 TEU vessel(s)
truck(s) C4: 75-TEU train(s)*-> 60-TEU train(s)| C4: 500 TEU vessel(sy® 200 TEU vessel(s)
C3: 2.5 TEU truck(s)* > 1.0 TEU [C5: 14+TEU train(s) only C5: 800 TEU vessel(s) only
truck(s) C6: 75-TEU train(s) only C6: 500 TEU vessel(s) only
C4: 2.0 TEU truck(s)* > 1.0 TEU [C7: 6(-TEU train(s) only C7: 200 TEU vessel(s) only
truck(s)
C5: 2.5 TEU truck(s) only
C6: 2.0 TEU truck(s) only
C7: 1.0 TEU truck(s) only

For Scenario 1, the system choice in (1, 3) iskbmdy system (= 1) and the batch strategy
was the 2.5TEU-trucks only (C5). The main reasat &l 315 TEUs are assigned to truck-
only system seems to be either the limited servagEcities for non-road modes (150 TEUs
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for rail and 200 TEUs for vessel), or the relatwéng detour of the intermodal systems
between Amsterdam and Warsaw (i.e. relatively shibréct trucking distance). More
specifically, as shown in Figure 6.4, the distaoiceuck-only systemr(= 1) is 1208km while
rail-based intermodal system=% 2) and vessel based intermodal system §) are 1,516 km
and 2,916km respectively. Such detours of interrhaggiatems crucially decrease the cost
competitiveness. These longer distances of inteainddeight systems are usually
compensated by ESQ gained in non-road long-hautdgeever, in this case, ESQ occurred
in (1, 3) does not seem to be sufficient to slafhe quantity of 315 TEUs from trucks% 1)

to other intermodal system € 2 to 9). As shown in (1, 4) and (2, 4), the gitgrwas not
enough to achieve sufficient ESQ. If 27 TEUs in4{)Lwould be shipped by other intermodal
systems. It could be successful but the ESQ wassuificient to overcome the detour of
intermodal systems. Needless to say, truck shoailthé best option for both (1,4) and (2,4).
The 217 TEUs in (2, 3) are split into the threetays. In the case aof = 3, the quantity
shipped was almost the capacity of a 60-TEU trlinthe case of = 7 and 8, the total
demand of vessel in (5, 6) (i.e. 193 TEUS) is aisar to the capacity of a 200-TEU vessel.
One may wonder why not 60 TEUs for 3 in (2, 3) instead of 59 TEUs since it seemido
more efficient for = 3 due to a full-loaded 60-TEU train in (5, 6)&: it was not possible to
check the optimal solution, we tested some sugmscicandidate solutions for (2, 3). For
example, we tested

® 60 TEU (i.e. full loading of a 60-TEU train) for= 3 and 142 TEU for = 7 and 15
TEU forr =8

® 60 TEU forr =3 and 144 TEU for=7 and 12 TEU for = 8

® 60 TEU forr =3 and 144 TEU for=9 and 12 TEU for = 6

The objective function values of those candidatas worse than the near optimal we found
(€ 496,928).

The OD flows in Scenario 2 are same but the serapacity is increased to the infinite. The
infinite service capacity indicates that non-roaddes can be used without any constraints if
they are more cost-effective than the truck-onlgtem. Technically, releasing inequality
constraints would result in a much larger searchcaspfor feasible solutions. This wider
feasible space should lead to better solutions utitese scenarios. Overall, €120,739 cost
savings (€211 savings per TEU) is achieved. Foi(lar8), 287 TEUs is shifted to a type of
the intermodal systent € 5). We hypothesized that the assigned 315 TEUWkedruck-only
system in Scenario 1 might be caused by the lingtgice capacity of non-road modes and
the detour in the route (1, 3). Scenario 2 cleatipws the intermodal options could be
selected when service capacity increases despite dfigh detours of the intermodal systems.
The specific mechanism for this modal shift carekplained by the concept of consolidation
at hubs. More specifically, 287 TEUs in (1, 3), ZIEUs in (2, 3), and 13 TEUs in (2, 4) are
consolidated at the hub 5 and co-shipped by a eonifptrains. Also, 287 TEUs in (1, 3) and
217 TEUs in (2, 3) are consolidated at hub 6 andl teenode 3 together. These consolidations
are confirmed in the batch strategy we found. fer train long-haulage, C5 is commonly
found in (1, 3), (2, 3), and (2, 4): 144-TEU traimly. For the train post-haulage, C2 is found.

Scenario 3 shows the impact of the double demaitid the double capacity compared with
Scenario 1. Overall, the total cost (objective tiorc value) of Scenario 3 (€ 877,539)
compared with that of S1 (€ 496,928) is less thaubte. In other words, economies of scale
are more intensively gained in Scenario 3 thanaen&rio 1 as quantity increases. When the
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service capacity constraint is released in Scendyrithe flows in arc (1, 3) are eventually
shifted to an intermodal option. It indicates tliwantage of economies of scale overcomes
the disadvantage of the detours. The main contobuto this huge modal shift is the
consolidations at several stages (e.g. rail at 2pgessel and rail at hub 5; rail at hub 6).

6.6 Concluding remarks

Although previous studies have considered econoafissale, they either over-simplified the
objective functions (i.e. linear function or eveonstant) or only included a single type of
economies of scale: mainly ESQ and ESD obtained tlee main long-haulage between hubs.
The proposed approach explicitly incorporates E&Qrfain long-haulage as well as ESD and
ESVS in pre- and post-haulage and long-haulage. AAb@&sed heuristic algorithm was
applied to solve the proposed MMCFP. The main adddde of this study is to consider
numerous feasible and realistic freight optionseims of quantity, vehicle size € 1 to 3),
batch strategy (C1- C7), and multi mod&s=(1 to 3) and their combinatiom € 1 to 8).
Therefore, the feature outcome of the proposed medsompletely new compared to other
previous studies. We found system/route choiceudin the sequence of the modes along
the route and the batch strategy for each modetséleFor simple example,

® The outcome in a type of previous studies is “trgekail - truck”,

® The outcome in another type of previous studiésugk - rail = truck; rail is used
between hubs”, and

® The outcome in this study is “60 TEU truek the combination of 144 TEU train and
60 TEU train-> combination of 60 TEU train and 2.5 TEU trucksrbes; 144 TEU
train and 60 TEU train should be assigned betweds'h

More specifically, it is possible to find the muftiodal and multi-batch options between hubs
as well as any two nodes. That is a key contriloutb this paper when compared to other
previous OR-based multimodal system/route choiaglpms incorporating economies of
scale. Also, it is notable that, in this case, onig modal shift in quantity in an arc could lead
to the complete change of mode/route choice silagnd costs in entire network and batch
strategy could be significantly changed. In othesrdg, the final outcome such as the
mode/route choices in the proposed MMCFP is a cgquesge of interrelationships among
ESD for long-haulage as well as diseconomies deseéh respect to distance for drayage;
increased demand made possible to use bigger getedles, which is related to both ESQ
and ESVS; the optimal batch strategy; and so on.

Nevertheless, this study is limited to clarify thdividual impact of the three types of
economies of scale on mode/route choice and batategy. In order to find out such impacts,
a simple averaged unit cost function which doesinocorporate the concept economies of
scale can be compared with the proposed non-leesrfunctions. This clarification will lead
to an estimation of the trade-off between econonoiescale obtained from long-haulage
using non-road systems and diseconomies of scal¢éodierminal congestion/diseconomies of
scale due to drayage distance. Finally, this stlmbs not consider travel time. In the future,
an added cost due to additional travel time basedatue of time might be an acceptable
approach.
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Appendix 6A: Rational to use GA

In this Appendix, the complexity of the proposeslgem and the reason to use GA are
demonstrated with a simple example. Assume feasible routes (based on Figure 6.2) from
node 1 to node 3 via origin hub 5 and destinatiob 6. Also, consider four types of cost
functions: (1) simple constant cost functions (base Eg. 1), (2) constant hub-discount cost
functions (based on Eq. 2), (3) demand-dependdntdiscount cost functions (based on Eq.
3), and (4) the proposed demand-dependent costidurnwith multiple sized vehicle options
(based on Eq. 4 or, specifically, Eqg. 6). The tgpproblem needed to estimate the number of
cases to assign might Bg: X;3' (a certain quantity) to 9 slots (wherg ® < 9,X;" is a non-
negative integer).

® When3Y, X3 = 1, the four cases obviously have nine differemdts for the nine
options for assignmendC,. The feasible assignments are
® [1,0,0,0,0,0,0,0,0], [0,1,0,0,0,0,0,0,0], ...[0,0,0,0,0,1,0], [0,0,0,0,0,0,0,0,1].
® When3Y, X3 = 2, the four cases have 45 different costs forrtine options for
assignment: 1gC,+1%9C,. The feasible assignments are
m [2,0,0,0,0,0,0,0,0] [0,2,0,0,0,0,0,0,0], ...[0,0,0,0,0,2,0], [0,0,0,0,0,0,0,0,2]
when one optionf( = 1) is exclusively chosen, or
® [1,1,0,000/0,0,0] [1,0,1,0,0,0,0,0,0], ...[0,00,0,1,0,1], [0,0,0,0,0,0,0,1,1]
when two options ] = 2) are chosen.

In the first (1) and second (2) cost functions, tthtal cost for all the other cases (i Xi3 =

X, where X is a positive integer greater than I) ba estimated through simple a arithmetic
calculation oncé’, X135 = 1 is separately estimated and saved. For exanhaeptal cost for
[1,2,3,4,5,6,7,8,9] can be easily estimated by iplyihg 1,2,....9 by [1,0,0,0,0,0,0,0,0],
[0,1,0,0,0,0,0,0,0], ..., [0,0,0,0,0,0,0,0,1], redpesty. No further complexity is required. In
the third (3) and fourth (4) cost functions, theatocost for Y, Xi3° = X should be
independently estimated. In general, as one uniteafiand increases, the total costs for all
should be estimated.

® When Y, X;3 = 3, the four cases have nine different costs lier @ options for

assignment: 1g€C;1+2%9C1+1x%9C;. The feasible assignments are

m [3,0,0,0,0,0,0,0,0], [0,3,0,0,0,0,0,0,0], ...[0,0,0,0,0,3,0], [0,0,0,0,0,0,0,0,3]
when one option
(Ir| = 1) is exclusively chosen, or

® [2,1,0,000/0,0,,0] [20,1,0,0,0,0,0,0], ...[000,0,1,0,2], [00,0,0,0,0,0,1,2]
when two options
(Ir| = 2) are chosen, or

® [1,11,0,0000,0] [1,1,01,0,0,0,0,0] ...[0,0,0,,60,41,1], [0,00,0,0,0,1,1,1]
when three options
(Ir| = 3) are chosen.

In general, the number of the routing cases for @Bepairis f1%gCi+ [2%9Co...+ [o%xgCo,
wheref; is the sequence number in Pascal triangles](, 2, ... , 9). Using this formula, the
number of cases between any two nodegig C_x,C, . The number of cases are crucially

dependent orixijr . For example, Whe@xur = 10, 16, and 168, the number of cases for a
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possible route combination are 47.8.8"%, and 2.6°, respectively. In addition, if we take the

9

batch strategy into account, the number of casesc®ased t{zi 'Cilxgcijx(ZN 1),

whereN is the type of vehicle and is the number of freight modes (see the algoritom

finding the minimum unit cost in the previous sewji Furthermore, some inflows from the

other nodes to hubs (e.¥z4 for anyr) possibly chang@:;hd((, )Z X, dl e, SY) xds,., (EQ. 6). For
i,j))EA

example, if 1 TEU shifts froom = 3 tor = 7 for X3, it not only causes changes in the
minimum unit costs ¢;,) of the two shifted for r = 3 andr = 7 but also changes in the

minimum unit costs for all the other intermodaliops ). Therefore, the number of different

i-1 9
.

cases in the function type (4) that are proposdtiigistudy i 29:2 C_x C}x(ZN —1)“ x0D,

whereOD is the number o®D pairs in a given network. Compared to functioretyp), there
are obviously fewer feasible assignments thanuoction type (4) due to non-road drayage. If
we ignore non-road drayagsg, is reduced from 9 to 3—that is, the number oksaslated to
non-road drayage is 6 (i.e.= 3, 4, 5, 7, 8, and 9). In addition, if the basthategy is not
considered in cases with function type (3), the bemof cases can be defined as

(z , rCi_1><3Ci}><OD, which is significantly less than the proposedction. Unless a meta-
heuristic method such as GA is used, the proposalgm might not be solvable within a
reasonable amount of time.
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Appendix 6B: GA-based Heuristic Algorithm

Step l:Initialize the parameters for given data such as generatiorber, population size,
length of chromosome (which is equivalent to thenhar of decision variables in real-
coded GA),0D demand matrix §, ), OD distance matrixi© for all (,j) pairs and all
modes in the cost functiorci((x;.d;,s*) ), the lower bound (i.eConstraint 4, and
constant penaltypj.

Step 2:Generatethe initial population &) with two vectors:X; and X!

Step 2-1 X; is a vector includingN random real numbers, whexeis the number of
decision variables on argj§, O0< X; <1. Note:N is determined by the number of |
andOD pairs (for examplelN = 36 if | = 9 as in Figure 6.2 an@D| = 4 as in Table
6.2).

Ste)g 2-2 X; is a vector including\ random binary numbersg; L [0, 1]. 1 is
assigned as a componentxjf if a random number is greater than 0.5; otherwdsis,
assigned.

Step 2-3 The initial population &;) is a vector placing and X! in the same raw in
order.

Note: the number of raw of; is 2\.

Step 2-4 Generate the matrix; until it reaches the maximum population size.
Note: the matrix size oni; should be2N multiplied by the maximum population size.
It is assumed that the number of decision variasieslld be even.

Step 3:Updatethe initial population satisfying equality consirta (i.e., Constraint } for
each arci(j) and generate the new populatiofy §.

X;is the element-wise vector multiplication for theak number side X; ) and the
binary number sideX ) of the initial population X ).
X;=(X;xD, /Y X;), where)_ X/ is the sum ofx; for allr on (,j) andD, is a given

demand between i and j (TEU).
Note: a raw vector ok; is a candidate solution forjj satisfying equality constraints

and the size ibl.
Step 4:Calculatethe objective function (i.e., Eq. 5) for the pagitidn (x;) with g = 1 where

g is generation number;

Savethe objective function value for tig¥ population QObj(g)).
Step 5:Checkfor inequality constraintgonstraints 3 and 4

for each arcif))

If ¥ ¥ x<uwandy ¥ x* <Hub*

re (L))0A f (L,))0A
Obj(g)= Obj(g)
Otherwise,
Obj(g)= Obj(g)+ Penalty ()
Step 6:Estimatethe fitness function.
Step 7: Increase the generation numiger ¢+1) andRun Reproduce, Crossover, Mutation,
and Elitism forXx; .

Step 8:Returnto Step 3 ifg is less than the maximum number of generations.
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Steps 2 and 3 are not normally included in protesypf the GA procedure. These two steps
are designed to generate the initial population amdultaneously ensure the equality
constraint. These steps would be removed if andadwmique to handle equality constraints
could be developed. In addition, Step 7 is notyfdiscribed here. For the details of Step 7,
see two pioneer studies by Holland (Holland, 1%%) Goldberg (Goldberg, 1989).
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Abstract

This paper examines the relationship between teight transport costs and the Carbon-
Dioxide (CQ) emissions in given intermodal and truck-only dtei networks. When the
trade-off, which is represented as the relationsisipchanged, the freight mode share and
route choice are also modified. In order to show élier-changing trade-off and mode/route
choice, a decision-support tool is developed. Tiliergintermodal freight networks represents
different freight combinations (i.e. truck-only sss, rail-based intermodal system, short sea
based intermodal system). Since £&Onstraints in logistics markets need to be redlin the
near future, a modal shift in freight transport Idolbe expected to reduce the £€mnissions
within the reasonable cost/time constraints. Tlohrigue of multi-objective optimization is
used as the core of the decision-support toollarifging the relationship. The developed tool
is applied to a simplified freight transport netwaonnecting two large European ports — the
port of Rotterdam (The Netherlands) and the porGdansk (Poland). The initial solution,
based on the minimization of freight costs, showat tthe mode share of freight is
local/regional freight transport situations, whilee other solutions balanced with €O
emissions shows that the mode share is changednt@onodal freight system, which is
based on the ‘Hub-and-Spoke’ network. In considgthanging demands and capacities of
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freight systems, five scenarios are tested in admexamine the impact of mode/route change
on the trade-off. The results of scenario analys®sw that the trade-off is significantly
influenced by demands and capacities of systems.

Key words: multi-objective optimization, multimod#&leight transport, logistics, Carbon-
Dioxide (CQ) emissions, mode choice, route choice.

7.1 Introduction

In most logistics systems, minimizing the cost/dimerformance has always been the top
priority objective. The efficiency-oriented logissi systems have created a high dependency
on the truck-only system (the road freight marketre amounts to about 44% in the European
Union (EC/Eurostat, 2007, EC, 2002)). However, otlex same time period, road freight
transport has been one of the most rapidly growi@g contributors, while other contributors
have decreased, rather slowly though, over the pasyears (EC/Eurostat, 2007, ECMT,
2006). Consequently, in order to reduce the €issions from the road freight transport in
Europe, international organizations as well asomai and local governments have designed
policies which aim to increase the market sharethefnon-road freight transport modes,
focusing on the inter-, or multi-, modal freighanisport systems (EC, 2001, Bontekoning et
al., 2004). A research question is then raisedaghiat the desired (well-balanced) freight
mode share is? To what extent should intermodagtitesystems be desirable to ensure
freight market (and, in this study, container trpad studying particular) and to reduce GO
emissions from freight transporfThis study attempts to answer these questiondabiying

the relationship between the costs and the &xassions of different modes.

To estimate the share of particular freight tramspwodes, a decision-support tool based on
the multi-objective optimization problem is devetop The detailed outcome being looked for
Is the ever-changing network assignment solutianeich solution as well as the trade-off
curve consisting of a certain number of assignmeehttions. This outcome may be an answer
to the research question asked above. The toppised to a simplified network consisting of
two hubs and four spokes (i.e. 2 nodes for hubsdamatles for local shippers/consignees).

7.2 Multimodal hub and spokes network representation

This Section describes the representation of malieh hub-and-spoke networks, consisting
of two kinds of nodes, hub cities and local citiasd two kinds of arcs, internal flows and
external flows. Figure 7.1(a) illustrates the inw@rand external flows. The internal flows
consist of explicit internal flows and implicit ernal flows. Explicit internal flows indicate
the flows from/to any nodes in the network exclgdia dummy node, which is the
representative node for other cities in the netwagions. Implicit internal flows, which
influence the network but are not specifically eegsed in the network, indicate the flows
from/to the dummy node. For example, the implinternal flows might use long-haul in an
intermodal freight system but the destination isexplicitly indicated in the network region.
The external flows are coming/ outgoing from/to somplaces outside of the network.
Specifically, if the supply of node 1 {Dis the sum of Xexternai X12, @nd Xgummey ONly Xi2 is
considered. This is illustrated in Figure 7.1(bhere one more hub city and some more local
cities are added to Figure 7.1(a). The arcs doreymtesent the homogeneous infrastructure
(e.g. highway). For example, ARinub2Can be railway, short sea shipping and roadway.
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XhublextenaiC@n be the short/deep sea lines. Figure 7.1(septe the comprehensive network
considering all possible modes in the network. &mmple, the long haulage from hubl to
hub 2, flows on ARGb1nubz IS the summation of the flows of three systemsck, indicated
as superscription ‘1’ of X; rail intermodal systemgdicated as ‘1’, and SSS (Short Sea
Shipping), indicated as ‘3'. Specifically s34 Xaz +Xaqummy= (X'aa+ X'32 +X zqummy) + (X 34+
X3 +xl3dumm3)+(X334+ X33, +x33dummy)-

For the truck only system, every local shipper/agmses can send/receive flows directly by
truck. For example, the linear line from node 14tis X'14. In the same way, all the other

flows can be presented in the network region. Ihasable that the basic unit of freight

transport is “system” instead of “mode” in Figurd(c), in order to represent both truck-only
systems and inter- (multi-) modal systems. Thuayalyje and terminal transshipments are
regarded as parts of intermodal systems.

7.3 Multi-objective optimization for freight cost and CO, emissions

The multi-objective optimization model is used he tore of the decision support tool for
finding the optimal freight systems assignment .(drgick-only system, the rail-based
intermodal system, and the vessel based shortysteny and for estimating the trade-off
between the freight costs and the Lémissions. There are two types of multi-objective
optimization problems that are applicable: prefeeebhased and ideal (i.e. cooperative and
competing, respectively)(Deb, 2002). The core effgnence-based optimization problems is
to internalize C@emissions in the objective function. Thus, thaisoh is similar to one for
single optimization problems. However, the idealltrabjective optimization problem
considers two issues (i.e. freight cost and @@ission in this case) separately and estimates
their relationship (i.e. trade-off). The relationsitan be drawn as a trade-off graph and is
called Pareto-optimal solutions (Deb). The probieith the preference-based approach is that
it is extremely difficult to estimate the G@rice (i.e. a converting factor (e.g. euro / kg of
CQO,)). Nevertheless, most of the previous research ttemted this issue using constant
converting factors expressed in monetary terms h@ tontext of external costs and
accordingly has remodeled such a multi-objectiveainupation problem as a single
optimization problem. Janic (Janic, 2003) and Ch@gang et al., 2008), for example, use
the concept of external cost including air pollati@ongestion, noise, and traffic accident in
the optimization model. However, as mentioned,dteversion factor (i.e. the external cost)
has not been fully agreed in the research commumtyther words, even though €O
emissions might be treated as a component of ealteosts, converting the emission into
monetary terms should be done very carefully. kmhsa reason, the ideal multi-objective
optimization approach which is more flexible is sl in this study. In addition, as shown
later, the converting factor can conversely be agprated by this approach once the trade-
off has been estimated. The ideal multi-objectweiesented in its general form and then
applied to the relationship between cost and €Qissions in freight transport systems in the
following Subsections.
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(a) Description of internal and external flows
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(c) Multi-modal freight network representation

Figure 7.1 Freight network representation
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7.3.1 General multi-objective optimization problem and Paeto optimal

Minimize/Maximize f(x), m=1,2,...,M;
s.t. gx) = O, j=1.2,....3;
h(x) =0 k=1,2,...K;,
x" < x <xV, i=1,2,....,N.
Where,

X is a vector of n decision variables: X 5,%,...,X)"
x and XY are the lower and upper bounds pfrespectively.
gi(x) and h(x) are the constraint functions of J inequalitgd &equality, respectively

The X and x“) demarcates decision variable space.rhus, the number of axis of a
decision variable space is Mhe multi-objective space, & the crucial difference between
single objective optimization problem and multi-®ffjve optimization problem since the
latter has “multi-dimensional space” (for more dstasee (Deb, 2002)).

Pareto optimalis defined as “a solution (call it A) to a mul#épbbjective problem is Pareto
optimal if no other feasible solution is at leasigaod as A with respect to every objective and
strictly better than A with respect to at least obgctive” (Winston, 1994).

7.3.2 The relationship between cost and C@emission

The aim is to determine an appropriate freight rhagdit which ensures minimum freight
costs with the minimum level of G@missions, subject to the demand and the capatits,
the final solution might not be a single point lautturve or a line. We found the multi-
objective optimization problem highly suitable four aim. The objective functions in the
problem are to minimize the total system operatiammsts and the quantities of the £0
emissions. The optimization constraints are: (& flbw conservation constraints, (b) the
freight systems availability constraints, (c) imedal freight conservation, (d) the non-
negativity constraints, (e) the G@mission restriction constraints, defined as quiataboth
the particular routes and the transshipment pohighlighting the CQ quota, Kim, et al.
recently developed CQO limitations based on the Kyoto protocol and otheaffic
characteristics (Kim and Janic, 2008). The quotalefined as thdixed target quantity
assigned to the freight transport after consideathgther sources of emissions of £€uch
as from passenger transport sharing the same tdnsfrastructure. However, the GQuota
in this paper is defined as thelative magnitude updated iterativelpm the initial CQ mass
when the freight cost is minimized.

Notation used in the model is as followed:

Vis the set of nodes, i.e. the origins and destinatf the freight transport flows;

A'is the set of routes connecting the origin andidatbn nodes of the freight flows;

K is the set of the freight transport systems serthieggiven freight flows in the given
region;

O (k), KIK, the set of origins of the freight systém

D (k), KIK, the set of destinations of the freight system

o,:.‘, (i,))UA, kUK, the demand of the freight systérfromi to |;
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u®, (i,j)UA, KJK, the service capacity of freight systéron the system;

x,']‘ (i,j))UA, KK, the flow of the freight systerk on the routeif)) (i.e, the decision
variable);

Ci (%), (Lj))UA, KIK, the cost for transporting; flow units by the freight systerk
on the routei(j) ($/ton);

Qi}‘(xi;‘), (i,j))UA, KK , the CQ emissions from the transport syst&mn the route
(i.j) (ton);

Q“(x),i0T(k), KIK , the CQ emissions at the transshipment pdkrton);

B, ., (Lj)UA, the CQ emission quota for the routej) including terminal operations
(ton);

It is notable that\ in the notation above is not the ‘arc’ that corieendividual nodes. The
‘route’ can be a series of arcs.

Although objective functions and the related camsts are not purely linear if we fully
formulate the related freight costs and £&missions, this study attempts to express thean in
linear form and simplify the problem in order too&V unnecessary complexities. Thus, the
parameter estimation cﬁi}‘ and Qi}‘ is indeed crucial to finding the approximation tbe

Pareto optimal solution. The simplified objectiven€tions and constraints are presented
below.

The objective function 1 based on the total trarnspast:
Z;=Miny, > C'x'

KOK (i, )OA

The objective function 2 based on the £&missions:

Z= Min[z S QK+ YT QN + zzQ,-kx,ﬂ

kOK (i, )OA kOKiOV kOK jOv
Subject to

(a) The flow-conservation constraints:
>x = o L (I)0A, KIK

j
{ibv:(i, DoAY

(b) The freight mode availability constraints:
DX <u L0V, kKJK

{iov:(i, oA

(c) The intermodal freight conservation constraints:
D% <u’ , k=2 and4

{iov(i, pOAY
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in'j‘ <uX , k=3 and5

{iov(i, pOAY

(d) The non-negativity constraints:
x 20

(e) The CQ emission quota constraints:

{Z 2+ > QX+ ZZQ,.kx,ﬂ <B,, (i,j) UA,kIK

KOK (i, JOA KOK OV kOK jOvV

According to (c) the intermodal freight conservaticonstraints, it is assumed that the rail-
based intermodal system and tH& [Bvel rail-based intermodal system use the sagight
train service and accordingly share the limitedac#ty (i.e. train slots). The assumption is
similarly applied to two options of short sea slimgp

7.4 Solution procedure and model implementation

7.4.1 Procedure

Estimation of upper bound and lower bound of thecemd objective function

Step 0: Initialization: set all parameters, objetfunctions and constraints (a),
(b), (c), and (d)

Step 1: Run linear programming 8y excludingZ, and get the initial solution for
Z;

Step 2: Substitute the initial solution to the setmbjective function4,) and
assume the current valuefifas the upper bound of constraint (e)

Step 3: Run linear programming 8 with the same constraints excludifg get
the initial solution forZ,, and use the curre@@, as the lower bound of
constraint (e)

Estimation of Pareto optimal solution

Step 4: SePareto Optimal set { ¢} and the desired number of subset of Pareto
Optimal points

Step 5: Estimate the increment of £@crement = (upper bound — lower bound)
/ the number of Pareto Optimal points

Step 6: Update the constraint (e);

[;(;Qi;‘)(ijk 22 QX! +kzszkxik} =< (Initial Upper bound — increment)

Step 7: Run linear programming 6t with the updated constraint and others

Step 8: Update the subsetRdireto Optimal sefor (Z;, Z,), if all constrains and
optimality conditions are satisfied and a solui®found

Step 9: If the current number of Pareto Optimausoh is less than the desired
number of Pareto Optimal (in other words, the aqurngpper bound is
less than the global lower bound), go to Step 6
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Step 10: end

Excel Solver was used to run LPs in the entirerélyms. The algorithms have been coded in
Visual Basic. Lingo 11.0 was also used for thefigaiion.

7.4.2 Case study

Study area

We explored a case study area where 3 differeatrimidal systems could be compared. In the
study area, the freight systems may have the apptegquipment for transshipment and can
compete, at least potentially, with each other. Stugly area may have more than two major
economic activity centers. As many manufacturingustries have recently been located in
Eastern Europe, the port of Gdansk is one of the$a growing ports, being a regional hub
for Poland and Lithuania as well as connectedfteight rail-line. On the other hand, the Port

of Rotterdam is one of the largest ports in Weskurope as well as a regional hub for the
Netherlands and Northern Belgium. Thus, connediivg ports (i.e. rail and short-sea) as a
long-haulage line, these two hubs are an appreprsatidy area satisfying the criteria

mentioned above. Actually, this route has been geieed as one of the major freight

corridors in Europe (Walker et al., 2004)

Ranking of cost and emissions

The freight transport cost and €@missions, as shown in Table 7.1, are estimatseddoan
two European Commission researches: RECORDIT an&MEespectively (EC, 2000, EC,
1999). Although there are many factors affecting, @®issions, the most crucial one in the
long-distance trips in this case study is the ay@i@uising speed rather than the acceleration
rate, cold start emissions, ambient temperature ssman. Thus, the COemissions are
estimated by a function of cruising speed and degaraveled with the average values for
other factors such as cold start emissions anderhbemperature. This case study assumes
the average cruising speeds of trucks, railway,shralt sea shipping to be 90km/h (60km/h in
drayage), 90km/h, and 25km/h respectively. It sbakorth noting that production emissions
are included based on previous research (Kim and Wae, 2009, Facanha and Horvath,
2006, Spielmann and Scholz, 2005). Those performmameasures (i.e. cost and £0O

emissions) being used as parametersqr.eand Qijk) in linear programming are multiplied by

the estimated shortest path distance based ormratiffenodal networks (i.e. road, rail, and
short sea waterway) in GIS. Table 7.1 shows theptexity to decide“What is the best
option in the network in terms of one of two ohy&s?” and the difficulty to generalize the
freight costs for each freight system. In otherdgprone mode dominates one route (region),
while it is not even comparative in another routegion). In addition, one mode is
economically superior to the others in one routhilevit can be significantly worse in the
other route. One certain fact in the entire caselyshetwork is the worst freight system
regarding C@emissions is the truck-only system indicatedaas shown in Table 7.1.

It is worth mentioning that there are three typeslrayage in the mode choice sets in Table
7.1: truck-drayage, rail-drayage, and truck pickigifibution. The rationale dividing these
types is that the distance of drayage in the sardg seems to be longer than the practical
drayage distance (i.e. 50 km or so0). The truckalyayis defined as the movement from
senders to a terminal or a port by trucks. It existthe rail-based intermodal system indicated
as(@ and the short sea based intermodal system indieat®. Rail-drayage, indicated &

and defined as the rail-rail (or rail-short segplng) connection system from the local freight
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train terminal to a hub terminal is shown in th82vel intermodal systems and the rail-short
sea based intermodal system is indicatecEbyThus, in the cases of th&?2evel intermodal
systems, the truck pickup/distribution plays théerof picking up from the origin and
distributing to destinations.

@ shows the quite competitive cost performance imsenf both freight costs and GO
emissions. Compared t®, @ has the lower freight cost and the lower £&nissions
although the terminal transshipment charges areetwis high. However, the route from
Amsterdam to Warsaw was an exception. The rail- gt sea-based intermodal shortest
path associated with the route both involve a awmrable detour, while the truck-only system
(D) has the shortest path without such a considexdtieur. Thus(D is the best option on
the route 1-3 in terms of costs. In practice, tham several similar cases, in that has
significant competitive advantage over the interai@ystem, due to the detour on the given
network.

Table 7.1 Ranking of cost and C@emission in the freight network in case study

Origin — Best choice based on Freight Transport CoBest choice based on GO

Destination Sr?c?itce 2nd | 3rd | 4th \C/:Vr?c:isge Sr?c?itce 2nd | 3rd | 4th \C/:vr?c:fz:te
Amsterdam | @ @ 1O & |3 @ @ ® |® |0
Warsaw(1-3) | (€ 1,401) (€3,108) | (2,026 kg) (5706 kq)
Amsterdam -| @ O 1O & |® @ ® @ |® |O
Vilnius (1-4) (€ 1,596) (€3,501) | (2,251 kg) (7,742kg)
Amsterdam -| @ @ 1O |1Q® |® @ @ | ® |® |0
Gdansk (1-6) | (€ 1,090) (€2,607) | (1,435 kg) (5,271 kg
Brussels - @ O |© & | @ @ ® |® |0
Warsaw (2-3) | (€ 1,484) (€3,260) | (2,089 kqg) (6,159 kg
Brussels 4@ O |© & | @ ® @ |® |O
Vilnius (2-4) (€1,639) (€3,653) | (2,314 kg) (8,195 kg
Brussels 4@ @ |0 & | @ @ ® |® |0
Gdansk (2-6) | (€1,169) (€2,740) | (1,501 kg) (5,725 kg
Rotterdam - @ @ 1O e |® @ @ ® |® |0
Warsaw (5-3) | (€ 1,230) (€2,917) | (1,703 kg) (5,852 kg
Rotterdam - @ @ 1O e |® @ ® @ |® |O
Vilnius (5-4) (€ 1,385) (€3,310) | (1,928 kg) (7,884 kg
Rotterdam — @ ,@ O |06 Q,@ @, ® ®
Gdansk (5-6) | (€ 915) (€2,397) (1,114 kg) (5,413 kg

Mode(System) Choice Sets

D Truck-only system

@ Rail based Intermodal system (Truck drayadeail Long haulage — Truck drayage)

(@ Short Sea based intermodal system (Truck drayagfeortsea haulage — Truck drayage)
@ 2nd level Rail based Intermodal syste

(Truck pickup — Rail drayage — Rail Long haulagea# drayage — Truck distribution)

(® Rail-Short sea based Intermodal system

(Truck pickup — Rail drayage — Short sea Long hgaila Rail drayage — Truck distribution)

Network assignment
The demand of containers in each node and furtherrtie OD matrixes were estimated
using freight transport demand statistics issued&lnpstat . The summation of the demands

for each arc was used as the RHS constratnj%}a (The external flows and implicit internal

flows are not considered in the case study (e.greal containers to be loaded/ unloaded in
the Port of Rotterdam are not taken into accouftie issue on setting up the capacity, in
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particular for the road network, is quite challemigle because all situations on road links vary
from country to country in Europe (e.g. the numbédanes, percentages of freights and
passenger trips, the time variation, and so onlusTlnstead of setting up infrastructure
capacity, the number of available freight vehigtethe logistics market is assumed to be that
used in the RHS. For exampleisXxi5™+....+ Xog" < the number of trucks in the entire
network region (i.e. the superscription indicates freight system). This may be applied to
each node if the market information is sufficierghtisfied.

Figure 7.2 (a) shows the demand. Each arc has thoeke options. There are invisible arcs
connecting spoke nodes (i.e. node 1, 2, 3, andidhabs (i.e. 5 and 6). Those arcs have two
mode options: road and rail, sinc& thtermodal systems are considered. The capadiies
freight systems in the network are assumed to B&BQper day for rail, 200 TEU per day for
short sea service, and 500 TEU for a truck-onlyesys reflecting the current freight system.
Figure 7.2(b) is the first container assignmenusoh minimizing the freight cost in the
network by the single LP running (i.e. Step 1 ie firevious Section). This solution may
represent the current freight market share if tipaiis (i.e. demand and capacity) are accurate
and the decisions in logistics are only made toimige the freight cost. In addition, this
solution is totally independent of the relation @D, since currently there is no direct
regulation of CQ emissions in the case study area. Figure 7.2@yslthe assignment of
containers in terms of minimizing the @@missions generated from the freight systemsen th
entire network (i.e. Step 3 in previous Sectiorjere are only a few shifts from one system to
another in order to reduce @@ the entire network. Specifically, for the a2, @), 185
containers transported by road in Figure 7.2(b)radeiced to 153 in Figure 7.2(c) and are
shifted to short sea shipping. However, since twtssea shipping has the capacity (i.e. 200
TEU per day), 25 containers from node 5 to nodeedshifted from short sea shipping to rail,
in that Xs2° + Xs4* in Figure 7.2(b) is equal tos¥ in Figure 7.2(c). In terms of satisfying the
flow conservation constraint (a), this model appetar find the lowest costs as well as
ensuring the lowest GCemissions. As shown in Table 7.1, the truck-ogbkteam from 1 to 6
seemed to be the optimal choice in terms of costeirail-related services are excluded. This
small change in the case study was caused by gaeiti@s of each freight system being quite
tight (i.e. total demands and capacity are asswuasetB3 and 790 respectively). In other words,
there is no room significantly to update the netwvtwmo much. It was also shown that the
binding constraints in Figure 7.2(b) were the trocky system and the intermodal rail system
while in Figure 7.2(c) it was rail based intermodgstems and short sea intermodal systems.
It is also worth noting that the flows with supertouck-only system costs in arc (1,3) are
supposed to shift to less @®@mitting systems in Figure 7.2(b). However, thpawities of
other intermodal systems are full. It is recogniteat the capacity and demand of intermodal
systems seems to be crucial in terms of minimiZd@; emissions. This issue will be fully
discussed in the scenario analysis.
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X1 = 27:%6' = 2
Yy =52

Xzg® = 32; %es' = 13;
Xog=34;Y =179

35 = 32; X = 25;

y =57

X1 = 27; Yed' = 13;
Xsat=52;3 =92

35 = 65; %* = 25;

¥ =90

X148 = 27; Xed' = 13;
=40

X = 64; %d' = 13; Xod = 13; Xi' = 77, £ = 90

(c) Output: Mode share and Assignment based onnMimaition of CQ

—»  Highway =p» Railway - SSS

Figure 7.2 The given flows and initial assignmentatutions

Pareto optimal (Trade Off)

The solutions to the assignment problem estimatesliqusly were the marginal points as
shown in the Figure 7.3: the minimization of frdighansport system costs (i.e. upper left
side) and the minimization of GGemissions (i.e. lower right side). Figure 7.3 shdv0
solutions, which are not a full set of Pareto oplirmolutions but a subset. However, the
algorithm can estimate less than 50 since therdtnig non-feasible solutions in iterations.
The relationship between costs and,@missions in the entire network is not exactlgdn
The linearity of Pareto Optimal is not necessamgre all the objective functions are linear.
Specifically, the changed amount of costs is naessarily proportional as the allowed £0O
emissions are decreased.
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Figure 7.3 Pareto optimal solutions for scenario 1

7.5 Scenario analysis

7.5.1 Input scenarios

In order to examine different market situationgjierent scenarios related to demand and
capacity are shown in Table 7.2. Scenario 1, whtaeto optimal was already presented in
Figure 7.3, is more or less the base scenariortgpace with the others. Thus, Scenarios 2 and
3 are the attempts to examine the change of raltip between freight costs and £O
emissions as the capacities of specific freightesyts) are changed. More specifically, the
two different demand scenarios are applied to kmeet different capacity options: current
capacity (i.e. 500 TEU for trucks, 90 TEU for raand 200 TEU for vessels), three times
increased rail capacity (i.e. 500 TEU for truck8Q Z'EU for rail, and 200 TEU for vessel),
and infinite capacity option.

In Scenario 4 to 6, the fixed number of contairees 87 containers) is the total number of
containers divided by the number of nodes in thevokk region. These scenarios have been
designed in order to avoid the effect of one exoept route, which is Amsterdam to Warsaw.
The route has greater demand (i.e. 315 containevg)pared to other nodes and an
exceptionally cheaper truck-only system cost coeghdo other arcs. In order to generalize,
even though the demand might be correlated withctiss, it is assumed that the same
amounts of containers are transported.



Chapter 7 —The Trade-off between Gfnissions and logistics costs

139

Table 7.2 Scenarios in terms of OD flows and senaacapacity

o Total . .
Description OD Sets Demand Service Capacity
The demand based gn Warsaw | Vilnius | Gdansk Mode
economical activity (Ams
War / Bru — War) and th¢ Amsterdam 315 27 25 truck 500
S 1| capacity reflecting current gy ssels 211 13 34 rail 90
market situation (2 trair
services per week / 1 short se&gtterdam 25 77 50 783 | essel | 200
service per week)
The demand based dn Warsaw Vilnius Gdansk
economical activity (Ams + amsterdam 31§ 27 25 truck 500
g | War / Bru — War) and the -
extended intermodal capacifyBrussels 217 13 34 rail 270
(3 train services per week /|1 783
short sea service per week) Rotterdam 25 77 50 vessel 200
h q 4 based Warsaw Vilnius Gdansk
e eman ase gmn o
<3 economical activity (Ams - Amsterdam 315 27 25 truck infinite
War / Bru — War) and infinitg Brussels 217 13 34 rail infinite
capacit
pacty Rotterdam 25 77 50 83 vessel infinite
The fixed demand for al Warsaw Vilnius Gdansk
origins and  the ~ capacity Amsterdam 87 87 87 truck | 500
g 4| reflecting the current market .
situation (2 train services pgrBrussels 87 87 87 rail 90
week / 1 short sea service pehotterdam 87 87 87 783 vessel 200
week)
The fixed demand for a Warsaw Vilnius Gdansk
origins and extended capacifyAmsterdam 87 87 87 truck 500
S5 g pacity
(3 train services per week /[Tgrssels 87 87 87 rail 270
short sea service per week) ["poerdam 87 87 87 783 [Vessel 200
Warsaw Vilnius Gdansk
S6 The fixed demand for af Amsterdam 87 87 87 truck Infinite
origins and infinite capacity ["Bryssels 87 87 87 rail Infinite
Rotterdam 87 87 87 783 [essel Infinite

7.5.2 Results

The trade-off graphs (i.e. Pareto optimal) in Fegidr4 have the same scale of x- and y- axis.
Figure 7.3 has been changed to the first graphng@me 1) in order to compare with other
scenarios. It can be seen that pairs of two saeng$1 and S4), (S2 and S5), and (S3 and S6),
have similar shapes. Comparisons and interpretatiomas follows:

= SlvsS2 The increment of G@mission constraint of S1 and S2 is 527.16
and 10,941.28 respectively. (the increment is @efim Step 5 in the
previous Section). The vertical length (i.e. £@nd horizontal width
(Cost) of two graphs can be explained by the amotimicrement.
The greater increment means a longer and widerhgragich
indicates that the changeable amount of cost and IBC52 is
relatively greater than in S1. When it comes toollie comparison,
it makes sense that S2, adding two more railwayices per day on
the long-haulage arc (5, 6) provides a more ecocamand less
CO,-emitting service than S1 in the entire networkarg
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Figure 7.4 Scaled Pareto Optimal Solution on givenetwork and demand

= S1vs S2vs S3 S3shows that both costs anda@reduced as the system capacity
is infinitely increased. Actually, the graph doest seem to happen
in reality due to congestion on the highway and theeues of
containers in the port/terminals. Neverthelesss ivorth observing
that the slope of the graphs is very different cared to S1 and S2.
The shape indicates that it is feasible to redu€® €missions
drastically as a relative small amount of costspaie in the region
where the intermodal system capacities are sufficend other
external impacts are negligible.

= SlvsS4 The slope of S4 is steeper than of Sausecthe concentration of
demand in the area where a cheaper truck serveeflopws from
Amsterdam) is provided is relaxed.
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S2vs S5 The graph shapes are almost similar aipartthe left upper part of
S5, the minimized cost with the loosed £€vnstraints. This part
indicates the slightly expensive freight costs beeathe costs are
increased across the entire network through thiumidistribution
of the demand (i.e. 87 containers for all nodesbhat some flows
use uneconomical freight systems. The steeper sibfhee beginning
is because the truck-only system services rapidiift g0 the
intermodal systems. As the uncompetitive expensivek services
in terms of route are removed from the network #&hd CQ

emissions constraints get tighter, the slope isSfabilized as S2.

S3vs S6 In general, both costs and, @@ considerably decreased. The main
reason is the initial unbalanced demand flows erattc (5, 6).

7.6 Discussion of results

The comparisons of scenarios in Figure 7.4 makeva&iation of current tax policy possible.
As mentioned previously, scenario 1 has been aaetstt based on the current demand and
capacity in the case study area. The slopes of saehario in Figure 7.4 could be an
indication of the C@tax price per ton since it is almost a line, wheeim be approximated in
any point. Simple linear regressions are run ineprid draw the generalized lines for 6
scenarios. Table 7.3 presents the scenarios, tineaésd linear regressions and, Rnd CQ
price per ton (€/ton of C£. According to R values and t-values in the basket (e.qg. [-92.62]),
the regression lines fit well. However, it is susprg that CQ price ranges from 11 € / ton to
5,350 € / ton in terms of the input scenarios. @wreg the practically recommended €0
price ranging 7 € / ton to 45 € / ton for 2010 (M&th et al., 2008) even though the approach
for the estimation is different from this studyet@Q price estimated in this study seems to
be over-estimated. However, the opposite case $® @lossible in thathe current
recommended C{price could be seriously underestimated.

Table 7.3 Estimation of CQ

price per ton

Infinite

[-24828.1

Demand Linear Regression Equation R CO, price
per ton
(€ /ton)
s1 Current OD flows Cost = 3,319,039 -5.35 GO 0.994 5,350
Base capacity [-92.62]
S0 Current OD flows Cost = 2,810,750 — 0.496 GO 1.000 496
Increased Rail Service [-7945.5
S3 Current OD flows Cost =1,107,040 - 0.011GO 1.000 110
Infinite [-89079.5
Equal flows in all O-D| Cost = 1,833,786 — 0.125 GO 0.919 125
S4 .
Base capacity [-23.4]
S5 Equal flows in all O-D| Cost = 2,414,230 — 0.368 GO 0.993 368
Increased Rail Service [-82.2]
S6 Equal flows in all O-D| Cost = 1,055,150 — 0.011 GO 1.000 11
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7.7 Conclusions and further study

The quantitative relationship between £gd freight costs has been gaining in importance i
the logistics field due to global warming as wellrapidly increasing fuel costs. This study is
an effort to estimate the relationship using theblaBed algorithm. This study clearly shows
the trade-off curve generated by developing a dmcisupport tool. Since each solution
composing the trade-off curve has the unique nétwassignment as well as modal share rate,
the point (or range) could be found which fits witike social needs or decision makers’
wishes. Furthermore, examining six scenarios wiffler@nt O-D sets and capacity constraints
shows that the trade-off curves have almost adiredationship in thatreight costs should be
paid more as C@emissions should be reducedHowever, the quantity of the relationship
varies, ranging from 5,350€ / ton to 11€ / tonamis of the input scenarios. In other words,
the cost of C@ emissions cannot be estimatedgeneralwhile it can be estimatednly if
several necessary conditions are fully considered Q-D sets, capacity and availability of
freight systems, cost structure, £@stimation and so on). The study also shows that
increasing the lower CQemitting system’s capacity would reduce the,Gissions. In
addition, this study has newly extended the conoépitermodality into 2 level intermodal
systems assuming that drayage can be performealltand considered as a different option.

Nevertheless, this study may be incomplete sin@adrthe most crucial decision factors in
logistics decision making, minimizing the lead timeensuring Just-in-time (i.e. reliability),
is not taken into account. The third/fourth objeetifunctions could compensate for this
incompletion in a future study. The objective fuaos minimizing those temporal concepts
might be non-linear functions. In addition, theuattcost function and emissions function are
not really linear. Although the unit-based perfono@ measures are used as in this study,
more precise formulations will lead this simpleelm problem with feed-back to non-linear
optimization problem. Accordingly, non-linear pragiming (NLP) would be a better option
to finding a more accurate solution. Thus, more gicated algorithms such as evolutionary
and generic algorithms should be used in orderstonate the full set of Pareto optimal
solutions. As mentioned previously, the Paretorgtiestimated in this study was a subset.
There are some more details to be improved orfuuae study. RECORDIT showed that the
different type of loading units often caused thensiderable different total costs. Thus,
although the two types of containers are conveiriéal TEU in this study, the attention of
loading units should be paid. It is because theblowsize of the loading unit does not
guarantee double weight, which crucially affects tsts as well as the g@missions. Road
traffic congestion is also an important factor efifeg both costs and GOemissions.
Specifically, congestion is mainly associated wiite total traveled time for logistics cost and
accelerating/decelerating and the number of stop€0, emissions from freight transport.
The severe road congestion in certain long-distaoaredors would make the truck-only
system less competitive than intermodal freighttesys. The congestion in intermodal
terminal/port, one of the factors making the intedal system less competitive, also would be
considered in future study.
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Chapter 8
Summary and conclusions

“Cogito, ergo suni’
René Descartes (1596-1650)

8.1 Findings and contributions

A simple version of the initial research questimuld be ‘s the intermodal system better
than the truck-only system?The adjective “better” is specified as “environnadiyt better”
and “economically better” in Part 1 and 2 respatyivEven though the questions were simple,
the answers were not so simpglesome conditions, the intermodal system is bettevthers
the truck-only is betteTherefore, the more specific question asked irirttreduction to Part

1 and 2 wadJnder what conditions is the intermodal system noomapetitive than the truck-
only system in economic and environmental terr@sze the conditions that make the
intermodal more competitive had been found, we @&@l$o find the differences in quantity:
“how much the intermodal system is bétter part 1 the difference was the reduction of,CO
mass (tonne) while in part 2 it is the total castisg (€) as well as the mode/route share (%).
In Part 3, the initial questions presented in titeoduction were What is the relationship
between C@ emissions generated in the logistics chain andstag costs? In order to
decrease one unit of G@missions through shifting freight mode (systdm)y much does

L A Latin philosophical statement which means “hthitherefore | am”.
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the shift cost? The difference in quantity is the trade-off beem the costs and the €0
emissions.

Addressing the research questions, the main firsdargd contributions are summarized for
each Chapter as follows:

Chapter 3

Although some statistics and earlier studies regbthat rail transportation emits
fewer greenhouse gases and air pollutants thantraasportation, these have not been
comparable because truck-only systems are baseddoor-to-door trip, whereas rail
systems are based on a terminal-to-terminal trily ¢BC, 1999, 2003a, 2002). In
addition, techniques to assess emissions from pgoshsnodes have been developed
which focus only on one individual transport moB€( 1999). Therefore, Chapter 3 is
designed to assess ¢@missions from freight systems rather than indisidfreight
modes. The main contributions are as follows:

o The framework development (Figure 3.2 and 3.3 ictiSe 3.3)
o The numerical formulation (Section 3.4)
o The Semi-Life Cycle Assessment (LCA) modelling {8®t3.2) including
» Four different electricity generation scenariosO%of coal and oil,
50% coal and oil and 50% nuclear power, and 100éteau power)
» Transmission loss of electricity
» Impact of terminal operations on G@missions

The main conclusion was that rail-based interméré&ht systems emit less G&han
truck-only systems in general, regardless of tpe tyf locomotives, except in the case
of an intermodal system based on an electric-paivieen using 100% coal and oil
for electricity generation (See the Figure 3.6)udhwithout consideration of the
source of electricity, it is not possible to asgbdt the intermodal is always more
sustainable than the truck-only system, at leattrims of CQ emissions. The average
cruising speed was also a key factor in determinvhgther the intermodal is more
environmentally sustainable than the truck-onlytesys When the cruising speed was
assumed to be 50km/h, the truck-only system wasribst CQ emitting system. In
the other proposed cruising speed with 10km/h stegeases (e.g. 60, 70, 80, and 90
km/h), the electric-powered train based intermodgstem with the electricity
generation of 100% coal and oil was the system hainitted the most GO

Chapter 4
This Chapter was designed for extending the metlbggiaf Chapter 3 by:
o0 Summarizing the research gap of f&issions assessment in the field of the
intermodal study focusing on EC studies (EC, 128®0, 2003b, 2005)
o Examining a case study with practical geograptacal operational data
o Considering the average percentage of sourcedotraity generation (i.e.
35% nuclear, 30% coal/oil, 14.5% hydro, and 9% ratgas) in EU15 (EC,
1999)
0 Adding a vessel-based intermodal system and congpaiith the other
intermodal systems and truck-only system
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This Chapter confirmed the findings of Chapter I3 intermodal freight systems
emitted less C®than the truck-only system, except when based rorelactric-
powered train where the electricity was 100% gerdrdy coal/oil (Figure 4.4 in
Section 4.3). In addition to this confirmation, tkiessel-based intermodal system
(indicated as Alt 7 in Figure 4.4) showed a simiéasel of CQ emissions of the diesel
powered train based intermodal system (indicated\la?) and slightly less CO
emitting than the electric powered train basedrintelal system with the average
percentage of electricity generation in Europe ifatkd as Alt 3). Furthermore, a
significant insight into an environmental aspectafterborne vessels was found: the
vessel size is a key factor when comparing theeldsssed intermodal system with
other freight systems (i.e. as the size of vessakases, the per ton g@missions
decreases).

e Chapter5
Since it is not possible to estimate the definitiveak-even distance that is a measure
of the economic feasibility of the intermodal frigiggystem, this Chapter developed a
Monte Carlo simulation model that generates randammbers in a certain range for
several factors. The main contributions of this @tbaare that:
o The intermodal break-even distance are clearlyfirseld (Section 5.3)
o The distance-dependent cost functions are testdi¢f 5.4)
o The random effect of shipper-receiver pairs ancireal costs are examined
(Section 5.4)
o The terminal shape and the location of the intemhtefminal are examined in
a sensitivity analysis (Section 5.5), and
o The break-even distances either investigated amat#d in previous studies
are synthesized (Appendix 5B)

We reviewed more than 15 previously published sidgixamining the break-even
distances for the intermodal freight transporteysts shown in Appendix 5B. To the
best of our knowledge, this Monte-Carlo simulategpgproach was a new method to
estimate the economic feasibility under severdetght conditions without a loss of
generality and to produce the intermodal mode sff¥ajen each simulation trial.

The specific findings are that a one percent changthe increased truck rate or
decreased rail rate is almost respectively severesj three times, and twice as
effective as a one percent change in the handlstsat terminals, rail distance, and
drayage costs. Furthermore, we found that neiteroval-shaped market area nor a
terminal relocation attracts customers to internh@yastems in general. When two
options are combined, the synergic effect is sigauift.

To sum up, the intermodal system is not always necomomically beneficial than the

truck-only system. It is only better under condisovhich consist of several variables.
This study examines the variables and gives insighdt how to increase the

intermodal share.

» Chapter 6
This study developed a framework incorporating ecoes of scale into the
multimodal minimum cost flow problem in the netwoikhe main contribution is as
follows:
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o Three types of economies of scale were presentohipally (Figure 1 and
Appendix 6A) and mathematically (Appendix 6B): E®Eronomies of Scale
in terms of Quantity), ESD (Economies of Scaleamts of Distance), and
ESVS (Economies of Scale in terms of Vehicle Size).

o Special attention was paid to drayage in the modgberspective: the penalty
for the 2 level of intermodal system (i.e. truck — rail aphaulage rail — rail
- truck) shown in Figure 6.3 and the correspondingice sets Figure 6.4 (i.e.
conventionally only truck - long-haulage rail —dkus available).

o Technically, a Genetic Algorithm-based heuristigogithm was developed in
order to solve non-continuous and non-convex oiwectunctions which
cannot be solved by traditional LP (Linear Prograngh/non-LP techniques.
In addition, the proposed heuristic algorithm atseercomes the inherent
difficulty to handle the constraints (i.e. one deitnef GA is to handle the
equality/inequality constraints) (Michalewics, 1995

In general, the findings in this chapter are thAti&applicable to the non-continuous
and non-convex multimodal minimum cost flow problem as to obtain the near-
optimum solutions. The huge savings of the cost PetJ were observed with
increases in demand as well as in service capasigh as frequency for non-road
modes. This finding led to the answer of the redeguestion: the intermodal system
is more economically competitive than the truckyosystem if economies of scale are
fully taken into account.

Chapter 7

This chapter examined the relationship betweeriréight transport costs and the €0
emissions in the given intermodal and truck-ongight networks. To the best of my
knowledge this was a new approach to estimate tloe [n order to reduce GO
emissions in freight market by one tonne. Also, dbeeision making model developed
in this chapter provides decision makers with acePareto optimal solutions (i.e.
several different options for routing and freightoge choice). In addition, in
considering the changing demands and capacitifreight systems, five scenarios are
tested in order to examine the impact of mode/rchtnge on the trade-off between
the freight transport costs and the L£émissions. The results of scenario analyses
show that the trade-off is significantly influencéy demands and capacities of
systems. As shown in Table 7.3, the different detfe@pacity scenarios resulted in
CQO, prices ranging from 11 €/tonne to 5,350 €/tonn@s Wwide range in COprices
were caused by different levels of sensitivity &mtind and capacity. Nevertheless, the
finding provides insight into the different amoufsCO, costs that could be charged
in different freight corridor/network having difient demand/capacity if it was
implemented.

8.2 Limitations and future studies

A valuable finding of this dissertation is that theare a lot of unknown factors which
determine whether or not an intermodal system isersompetitive than a truck-only system.
The uncertainty caused by these unknown factaifseisnain limitation of this dissertation in
general. Thus, this dissertation, in order to hargllch unknown factors, has simplified the
system, assumed some factors based on market absefprevious studies, or even ignored
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unmanageable factors. One may say that this igliffe¥ence of either “deterministic versus
Stochastic” or “Static versus Dynamic” models. Position of this dissertation is on the side
of deterministic and static models apart from Caaptwhich includes stochastic aspects.

Below we list the most important limitations of tbleapters of this dissertation.

e Chapter 3
A set of limitations is recognized:
o The average distance of drayage used (i.e. 50krareend) was more or less
arbitrary although it reflects the logistics markgtiation in Europe
o Utilization and loading factors are simply assuraad empty back haul was
not taken into consideration
Different detour factor (larger for rail than farad) could be used.
o The non-CQrelated environmental impacts of nuclear poweclear power
hardly produces C{emissions but has other environmental impacts (e.g
related to nuclear waste).

(@)

The first limitation above was resolved in the cagaly by using real distance data in the
Geographic Information System in Chapter 4. Theaye distance of drayage was also
treated with the Monte-Carlo simulation model ina@ter 5, although the research
objective was different from Chapter 3.

* Chapter 4

A useful further study focusing on one of the laibns of this chapter is addressed:
trucks used for drayage have different charactesighan those used for long-distance
haulage in most cases. In particular, drayage $rtekd to be older and less fuel efficient.
In addition, when waterborne transport is compaséth other transport systems, the
inclusion of vehicle/vessel size could result ipportant changes in G@missions.

* Chapter5

This Chapter treated the uncertainty issues suctragage distance, shipper/receiver
location, terminal location, and so on by using ank&-Carlo simulation. The limitations
are:

o The radius defining the origin and destination neaigize R, andRy) were
assumed to be equal. This leads to the recommendatiexamine the impact
of two different market sizes in future study.

o This chapter only takes into account the econowfigéstance. The economies
of scale based on quantity (i.e. cheaper ratesastitly increase) and vehicle
size (i.e. cheaper rate as vehicle size incream#) @lso be another important
factor although it is expected that there may bereelation with economies of
distance (Other economies of scale, for exampleerims of quantity and
vehicle size are tested in Chapter 6).

* Chapter 6

The main limitation of this chapter might be thegwsed unit cost functions for each
transport mode. On the one hand, these are weleheod However, the sources of each
cost function differ by mode, potentially leadirgihconsistencies (for trucks and trains,
Janic (2007, 2008) and for waterborne vesselsjr@mié and Khanna (1999)). To the best
of my knowledge, to date there is no study to madelcomparable unit cost functions
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incorporating different economies of scale for elifint transport modes. This is a good
future research topic since each transport modeliffasent levels of economies of scale.
(e.g. waterborne vessels are more sensitive toevetze (up to 8,000TEU) than to

distance while trucks are more sensitive to digtahan to the size of the vehicle (at most
2.5TEU)). In addition to the limitation related time unit cost function, we recommend
examining the individual impact of each economysehle since this Chapter only

provided the whole impact of three economies oles(EBSQ, ESD, and ESVS). The final

limitation is a kind of inherent shortcoming of tgenetic algorithm that tends to find the
near-optimal instead of the global optimum. Alt¢ively, other methods such as

simulation annealing, Tabu search, and other efficheuristics could be developed for
better solutions in shorter time in future.

e Chapter 7

Even though the temporal concept such as minimitiedead time and ensuring Just-in-
time (i.e. reliability) is also not taken into aced in this Chapter, the proposed multi-
objective optimization problem might be the apprater format to incorporate them.
Specifically, the third/fourth objective functiomsldressing such issues would be newly
added in the problem in a future study. In addititor computational simplicity, the
economies of scale proposed in Chapter 5 and Gartaken into account in the multi-
objective optimization.

In addition, the Pareto optimal solutions estimatedhis study was a subset (i.e. the
number of solutions are only 50). The number ofitohs can be either increased or
decreased according to the research objective efftkure study. If the objective

functions are fairly complicated, smaller numbefs Rareto optimum solutions are
recommended due to computational time. Otherwiserensolutions could be a good
option since the number of Pareto optima is equdahé number of options that policy
makers can choose.

There are three limitations that are generally iapple to this dissertation and corresponding
future studies: (1) the size of the network in ttissertation (mainly Chapter 4, 6, and 7) is
quite small: 6 nodes (Amsterdam, Brussels, VilnM&rsaw), 2 terminals (Rotterdam and
Gdansk), connecting links regarding only three spamt modes (trucks, rail, and short sea
shipping). Examining the cost model (Chapter 6), €@issions assessment models (Chapter
4) as well as the trade-off model (Chapter 7) itarger network is necessary to test the
model’s robustness. (2) This dissertation doesimdtide the temporal concept for several
reasons. The first reason is that the travel tioledgy time, and Just-in-time policy are highly
dependent on uncertain situations which are tha isaue in stochastic models. For example,
the delay time due to congestion is hardly genszdlin deterministic models. The exclusion
of the temporal concept might be justified by thetfthat there are still a lot of cost-oriented
shippers/receivers in logistic markets. One oftibaefits of excluding such factors was that
the environmental and economic impacts could bevighaally highlighted. In addition, the
estimation of the value of time and the value of,@missions are still open to debate as
shown in Tol (2005). For this reason, the authcs mmdentionally attempted to avoid the
conventional method of valuing time as well as,Gnissions. The consequence of such
effort was to develop the method of the trade-effineen costs and non-monetary values as
shown in Chapter 7. The trade-off is estimated dhame the multi-objective optimization
method that seems to be an appropriate formatniduding the temporal variable such as
delay time, travel time, and Just-in-time withoosd of generality. (3) Not only in this
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dissertation but also in general, the data cotbacind market observation is one of the most
important processes in any freight transport/laggstesearch. This dissertation used the very
limited data relying on scientific journal articlasd government reports rather than on field
data. This needs to be fortified in the future.

8.3 Epilogue

This dissertation contains three large “Parts’ewery Part, the role of the truck-only system
was always the “counterpart” of the intermodal syst The policy rationale to encourage the
intermodal system is that this freight system ideast potentially, better than the truck-only
system. However, I've found many reports/articlehose purposes are to only
optimize/improve the intermodal system without anparison with its counterpart. | believe
the encouragement of the intermodal system is q@mtified when it performs better in
environmental or other policy relevant aspects titrtounterpart. If the truck-only system
was better than the intermodal system for someorgaghy not use trucks and even
encourage them? In addition, if the environmengadhit from the intermodal system is very
minor and the economic loss of it is consideratdess our society still want to encourage the
intermodal system? | got the impression in soméhefprevious intermodal related studies
that these are predetermined to encourage thanatal system, and only focus on ways to
enhance the efficiency. This feature has driventangdoubt whether the intermodal system is
really better than the truck-only system.

The overall result shows the phenomenon that tveiglit systems are competing in
environmental and economic terms. Since this disgen includes several factors that are
commonly used and interrelated in every Chapter (fFayage distance, long-haulage distance,
demand, capacity, frequency of freight trains, ldeation of terminal, and travel speed/time),
the degree of freedom in the model proposed in €dpter is very high. In general, this is
why we cannot say that one freight system is alwagtser than the other. Thus, all the
answers for the corresponding initial research tpes might be “conditional”. The
superiority of the intermodal system that is valiler certain conditions leads to the issue of
transferability. Therefore, the author would likestuggest readers who want to use some parts
of this dissertation to pay special attention tealfregional geographic, economic, and
logistics conditions.

This kind of uncertainty also makes policy makiogréduce C@ emissions in the field of
freight transport related to multimodal transportficllt. | hope that this dissertation
contributes to helping to uncover this uncertaartg accordingly to increase the quality of the
related policy making. Furthermore, | hope thas thissertation contributes towards making
our society more sustainable in the future.

Finally, an experimental policy concept is attachedhis dissertation in Appendix B: GO
quota. | excluded it in the main body of the dits®yn because its focus is slightly different
to that of the main story of this dissertation &edause it is based on a conference proceeding,
not a journal paper. If the reduction of £€@missions would be the top priority rather than
cost saving and the Just-In-Time constraint, tie\w and quite aggressive methodology could
be considered.
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Samenvatting en conclusies

Resultaten en bijdragen

De oorspronkelijke onderzoeksvraag kan teruggebraohden tot de volgende vraads ‘een
intermodaal vervoersysteem beter dan een vervdemyswaarin al het vervoer over de weg
(per truck) plaatsvindt?”. Het bijvoeglijk naamwabtbeter” heeft hier betrekking op “beter
voor het milieu” (zoals uitgewerkt in Part 1) ereter in economische zin” (zoals uitgewerkt
in Part 2). Dit lijken eenvoudige vragen, maar dariiwoording daarvan is niet zo eenvoudig:
onder bepaalde voorwaarden is een intermodaal gssysteem beter en onder andere
voorwaarden is een wegvervoersysteem b@drverklaart de meer specifieke vraag in de
inleiding van Part 1 en Part Dhder welke voorwaarden is het intermodale ven®ateem
concurrerender dan een systeem met alleen wegveslowe kijken naar de economische en
milieuprestaties van beide vervoerssystemetira de voorwaarden waaronder intermodaal
vervoer concurrerender is bekend zijn, dan kunneramtwoord geven op de vradgpéveel

is het intermodale vervoerssysteem beter dan wegee?’. In Part 1 werd ingegaan op de
mogelijke reductie in CO uitstoot (in tonnen), terwijl in Part 2 ingegaarerd op de
mogelijke reductie in totale kosten (in Euro), adsl@ op de marktaandelen (modal split en
route %). In Part 3 waren de oorspronkelijke ondeksvragen als volgtWat is de
verhouding tussen de G@missies zoals die in de logistieke keten ontseamde logistieke
kosten?” en “Hoeveel kost het per eenheid,©@ deemissiesran CO,-emissies te verlagen
via een shift van wegvervoer naar intermodaal ver?b Door de antwoorden op elkaar te
betrekken wordt het mogelijk om aan te geven wakbst om X ton goederen van weg- naar
intermodaal vervoer te verschuiven, welke vermimdervan de C@emissies daarmee
bereikt kan worden en meer in het algemeen welkdetoff er bestaat tussen logistieke
kosten en C@-uitstoot.

De beantwoording van deze onderzoeksvragen heddidgéot een aantal belangrijke
bevindingen en bijdragen aan het wetenschappeaigeurs. Per hoofdstuk kunnen deze als
volgt samengevat worden:
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Chapter 3

Er bestaan statisticken en eerdere studies dieeaamgdat railvervoer minder
broeikasgassen en luchtvervuiling produceert dagvemoer. Het gaat hier echter om
niet-vergelijkbare grootheden, omdat de emissiegate van wegvervoer gebaseerd
zijn op deur-tot-deur vervoer, terwijl de emissiggeens van railvervoer gebaseerd
zijn op interterminal vervoer (EC, 1999, 2003a, 20Maarnaast zijn er technieken
ontwikkeld om emissies van individuele vervoersntibeiten te onderscheiden (EC,
1999). Chapter 3 richt zich daarom op het bepalan de C@emissies van
vrachtvervoersystemen en niet op individuele moeiédin. De belangrijkste bijdragen
van de studie zijn de volgende:

o0 Het ontwerpen van een raamwerk (Figure 3.2 enm3S®ction 3.3)
o De analytische formulering (Section 3.4)
o De Semi-Life Cycle Assessment (LCA) modelleringdig® 3.2) inclusief
= Vier verschillende scenario’s voor de electricgprbduktie (100% met
kolen en olie, 50% met kolen en olie en 50% meteaie energie en
100% nucleaire energie)
= Transmissieverliezen bij electriciteitsgebruik
= De invloed van terminalactiviteiten op de £émissies

De belangrijkste conclusie is dat op railvervoer bageerde intermodale
goederenvervoersystemen in het algemeen, ongeathyge locomotieven, minder
CO, produceren dan wegvervoerssystemen. Een uitzawgdesi een intermodaal
vervoerssysteem waarbij gebruikt maakt wordt vaecteésche locomotieven die
electriciteit gebruiken die voor 100% met kolenai® geproduceerd is (zie Figure
3.6). Dit geeft aan dat niet zonder meer geconelitenag worden dat intermodaal
vervoer in alle gevallen minder G@enereert. Altijd zal aangegeven moeten worden
welke brandstofmix voor de productie van electeitigebruikt is. Een andere factor
die bepalend is voor de (relatieve) duurzaamheid ®an vervoerssysteem is de
gemiddelde snelheid: Bij 50km/h produceert eenkiide meeste COWanneer deze
snelheid in stappen van 10 km/h toeneemt (bijvaab€0, 70, 80 en 90 km/h), dan
zal een trein met een locomotief die electriciggbruikt die geproduceerd is met een
brandstofmix van 100% kolen en olie, de meeste @Stoten.

Chapter 4
In dit hoofdstuk wordt de methodologie van Chapserop de volgende manier
uitgewerkt:
o Ontdekken van de ‘gaten’ in het bestaande EC ond&maar de C&emissies
van intermodaal vervoer (EC, 1999, 2000, 2003b5200
o Opzetten van een casestudie waarin echte geodrafscoperationele data
gebruikt worden
o0 Bepalen van de gemiddelde brandstofmix van eléitiscentrales in de EU-
15 (35% nucleair, 30% kolen/olie, 14.5% hydro, éh &as; EC, 1999)
o Toevoegen van short seavervoer en dit vergelijkenweg-rail- en
wegvervoersystemen.

Dit hoofdstuk bevestigde de uitkomsten van Chap8r een intermodaal
vervoerssysteem genereert minder,@d@n een wegvervoerssysteem. Een uitzondering
is een intermodaal vervoerssysteem waarbij gebragakt wordt van locomotieven
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die electriciteit gebruiken die voor 100% met kotmolie geproduceerd is (zie Figure
4.4 in Section 4.3). Daarnaast blijkt short seaverv(zie Alt 7 in Figure 4.4) een
vergelijkbare C@ uitstoot te hebben als een intermodaal vervostssyn dat gebruik
maakt van diesellocomotieven (zie Alt 2) en ietqidier CQ uit te stoten dan een
intermodaal systeem dat gebruik maakt van elebegidocomotieven die gebruik
maken van d gemiddelde brandstofmix van Europessraliteitscentrales (zie Alt 3).
Een andere belangrijke uitkomst van dit onderzgedat de omvang van een zeeschip
bepalend is voor de G@missies: als de scheepsomvang toeneemt, dandRaIe®.-
emissies per ton.

* Chapter5
Aangezien het niet mogelijk is om een sluitend awairgd te geven op de vraag wat de
break-even afstand is en daarmee van de markt van mtermodaal
vrachtvervoersysteem, hebben wij in dit hoofdstek donte Carlo simulatiemodel
gebouwd dat in staat is om (binnen bepaalde gr¢nadiekeurige waarden te
genereren voor verschillende factoren. De beldksigj bijdragen van dit hoofdstuk
zijn:
o Het duidelijk herdefiniéren van de intermodale kregen afstand (Section
5.3)
0 Het testen van de afstandsafhankelijke kostenfesi¢Bection 5.4)
o Het analyseren van willekeurige verlader-ontvanggren en terminalkosten
(Section 5.4)
0 Het analyseren van de vorm van en de locatie vanneermodale terminal via
een gevoeligheidsanalyse (Section 5.5), en
o Synthese van de in eerdere studies bepaalde bveakagstanden (Appendix
5B).

Wij hebben meer dan 15 eerder uitgevoerde studidsraocht teneinde de break-even
afstanden voor intermodale vrachtvervoersystemekut@men bepalen (zie Appendix
5B). De hierbij gebruikte Monte-Carlo simulatie g niet eerder voor deze
toepassing — het schatten van het intermodale asarieel onder verschillende
condities en deze uitkomsten te generaliserenezieig

Volgens onze berekeningen is 1 % stijging in ddésan truckvervoer of 1 % daling

van de kosten van railvervoer ongeveer respecijevélmaal, 3 maal en 2 maal zo

effectief als 1 procent verandering in de termhmatdlingkosten, de afstand per rail en
de kosten van voor- en natransport per truck. \fevdaden wij dat noch het 'ovale

marktgebied' noch een terminalverplaatsing potlentidanten warm maakt voor

intermodale vervoersystemen. Wanneer twee sturiggfilgheden gecombineerd

worden, dan is het synergie-efect wel significant.

Samengevat: het intermodale vervoersysteem is al@d rendabeler als een

wegvervoersysteem. Dit is alleen het geval wanneeeerdere variabelen

gecombineerd worden. In deze studie zijn deze lvalem onderzocht en daarmee is
het inzicht in de mogelijkheden om het marktaandesi intermodaal vervoer te

vergroten toegenomen.



156 Intermodal Freight Transport on the Right Track?

* Chapter 6
In deze studie is een raamwerk ontwikkeld waarnodaavoordelen (economies of
scale) gerelateerd kunnen worden aan de kosterewarervoersstromen binnen een
multimodaal vervoersysteem. De belangrijkste bgeérazijn de volgende:

o Drie typen schaaleffecten werden grafisch (Figurenl Appendix 6A) en
wiskundig weergegeven (Appendix 6B): de ESQ (sdftaiten in termen van
hoeveelheid), ESD (schaaleffecten in termen vantamd, en ESVS
(schaaleffecten in termen van voertuiggrootte).

0 Speciale aandacht is hierbij gegeven aan de modgllean het voor- en
natransport: zo werden de extra kosten van zgnunseire intermodale
systemen (d.w.z. truck — rail — lange afstandswvamrper rail — rail - truck) (zie
Figure 6.3 en de daarmee overeenkomende keuzeséiglre 6.4 (d.w.z.
truck - lange afstandsvervoer per rail — truck)dadg.

o In technische termen, er werd een 'Genetic Algoritased heuristic
algorithm' ontwikkeld om niet-continue en non-coxeedoelfuncties op te
lossen via traditionele LP (Linear Programming) roét-LP methoden. In
aanvulling daarop, dankzij dit 'heuristic algorithwas het ook mogelijk om
inherente beperkingen van GA (bijv. hoe om te gawt equality/inequality
constraints) te omzeilen (Michalewics, 1995).

In het algemeen geven de bevindingen van dit haafdaan dat GA gebruikt kan
worden om semi-optimale oplossingen te vinden veomplexe multimodale
vervoerssystemen. Er kan sterk bespaard worderedipsten per TEU wanneer de
vraag, de capaciteit en de frequentie van intermlodarvoer toenemen. Op basis van
dit inzicht kan de onderzoeksvraag beantwoord wuardeen intermodaal
vervoersystem is concurrerender dan een wegvensieesn wanneer schaalvoordelen
volledig meegewogen worden.

* Chapter 7
In dit hoofdstuk is the relatie tussen de vervoessin en C@emissies voor gegeven
intermodale en wegvervoernetwerken bepaald. Déeis nieuwe benadering om de
prijs per ton van Cg@emissies te kunnen bepalen. Ook werd een model voor
besluitvormers ontwikkeld waarmee zij een set vamet® optimale oplossingen
(d.w.z.. verschillende opties voor routekeuze emahchoice) kunnen analyseren. In
aanvulling daarop werden vijf scenario’s ontwikkelt te bepalen wat de invloed van
veranderingen in de modaliteit of routekeuze ideprade-off tussen vervoerskosten
en CQ.emissies. De scenario-analyses laten zien dat tlemke-off significant
beinvioed wordt door de vraag en aanbod binnerveerersysteem. Zoals in Table
7.3 is te zien, variéerden de &frijzen tussen 11 €/ton en 5,350 €/ton. Deze ruime
marge wordt veroorzaakt door de verschillende dgeyloeden voor vraag en aanbod.
Niettemin, de uitkomsten dragen bij aan het inziobhdle mogelijkheden om de GO
kosten door te berekenen in de verschillende vescoeridors en - netwerken.

Beperkingen en toekomstige studies

Een belangrijke uitkomst van deze dissertatie is etaveel onbekende factoren zijn die
bepalen of een intermodaal vervoersysteem conewmder is dan wegvervoer. De
onzekerheid over deze onbekende factoren is dadpglkste beperking van deze dissertatie.
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Vandaar dat wij in deze dissertatie, teneinde negedonzekerheid om te kunnen gaan, de
vervoersystemen vereenvoudigd hebben, waarbij wensge factoren hetzij aan andere

studies ontleend hebben, dan wel de niet te bedaldoren buiten beschouwing hebben

gelaten. Dit is in feite het verschil tussen “deteristische versus stochastische” of tussen
“statische versus dynamische” modellen. Wij kieberbij de kant van de deterministische

en statische modellen behalve in Chapter 5 dahagbische aspecten bevat.

Hieronder gaan we per hoofdstuk in op de belarggjbeperkingen van deze dissertatie.

e Chapter 3
De volgende beperkingen gelden hier:

o De gemiddelde afstand in het voor- en natranspOkr( per enkele reis) is
min of meer arbitrair gekozen, hoewel deze overesmknet de marktsituatie
in Europa

0 Gebruiks- en beladingsfactoren zijn verondersteldyijl leegrijden (‘return
trip’) niet meegenomen is in de analyse

o Er zouden andere omrijfactoren (groter voor rain door wegvervoer)
kunnen worden gebruikt.

o De niet-CQ gerelateerde milieu-effecten van nucleaire enetigieniet
meegenomen: nucleaire energie produceert nauwélijksn directe zin, maar
er zijn andere milieunadelen (bijv. gerelateerd rastafval).

De eerste beperking werd opgelost door in de aadiesechte afstandsgegevens uit een
GIS systeem te halen (zie Hoofstuk 4). De gemidzlafdtand in het voor- en natransport
is via het in Chapter 5 ontwikkelde Monte-Carlo siatiemodel bepaald, hoewel het

researchdoel verschilde van dat van Chapter 3.

* Chapter 4

Een beperking van dit hoofdstuk is dat trucks di@rvvoor- en natransport worden
gebruikt meestal verschillen van trucks die vomgk afstandsvervoer worden gebruikt.
De eerste categorie trucks is meestal ouder en eniedergie-efficiént. Daarnaast,
wanneer short sea vervoer wordt vergeleken metrandervoersystemen, dan is de
scheepsomvang bepalend voor de (verandering ine@@sies.

* Chapter5

In dit hoofdstuk werden onzekere factoren zoalgven natransport afstand, locaties van
verladers/ontvangers, terminal locatie enz. bepaadd Monte-Carlo simulatie. De
volgende beperkingen gelden hierbij:

o De omvang van de markten (oorsproRg €n bestemmin&gy) werd gelijk
verondersteld. In een toekomstige studie zou dadatyan een verschillende
omvang van de markten meegenomen kunnen worden.

o Eris alleen ingegaan op ‘economies of distanaehaglvoordelen gebaseerd
op hoeveelheid (d.w.z. de vervoerskosten daledealgervoerde hoeveelheden
toenemen) en grootte van het voertuig (d.w.z. aeosskosten dalen als de
voertuigomvang toeneemt kunnen een belangrijkeat/hebben om de
uitkomsten van de berekeningen. Er is echter od&rr@m aan te nemen dat
EOS en EOD correleren (zie verder Chapter 6).
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* Chapter 6

De belangrijkste beperking in dit hoofdstuk ligt die voorgestelde kostenfuncties per
eenheid voor elke vervoersmodaliteit. Aan de enet kg§n deze goed gemodelleerd.
Echter, de bronnen van deze kostenfuncties velsalpler modaliteit, wat kan leiden toe
inconsistenties (voor trucks en treinen zie JaB@O{, 2008) en voor watervervoer zie
Cullinane en Khanna (1999)). Tot nu toe is er gaadie die vergelijkbare kostenfuncties
per eenheid voor verschillende EOS voor de velgclie transportmodaliteiten
modelleert. Dit is een interessant onderwerp voardere studie, omdat elke
transportmodaliteit verschillende EOS kent (bijye #osten van watervervoer zijn
gevoeliger voor de scheepsomvang (tot 8,000TEU) daor afstand, terwijl trucks
gevoeliger zijn voor afstand dan voor voertuiggt@oftot maximaal 2.5 TEU)). In
aanvulling op deze beperkingen bevelen wij aan emntpact per schaalfactor (ESQ,
ESD, ESVS) te bepalen, en niet zoals hier gebeyrdoor het totaal van deze drie. De
laatste beperking is er een die inherent is aank3érbij wordt een bijna-optimaal i.p.v.
een globaal optimum bepaald. Als alternatief kunaedere methoden, zoals 'simulation
annealing’, 'Tabu search' en andere efficiénte idtetiecken gebruikt of ontwikkeld
worden om dit probleem op te lossen.

» Chapter 7

Hoewel tijdsaspecten, zoals minimale lead timeustrip-time (betrouwbaarheid) niet in
dit hoofdstuk meegenomen zijn, kan het voorgestétdelti-objective optimization
problem’ het juiste kader bieden om de tijdsfaetelr mee te nemen. De derde en vierde
doelfuncties kunnen in een toekomstige studie gktoworden om hier dieper op in te
gaan. In aanvulling daarop en om de berekeningeereenvoudigen, is bij het bepalen
van de schaalvoordelen in Chapters 5 en 6 geeruigepemaakt van 'multi-objective
optimization'.

De vijftig Pareto optimale oplossingen die in dehadie gevonden zijn vormen een deel
van de mogelijke uitkomsten. Dit aantal kan zowekgvoot of verkleind worden
afhankelijk van de onderzoeksdoelen van toekomstiggies. Als de doelfuncties relatief
complex zijn, dan is een kleiner aantal Paretonogie oplossingen wenselijk om de
computertijd te verkorten. Anderzijds is uitbreiginman het aantal oplossingen aan te
bevelen, omdat beleidsmakers dan meer keuzemdugsdign hebben.

Er zijn drie beperkingen die in meer algemene zaorvdeze dissertatie en ook voor
toekomstige studies gelden: (1) de omvang van éitark in deze dissertatie is erg beperkt
(zie Chapters 4, 6 en 7): er zijn 6 knooppunten gfemdam, Brussels, Vilnius, Warsaw), 2
terminals (Rotterdam en Gdansk) en verbindingerslgahts 3 transportmodaliteiten (truck,
rail en short sea). Teneinde de robuustheid vae aeodellen te kunnen bepalen is een
nadere beschouwing van het kostenmodel (Chaptewas), de beoordeling van de €0
emissies (Chapter 4) en van het trade-off modeaf@r 7) nodig in het kader van een groter
netwerk. (2) Deze dissertatie houdt om verschikenmddenen geen rekening met het
tijdsaspect. De eerste reden is dat de reistijdjetzagingen en het just-in-time beleid sterk
afhankelijk zijn van onzekerheid; het belangrijkstelerdeel van stochastische modellen. Om
een voorbeeld te geven, vertragingen door congesirden nauwelijks gegeneraliseerd in
deterministische modellen. Het uitsluiten van fj@saspect kan gerechtvaardigd worden door
te wijzen op het feit dat er nog steeds veel versidntvangers zijn die op de kosten letten.
Een van de voordelen van het weglaten van dit $actbren is dat de milieu- en economische
aspecten afzonderlijk naar voren konden komenahvalling daarop, de tijdswaarde en de
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waarde van C@emissies zijn nog steeds niet bepaald (zie Tol §p0@aarom hebben wij
ervoor gekozen om de conventionele methode om zalwetijd als de C@emissies te
waarderen te vermijden. Een consequentie van dezeckwas dat wij een methode moesten
ontwikkelen om kosten en niet-monetaire eenhedgentelkaar af te wegen (zie Chapter 7).
Bij deze trade-off hebben wij gebruik gemaakt van'rdulti-objective optimization method'.
Volgens ons is dit de juiste methode om met tijdsfi@en om te gaan zonder verlies van de
mogelijkheid tot generalisatie. (3) Niet alleendeze dissertatie, maar ook in het algemeen
blijken dataverzameling en marktonderzoek tot éesh belangrijke onderzoeksprocessen te
behoren. Voor deze dissertatie kon helaas slediirudk gemaakt worden van een beperkte
dataset bestaande uit wetenschappelijke tijdsehritn overheidsrapporten en niet van
veldwerk. Voor verdere studie zijn meer gegeverdigio

Epiloog

Deze dissertatie bestaat uit drie grote delenlkddeel is de rol van het wegvervoer altijd de
tegenhanger van het intermodale systeem. De rationtermodaal vervoer te stimuleren is
dat het intermodale vervoersysteem, ten minst tarie, beter is dan een wegvervoersysteem.
Echter, wij hebben veel studies bekeken die erluitémid op gericht waren om het
intermmodale vervoersysteem te optimaliseren obeteren zonder dat zij intermodaal
vervoer en wegvervoer met elkaar vergeleken. Wi echter van mening dat bevordering
van het intermodaal vervoer alleen te rechtvaaatige wanneer intermodaal vervoer qua
milieuprestaties of andere voor het beleid relevaspecten beter scoort dan wegvervoer. Als
het wegvervoer om een bepaalde reden beter is dammiodaal vervoer, is het dan niet
logisch om wegvervoer te gebruiken en ook te semau? En, als de milieuvoordelen van
intermodaal vervoer vrij beperkt zijn en de kostan een modal shift aanzienlijk zijn, is het
dan logisch dat een samenleving intermodaal versteruleert? Wij kregen de indruk dat
sommige eerder uitgevoerde studies naar intermaagaber bevooroordeeld zijn en daarbij
alleen focussen op manieren om de efficiéntie vdarinodaal vervoer te verbeteren. Dit
brengt ons er toe om te twijfelen of intermodaaiveer werkelijk beter is dan wegvervoer.

Dit brengt ons bij het fenomeen van twee vrachtwersystemen die met elkaar concurreren
als het gaat om hun milieu- en economische prestafiangezien deze dissertatie meerdere
factoren bevat die in elk hoofdstuk terugkomen kzale afstand in voor- en natransport, de
afstand van lange afstandsvervoer, de vraag, Iiioda de frequentie van vrachttreinen, de
terminallocatie en de trip snelheid en duur), i$ &ental vrijheidsgraden in ons model erg
groot. Dit is de algemene verklaring waarom wijtrkennen zeggen dat een van de twee
vervoersystemen altijd beter is dan het andere.rddaazijn alle antwoorden op de
bijbehorende initiéle onderzoeksvragen “conditidhde die situaties waarin het intermodale
vervoersysteem superieur is, geldt dit onder begaaborwaarden. Dit brengt ons bij het
onderwerp overdraagbaarheid van uitkomsten. Wigmade lezers die bepaalde delen van
deze dissertatie voor hun eigen onderzoek willdmgken aan om zich hierbij af te vragen of
hun lokale/regionale geografie, hun economischeasé en logistische eisen voldoende
overeenkomen met de in deze dissertatie gebruiktdites.

Het uitblijven van 'zekere' uitkomsten maakt heete van beleidsmakers die beogen om de
CO,-emissions van vrachtvervoer te verminderen nietveadig. Wij hopen dat deze
dissertatie bijdraagt aan het verder in kaart brangan deze onzekerheid en daarmee
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bijdraagt aan het verbeteren van de kwaliteit vaenbeleid op dit terrein. Verder hopen wij
dat deze dissertatie bijdraagt aan het duurzamkemaan onze samenleving in de toekomst.

Tenslotte hebben wij een experimenteel beleidsqineeor CQ quota in Appendix B
opgenomen. Dit is niet in de hoofdtekst opgenomemjat het een iets andere focus heeft als
die van de hoofdtekst en omdat het op een congresjm gebaseerd en niet op een paper in
een journal. Als de beperking van g€nissies de hoogste prioriteit zou hebben in phzats
kostenbesparing en just-in-time, dan zou deze reeuedelijk agressieve aanpak gekozen
kunnen worden.
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Appendix A:

A Review of network representation of intermodal
and truck-only freight transport systems for freight
service network design problems

Nam Seok Kim and Bert Van Wee
Delft University of Technology

Appendix A is a revised version based on a contergaroceeding presented at NECTAR
(Network on European Communications and TranspativAies Research) conference in
Arlington (USA) from June 18th to June 20th, 2009.

Abstract

Intermodal freight transport systems have emergedlternative systems for truck-only
systems. The increased research interest has prdrdeteloping optimization models using
OR (Operational Research) techniques for intermddaght transport. In this paper we
present several types of intermodal optimizatiotwoek design problems and describe the
complexities inherent to intermodal freight systef@cusing on network representations, the
possibility of reducing these complexities is alsecussed. In particular we discuss two types
of frequently used network representations, anctlcole that one of them is good enough to
find optimal solutions when only intermodal systerage considered while the other
representation is appropriate if the aim is to fihd optimal solution for both intermodal as
well as truck-only systems as a counterpart. Initemhd this study presents three generic
methods to overcome the complexities relating termodal models: the decomposition of
networks, description of economies of scale, aedrtroduction of non-road options.

' http://nectar.gmu.edudr http://www.nectar-eu.org/
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Introduction

The mainstream of network optimization modelingrapghes for freight transport focuses on
uni-modal freight transport systems rather thaarmbdal freight transport systems. However,
intermodal systems have recently received growitbgnon as a preferable alternative to
truck-only freight systems in terms of economic petitiveness, environmental concerns,
and traffic congestion alleviation (EC, 2001, 2005DOT, 1991). Thus, research interest in
improving the intermodal freight system has beeswgng rapidly. However, the intermodal
freight transport research is @ré-paradigm research field(Bontekoning et al., 2004).
Therefore several research gaps still exist. Mashamd Bontekoning (2004) reported that
several types of problems related to intermodadjiitechave been modeled and are potentially
able to be modeled by using operational researdR) (@chniques. However, again, when
intermodal freight systems are modeled as OR pnadlét is undoubtedlystill a very young
domair as indicated by Crainic and Kim (2005).

Among the OR problems concerning the intermodatesys this study includes so-called
“service network design problemgCrainic and Kim, 2005) orifitermodal operators
problems (Macharis and Bontekoning, 2004). The ggrems of service network design
problems are to find the optimal route and modeaaeh(Crainic and Rousseau, 1986, Min,
1991, Barnhart and Ratliff, 1993, Oh, 1993, Haglzem Oh, 1996, Guélat et al., 1990, Chang,
2008), or to find hub locations (O'Kelly and Bryd®98, Yaman et al., 2007), minimizing the
total cost in a given network. Note that mode chag not the same as system choice. The
system is defined as all the process from shipfereceivers by more than two transport
modes via terminals (Janic and Reggiani, 2001, Kimd Van Wee, 2009). Thus, the choice
set of the freight system includes both truck-cemyg intermodal freight systems rather than
individual transport modes only. The output mightthe freight system choice and — related
to this choice - the route choice in the networkotder to compare intermodal with truck-
only systems it is necessary to represent botlesgstin one network and mathematically
formulate them consistently in one objective fumeti However, intermodal systems
inherently have different characteristics compai@druck-only systems. Intermodal freight
systems include multiple modes and multiple stepsllgction/distributiorf by trucks,
transhipment, and long-haulage by non-road moded)tlaerefore are much more complex
than the door-to-door delivery of truck-only sysgemhen it is modelled as an OR problem.
Each stage (i.e. drayage, long-haulage, and telroperation) of the intermodal chain has
different characteristics. For example, per tonieaketre drayage cost is normally
expensivéand there is a relatively higher risk of emptykshaul. In the case of long-haulage,
non-road systems are usually relatively cheap duthé economies of scale, but may face
diseconomies of scale due to the potential delalgaertransshipment process.

In order to properly embed the above-mentionedessn service network design problems,
and eventually to determine the quality of the motiee network representation plays an
important role. However, due to the complexitieghs# intermodal system, the multi-modal
networks in literature are represented in differgays than uni-modal networks. It is obvious
that the objective functions and the network regméstion depends on several issues: the
planning level (i.e. strategic, tactical, and opieral level), the selection of the chain to be
optimized (i.e. the entire chain or a part of tmeimodal chain), the modes/systems

? Often referred to as drayage or pre-and end-haualg

® The unit costs for drayage differ from those faick-only system (long distance road haulage) (HID1). In
addition, the unit costs for drayage are estimateterms of the transport time while the unit cofsts long-
haulage trucking is estimated in terms of the dista travelled (Van Duin and Van Ham, 2001). Jé2@©8)
attempted to develop an unified regression moddbdoh drayage and long distance trucking.
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considered in the model, the consideration of ecoes of scale in the hub-and-spoke
network, and so on. This paper aims to describectmplexities that intermodal freight
systems inherently have, to review OR literatureuing on network representation, and to
explore the possibility to overcome complexitiesated to intermodal freight transport
systems.

We do not consider the problems of hub locatiosaladrayage optimization, intermodal
terminal optimization (COFC/TOFC) or the problem biib-and-spoke networks with
extensive stopovers. In the network design proliemted in this study, the number of hubs
and the locations are given and there are no extestopovers. In addition, we do consider
the more complicated types of intermodal systemspdi®ns (e.g. truck-rail-rail (or vessel)-
rail-truck; the so-called™ level of intermodal chain). In other words, raéincplay a role in
drayage.

In the next Section, we summarize the complexidigse intermodal network design problem.
In Section 3, we present ways to represent bothmadal and inter-modal networks. Then,
based on the definition of an intermodal freighéteyn, the most comprehensive intermodal
network representation is distinguished. Furtheanere review several intermodal network
representations. In Section 4, some modeling ideas/ercome the complexities of multi-
modal networks are presented. Finally, Sectionesgmts the conclusions.

Complexities of the multimodal Network Design Probeém

Table A.1 shows the characteristics of both intetai@nd truck-only systems.

Table A.1 Characteristics of both systems

Intermodal system Truck-only system
Mode Multiple modes Single mode (i.e. truck)
Network A combined network Macroscopic level of road
level - Microscopié1 level of road network for network

drayage

- Macroscopiclevel of non-road network
for long-haulage

Stage in the Multiple stages Single stage
intermodal - Drayage Long-haulage
chain - Long-haulage
- Transshipment
Total Summation of shortest paths in terms| &imple shortest path
Distance the stage (i.e. drayage and long-haulage
Unit Cost More expensive trucking cost of (drayageDecreased as distance

Cheaper cost of long-haulage by non-ro@tcreases. Almost fixed rate
mode due to economies of scale amdbove a certain distance.

distance (economies of distance only)
Total Travel| Relatively slower than truck-only system Relatively faster than
Time intermodal system
Configuration| hub-and-spoke (mostRy) Door-to-door Line-haul

Based on these characteristics we derive six iststsve refer to as complexittesausing
difficulties to model the service network desigolgem in intermodal networks.

4 Microscopic level of road network refers to thebam/regional network while macroscopic indicates
national/international network in this context.
® For other types of networks, see Figure 3.2 irukzieerger (2008).
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I . Intensive interrelationship between the diffengianning level§

II. Different stages such as drayage, long-haulagkteaminal process;

[II. Multiple types of infrastructure (i.e. road, rahd waterway) dedicated for different
transport modes (i.e. truck, rail, and vessel retbpaly);

IV. Nodes in terms of origin/destination as wellersinals;

V . Economies/diseconomies of scale and trade-offwdmt economies and
diseconomies of scale.

VI. Competition between uni-modal (i.e. truck-onlgtgyn) and multimodal systems

First of all, the issue on the intensive interrelatiopdietween the different planning levels
makes modeling intermodal freight more complicdteah a uni-modal system. Even though,
in general, the categorization into thelanning levelgstrategic, tactical, operational) have
allowed for reasonable local optima and contributedalleviate the complexities in OR
models (Macharis and Bontekoning, 2004, Crainic l&imd, 2005, Crainic and Laporte, 1997,
Crainic, 2000), this categorization ironically ad®imodeling a comprehensive (over all three
planning levels) intermodal service network desmgoblem. Even though such planning
interrelationship occurs in OR problems in genatas more complex for intermodal systems
than for uni-modal systems since intermodal freigigtems generally can have multiple
objectives at each planning level. It is therefonecial to identify the objective that should be
reached by the overall optimum. For example, thiema solution of the intermodal chain at
the operational level might be different from tha@imal solution at the tactical and strategic
levels. Thefirst complexity issue correlates with thlsmcondand third issues since the
particular stages in the intermodal chain relatditi@rent planning levels in many cases (e.g.
drayage at the operational/tactical level and Ibaglage at the tactical/strategic level). In
addition, different modes are used at differentlg\{e.g. drayage by truck and long-haulage
by non-road modes). It is obvious that optimizingcdl/regional problems at an
operational/tactical level does not guarantee tlddaj) optimum of national/international
problems at the strategic level. Teecondandthird issues are also interrelated. Specifically,
a certain transport mode can play more than twesrdh a given truck network, for example,
trucks are used for both the drayage part of thernmodal system but also as the only mode
for truck-only systems, while rail or barge mightaimly be used only in long-haul in
intermodal systems (Janic and Reggiani, 2001). Thaos these three issues, trucking
optimization for drayage is found using the loaional road network at the
operational/tactical level, which needs a moreittanetwork than the network that is to be
used at the regional/international level (Morlokakt 1990). In case of long-hauling truck-
only systems a detailed local/regional network malybe needed. In practice, at any planning
level drayage is a crucial part to determining Wwketan intermodal system is economically
feasible (EC, 2000, Nozick and Morlok, 1997, Morlek al., 1990). The EU project
RECORDIT specifically shows that the drayage coséy cover even more than 30% of the
total door-to-door trip costs despite the relagivehort distance (EC, 2000). Of course
optimizing the drayage process only does not gieeathe feasibility of an entire intermodal

® The complexity does not mean ‘computational coxipte which is normally used in OR research field.

" The focus at thestrategic level is on decisions for the construction/expangnodification of physical
infrastructures targeting more than 10 years inr&ut The decision at theactical level is to find optimal or
alternative ways to enhance the system withouifgigntly changing infrastructures. The targetiinge period is
usually less than 1 year. The decision abp@rationallevel focuses on the daily or hourly task. (forrendetails
on the classification, see Crainic and Laporte 7JR9
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freight system. Trains and barges use only raila@y inland waterway networks respectively
and require (separate) networks at the regionatfational level in order to estimate the
accurate transport distance, which is one of thstrmcial factors for total freight costs. The
remainder of thesecondissue is that the terminal process is also a faaffacting the
complexities since a different combination of modesy need different roles of terminals
with different terminal costs and process time. Fbarth issue is about how to set up nodes.
Most previous studies assume that only originsdaglinations generate demand (i.e. inflows
and outflows), and that terminals (or hubs) haygacdy. However, hubs can also be origins
and destinations, and origins and destinations h@ae capacity limitations as well. Thus,
distinguishing the general nodes (origins/destimes) and the hubs is often inappropriate in
modeling Another important issue associated with nodesngets to generate options for
economies of scale, which is related tofiftb issue. Thdifth issue is how to properly treat
the economies and diseconomies of scale and tthe-trifs between them in given intermodal
networks. Economies of scale for uni-modal systentaub-and-spoke systems are dealt with
by O’Kelly and Bryan, and Racunica and Wynter (O¥Kand Bryan, 1998, Racunica and
Wynter, 2005). However, these authors could nop@ny show thesixth issue: How can
multi-modal transport compete with truck-only sys& One may argue that it is possible to
consider (optimize) the intermodal and the truckrosystem independently in separate
networks, and then compare the results. Howeves,dbvious that two different systems are
interrelated in a given network. In other wordsjck-only options might become less
profitable as intermodal systems become more piuéf because options to realize
economies of scale for truck-only systems will thenreduced. Therefore the interactions are
also very important issues that should be includeldreover, the trade-off between
economies of scale being achieved by the use ofroath modes and diseconomies of scale
due to terminal processes (i.e. congestions) salsart of thdifth issue. These complexities
undoubtedly result in difficulties to be formulatadd solved in the network design problem.

Intermodal network representation

This Section presents types of intermodal netwahkd reviews the literature focusing on
network representation.

Types of intermodal network representation

There is no prototype of network representation iftermodal service network design
problem. It varies depending on the aim of studstadcollected, modeler’'s point of view.
However, there are still common components thatreeeessary to be embedded in OR
problems: nodes and arcs.

In order to explicitly know what should be includedthe intermodal network representation
for an OR problem, some definitions of intermodadight system (i.e. combined freight
transpori) should be reviewed (2001, ECMT, 1998):
e Definition 1. “Multi-modal transport is a carriagé goods byat least two different
transport modes”

® Combined transport is often used as synonym efimbdal transport Kreutzberger, E., 2008, The iation of
Intermodal Rail Freight Bundling Networks in Europ@oncepts, Developments, Performandels.D, Delft
University of Technology.. It seems to use these éwpressions before year of 2000. Since 2000erimbdal”
transport seems to dominate “combined”.
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»  Definition 2. “Intermodal Transport is the movemenfigoods i one and the same
loading unit or vehicle), which uses successfully several modes of
transport without handling of the goods themselwesransshipment
between the modes”

* Definition 3. “Combined transport is a transportwmich the major part of the
(European) journey is carried out tajl, inland waterways or seaand
in which any initial and/or final leg carried ow bad areas short as
possible

Definition 1 is simple and straightforward. Howevas Janic and Reggiani (2001) mentioned,
the substantial processes such as loading unitsiased. Definition 2 is a more focused one
for loading units and transshipment process. D@dimi3 is a policy oriented definition with
the focus of the "non-road’ transport modes used.

Depending on the point of view, network represeoitavaries. In general, one may attempt to
transfer infrastructures (i.e. road, rail, and watg/) and locations (i.e. shippers, receivers,
and transshipment points) on a drawing paper irpldied way. In this case, subjective

intension should be avoided. However, a modeleblesaeither to adjust, add, or remove
some attributes of network. In this study, we atieto emphasize the intermodal transport
policy on network representation. In order to tpdast the policy direction on the intermodal

network, definition 3 is fully reflected when th&@érmodal network is represented. Especially,
the expression ‘initial and/or final leg carried @y road are as short as possible’ in definition
3 may indicate the minimal usage of the truck systdue to the reasons mentioned
previously: economic competitiveness, environmentahcerns and traffic congestion

alleviation. Nevertheless, it is obvious to considefinition 1 and 2.

Four criteria can be derived from definitions tadithe most comprehensive intermodal
network representation, overcoming the complexitiesitioned previously. Then, the criteria
are linked to at least one of the complexitiesedisrred to above. If at least one of the criteria
is not satisfied we do not consider a network regméation as intermodal one in this study.

e Is it possible to describe both directed and cadatdd (i.e. hub-and-spoke) flows
and compare them? (associated with complexitie¥ , andVI above)

* Is it possible to describe all freight mode (syst@ptions in a network? (associated
with III andVI)

e Is drayage by truck? (associated wihandIV)

* Can the stages in the intermodal chain be descpbmukrly (associated with )

One may discuss criterion C since definition 1 &ndo not explicitly express that drayage
should be by truck. For example, it is obviouslyetthat containers that arrive at a port by
container ships or barge can be directly transghigp rail or maritime vessels. However, it
can be assumed that such containers are initiallgated by trucks in origin area and brought
to the port. In addition, even if the containers ansshipped from a seagoing container ship
to rail or maritime vessels, it can also be assuthatl the final leg is by truck. Thus, even
though trucks are not really shown in the internhautwork, it can be assumed that the
initial/final drayage should be treated by truckbat is the crucial reason why we consider
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definition 3. However, an exception is observednedactories that are located along railway
tracks possess and operate their own private nash4rdrastructures as well as rolling stock
(e.g. trains and rail cars). Although trucks aré¢ mecessarily utilized in this case as either
drayage or long-haulage of intermodal systemsgsithie merest case. We exclude this
exception and consider that intermodal systems yalweeed ‘truck drayage’, indicated in
criterion C.

Six types of network representation can be deriveste Figure A.1. Some of them are
seemingly intermodal. However, if the criteria lhea definition 1 above are used, genuine
intermodal network representations can be distslgad. Figures Al(a), (b), and (c), are uni-
modal representations (e.g. road transport), tteetbthers intermodal.

From the perspective of the criteria we now refleat the intermodality issues of the
representations in Figure A.1. In the representatifoFigure A.1(a), neither consolidation nor
intermodality exists: criteria A, B, and D are atdd. In Figure A.1(b), consolidation occurs
but a comparison with direct flows is not applieabtriterion A is partially achieved but B
and D are violated. Previous studies on the LTLsfL¢han TruckLoad) problems fully
describe and successfully optimize such a netwbdk (nore information on problems in
Figure A.1(a) and (b), see (Crainic and Kim, 200Bgxton et al., 2003, Croxton et al., 2007,
Magnanti and Wong, 1984, Balakrishnan and Grav@85)l The comparison between
consolidated and direct flows can be achieved enrédpresentation of Figure A.1(c). In this
representation consolidation occurs, but intermtyddbes not: criterion B is violated.

In Figure A.1(d) to (f), multiple transport modeancbe drawn. According to the definition of
an intermodal freight system, Figure A.1(d) shotws toncepts of both inter-modality and
consolidation. However, it is not possible to conepnem with direct flows (i.e. truck-only
system) as represented in Figure A.1(b): criteAois violated. Figure A.1(e) would be the
best network representation accordingléinition 1, However, the initial and/or final leg in
Figure A.1(e) is not carried out by road. As a lestiterion C is violated.

Figure A.1(f) satisfies all the criteria althoughdioes not seem to be a complete network
representation. One may argue that Figure A.1(Bvisn a limited version of Figure A.1(e).
However, the more constrained version is the meatistic representation of intermodal
networks when policy direction is considered. Idesrto clarify the difference between Figure
A.1l(e) and (f), initial and final legs by “trucksire attached in Figure A.1(e) as shown in
Figure A.2. Figure A.2 is a complete version of theermodal network representation which
is basically the same as Figure A.1(f). Througls #mtension, 2 level of intermodal freight
system with non-road connection (i.e. non-road agay to the main hub is modeled later.
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(a) (b)
- Simple direct connections, no consolidation - Hub-and-Spoke connections but no direct connectip
- uni-mode - uni-mode

(d)
¢ . .
S E)Soth hub-and-spoke and direct connections - Both hub-and-spoke and direct connections
- uni-mode - Partial Multi-mode

- Not only truck drayage

(e)

- Both hub-and-spoke and direct connections
- Full multi-mode

- Not only Truck drayage

(®)

- Both hub-and-spoke and direct connections
- Full multi-mode
- Truck drayage only

Truck Rail Vesse Origin /Destination Hubs

Figure A.1 Network representations of uni- and inte-modal systems
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- Both hub-and-spoke and direct connections
- Full multi-mode
- Truck drayage only

_’ ...................... > _—— } . Q

Truck Rail Vesse Origin /Destination Hub or potential hu

Figure A.2 Complete network representations of intenodal system

As briefly mentioned previously, the drayage padyp a crucial role in the economic
feasibility of an intermodal system compared tawck-only system. Therefore the drayage
part should be clearly included in network représgons as is the case in Figure A.1(f) or
Figure A.2. These two Figures are the only accéptadpresentation satisfying the definition
and related criteria. However, several authors ftiee other network representations as
visualized in Figure A.1 (d) to (f) and label the® “intermodal”. Literally, it is correct since
there are more than two transport modes in theaorktvepresentations. However, they are not
suitable for finding the best freight system/roctasidering all theoretical possible unimodal
and intermodal options.

Previous intermodal freight studies

Barnhart and Ratliff (1993) used the conceptsbbrtest path algorithmand matching
problem(in graph theory) and tested it in a small netw@r& 5-6 nodes and 6-11 links),
which matches Figure A.1(f). This approach canyfdéscribe the competitiveness between
intermodal and truck-only systems between two hiles terminals). Their study is one of
only few studies that exactly address the drayageation by truck in the intermodal chain.
Min (1991) and Chang (2008) developed a multi-dojecoptimization problem to find the
best routes in an international intermodal netwét&wever, in their network representation
nodes are connected by a link that only allowsfo transport mode to be used. The network
does not allow ‘multiple’ modes from a node. In @ida, since the drayage distances and
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costs are relatively low because their study fosusenternationalintermodal networks (i.e.
long-distance), the focus was not on building aegenintermodal network including a
detailed road network for drayage but to find thestbinternational routes considering the
economies of scale of long-haulage. Therefore #teark representations in this case is a bit
simpler than the generic intermodal freight modiel t for example, includes more detail with
respect to the road network for drayage to als@icthe domestic journey.

Figure A.1(e) seems to be an appropriate netwqrtesentation satisfying both consolidation
and intermodality. However, it is just a full repeamtation allowing all transport modes
between all OD pairs rather than the constrainaegiadye by trucks reflecting definition 2. An
example of a study that uses the model represamtéidure A.1(e) is Boardman et al. (1997).
This model fully embeds the transfer costs int@tavork analysis using an intermodal freight
optimization model in a systematic way. Based omketaresearch they explicitly take into
account the transfer cost and transfer time faorsshipments between different modes. More
specifically, $150 and $225 for transfer cost arahd 3 hours transfer time was examined for
transshipment between truck and rail, and truckancespectively, in Atlanta, U.S. However,
it is unclear if and how they included the drayagsts. They might be included in the fixed
cost of the non-road modes, or excluded. Thenpitldvmake sense if Boardman et al. (1997)
used Figure A.1(e) rather than Figure A.1(f), sittedrayage stage by trucks is not clarified.
Crainic and Rousseau (1986) developed a multi-coditynomulti-modal service network
design using the network representation of FiguH&). Their work is theoretically capable
of dealing with competition between intermodal amndck-only systems, and includes a
representation of the drayage operation. It is kwainile briefly summarizing their formulation
since their work has been recognized as a piorgestudy in this field. They used a directed
networkG = (V,A), whereV is the set of nodes or vertices &t the set of arcs or links. The
set of nodes consists of three subsBi{ghe set of originD, the set of destination nodes; and
H, the set of hubs (i.e. intermodal terminal). Ie ttase study commoditi€s are added the
networkG = (V,A,P. Then, two decision variables are defined: (1yise frequency decision
variables, represented by a binary integeassigned when a certain service in&ist chosen
and otherwise 0), and (2) volume of prodpcpositive real or integer numblf in itinerary
|oL” andpOP. The formulation is then:

Min2 F.()+2,2.C7 (v.h) + @Ay.h)

S.t Y =d, poP
y.=0or1 sOS
h"=0 oL, poP

Moreover, the concept of economies of scale caadded to the formulation above as shown
in Chang’s study (Chang, 2008). However, althougdiric and Rousseau (1986) developed a
generic formulation and elegant solution metho@ytbould not show the nature of modal
competitiveness between intermodal freight systantstruck-only systems. Their focus was
on railway and its quality control such as frequereonsolidation, and delay. There was no
drayage and also none of the considerations negesstully describe an intermodal freight
system. The drayage may not have been added dhe fact that the drayage used a different
network (i.e. road network), which is much moretshy detailed and complex than the
railway network. Accordingly, comparisons betweaih and a truck-only system could not be

° Service §1S is defined as the full possible set of predefimedtes with different modal combinations. An
itinerary for commodityp, 10L", is defined as a set of possible service processtgeen two terminals (e.g.
consolidation, transfer, classification, and iniimdically the time consumed).
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made. Even though drayage (assuming a detailed metawdbrk) and a truck-only system is
included in the set of servic&)( it is time consuming to estimate accurat€ly’, in Fy)
which is a summation of the costs of successiviergifit freight transport modes (e.g. drayage
from i to terminal 1 by truck, long-haulage ternlidato terminal 2 by rail, and drayage from
terminal 2 to j by truck). In other words, theregimi be too many path options in the set of
pre-defined paths (i.e. sBL

Excellent work on multimodal representation waalene by Guélat et al. (1990)hey
attempted to represent a physical network as glaaelpossible in an OR perspective and
developed a normative model for a multi-modal fineiyansport system at the strategic level.
The network representation they proposed does $@we similarity to the version of Crainic
and Rousseau (1986) discussed above. As expliodgtioned by Guélat et al. (1990) this
model does not include the mode choice componentther words, this model may not
clearly overcome the competition issue indicatethenxcomplexityVI.

Oh (1993) and Haghani and Oh (1996) also develapmddel for an intermodal OR problem
with multiple sub networks. The number of these setworks equals the number of transport
modes in entire network. Aggregating the sub-netadne entire network is similar to Figure
A.1(e). One advantage of this model is that if samedevant arcs are removed from the sub-
networks, the network presentation is the samen dsgure A.1(f). We call those problems
that can be solved only by using the representatibrrigure A.1l(e)“pure intermodal
problem”.

According to definition 3 of the intermodal freigbystem, Figure A.1(f) (or Figure A.2) is the
most appropriate intermodal representation. Itudes competition between multimodal and
truck-only systems and is fully capable of exangneonsolidation as well as economies of
scale, e.g. because that transport operator/ternoiparator gives some quantity related
discounts. Van Duin and Van Ham (2001), Kim e{(2008) and Kim et al. (Kim et al., 2009)
use this network (i.e. Figure A.1(f)) to descriltletlae processes including drayage by trucks,
long-haulage by non-road modes, and consolidatiaine intermodal network by estimating
the full costs for all routes. More specificallipely include the pre-estimated fixed cost at the
combined modes level (i.e. system level) rathen tha the individual mode level in the
objective function. This pre-estimation of freigkebsts makes it possible to include
modal/route choice in complex freight networks utthg the truck-only and intermodal
system. In other words, they used a network reptasen G=(N,E, S) rather than
G=(N,E,M) where N is a set of nodes, E is a set of arcs, & set of pre-defined systems
including intermodal freight systems and truck-oslstems and M is a set of individual
freight modes. This approach is straightforwardbplacable to small networks and is fully
capable of including competitiveness between muldiat and truck-only systems. However,
if the number of nodes (including hubs) is large;hsa pre-estimation process will be very
time-consuming because of the complicated costtsiress that include freight mode(s),
commodities, economies of scale, and transfer costs

Both Grunert et al. (1999) and Grinert and Selbagf2@00) consider both an air and road
network which is a variant of Figure A.1(f). Theglled their macroscopic network GANT
(Global Area Transportation Network). Later theyded LATN (Local Area Transportation
Network), which consists of a set of nodes and atcshe local level (i.e. microscopic
network). They decompose the network accordindnteet criteria: transportation mode, type
of operation, and aspect of the task to be perfdrnMore specifically, the network is
distinguished into drayage on the road network land-haulage both on the air network and
the road network. They considered both road androad (i.e. air transport) options for long-
haulage. However, according to them, truck-onlyesys are considered to be an option only
if air transport is not available. The truck-onfseem mainly plays a supportive role for air-
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transportation in their study. In other words, fitret major decision, “the assignment of
requests to either air or ground transportation”pre-selected. It might relate to the
characteristics of the air transport system, wirichnost cases is not a competitor for the road
system.

However, for rail-intermodal systems, truck-onhs®ms should be compared with the rail-
intermodal systems without the pre-selection predestause the two systems compete. Note
that there are similar approaches to combine loetlvorks within a global network (for
example, (Ballis and Golias, 2004, Southworth, 200Me contribution of these studies is
that they overcome the first complexity: Intensimeerrelationship between the different
planning levels. We call those problems, whicharalyzed on Figure A.1(f) (or Figure A.2),
“comprehensive intermodal problems'Such problems can compare intermodal systems with
truck-only systems. A synthesis according to Fighire and the criteria developed previously
is presented in Table A.2.
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Table A.2 A synthesis

Researchers (year) Figure A.1 Criteria A Criteria B Criteria C Criteria D
Is it possible to describe boths it possible tgls drayage Can the stages in the
directed and consolidated (ijedescribe all freight by truck? intermodal chain be described
hub-and-spoke) flows andmode (system) options properly (e.g. transshipment
compare them? in a network? COSt)

Barnhart and Ratliff Figure A.1(f) Yes Yes Yes

(1993)

Boardman et all Figure A.1(e) Yes No Yes

(1997)

Crainic and Roussedurigure A.1(e) | No Yes No Yes

(1986)

Chang’s study Figure A.1(e) | No Yes No Yes

(Chang, 2008)

Guélat et al. (1990) Figure A.1(e) No Yes No Yes

Oh (1993) and Figure A.1(e) Yes

Haghani

Van Duin and Van Figure A.1(f) Yes Yes No Yes

Ham (2001)

Kim et al. (2008) Figure A.1(f) Yes Yes Yes Yes

Kim et al. (Kim et al.,| Figure A.1(f) Yes Yes Yes Yes

2009)

Grinert et al. (1999) | Figure A.1(f) No No Yes Yes

Grunert and SebastiarFigure A.1(f) No No Yes Yes

(2000)
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To sum up, the identified limitations of the stugipresented in this overview can be
summarized as follows:

Figure A.1(e) is good enough to find the optimdusons for pure intermodal problems.
Figure A.1(f) should be used to find the optimaluton for comprehensive intermodal
problems that includes the competitiveness withtinek-only system.

The flexibility of the network representation asural in literature to extend the intermodal
system into a 2nd level of intermodal system igtioh (i.e. transition from Figure A.1(f) to
Figure A.2.).

Suggestions for overcoming complexities of servicaetwork design
problems

In this Section, we attempt to overcome some oflithé@ations indicated in the previous
Section. The first suggestion is to simplify théraation of cost through chain decomposition,
the second is to extend the inter-modal networkigdeproblem into the ¥ level of an
intermodal system through introducing what we tad#l penalty concept, and the third is to
allow non-road modes to be included as optionslfayage.

Decomposition of chains

The complexity being caused by the different stages network (i.e. drayage, long-haulage,
and terminal processes) and different modes ausied above. In addition, competition
between intermodal and the truck-only system is alsnodeling challenge. The key factor in
modeling is how to define the most fundamentalairite distance for different networks (i.e.
road and non-road) and the unit costs for the miffe stages and modes. Specifically, a
question, which is formulation-related, arises: Htwbring all cost components for both
intermodal and truck-only systems together in anr@®@hematical formulation in a consistent
way? (i.e. for the truck-only system, the quansitypped is multiplied by the unit cost while
the intermodal system needs to consider three stageayage, long-haulage, and
transshipments) with different unit costs, dependsn quantity shipped and distance). To
answer this question we need to clarify the incgiesicy between the two systems. Since
intermodal systems have the advantage of econodfiexale, a hub-and-spoke network
configuration should be represented in order tosobdate shipments. To represent all
relevant options in the same network the long-grulapad network as a competing option
should be considered. So, the road network shoeldepresented at two levels: First, for
drayage at the local/regional level (e.g. urbamllamad network), and second, for long-
haulage with much less detail than for drayagdahécase of long haulage a representation
only at the highest level (e.g. expressways in peror interstate highways in U.S.) is
generally sufficient. In a mathematical formulatianis very challenging for problem solving
to combine such different configurations (i.e. direr Hub-and-spoke) and levels (i.e. local/
regional and international/ inter-state). Theseasson inconsistency and the configurations
are associated to four of the complexities mentoire section 2: 1 ,II,IIl and VI. We
suggest a decomposition of the chain to overcorasetitomplexities. Figure A.3 shows the
proposed decomposition.
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Figure A.3 Network decomposition in terms of mode ad stage in the entire network

More specifically, throughout the decompositiorg total distances for each system option
(i.e. combination of modes and terminal process)e#iiciently estimated as followed:

Shortest distance from origins to destination adroetwork (i.e. k=1)Di;‘L°”g‘““'age

Shortest distance from origin terminal(s) to desion terminal(s) on non-road netwokk
1: DkLongfhaulage

hihy
Shortest distance from origins/destination termitwalorigin terminal/ destination on road

network (k=1) for drayage vice ver "dl’ayage andD:g'Jr‘yage
Shortest distance from origins/destination termimabrigin terminal/destination ok non-
road network D> andD,s>

Where, Di}‘ is the distance between i and j by mode k (k=1réad, k=2 for rail, k=3 for
vessels)

The shortest paths can be estimated using GIS (@gloig Information System) or in the
classical algorithmic way using network data. Fetinating rail shortest paths, a railway
network should be available.

! Note that non-road networks such as the rail nétigmless dense than the road network, and doesammect
all locations.

% In the case that theub rail terminal that is closest to the origin is tgufar from the origin, a shipper may
choose to use rail for drayage (i.e. the clokestl rail terminal — the closestub rail terminal) rather than long-
distance drayage by trucks. If so, fixed cost f@-grayage by truck from the origin to tleeal rail terminal (i.e.
a penalty) should be included. This concept wilfidy discussed in “Z' level of intermodal system” later).
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There are three different kinds of unit costs gfaiuld be estimated. The unit c&t(where
k is the transport mode) is a marginal cost inecigdeconomies of scale.

Unit cost for the road networlC'= ¢(D, X,V)
Unit cost for the rail network€?=¢(D, X,V)

Unit cost for the terminal operation between trackl rail: TS*=¢(K,, K, X)

Where, ¢(D, X,V )is a function of distance (D), demand (X), and igkeh type (V);
¢(K,, K,, X)is a function of two freight modes and demand.

Next, the total costs of different modes (k) canché&ulated and compared. Note that the
distances and the costs shown above are at thedodi mode level rather than at the system
level. Then, the system options (r) should be @efirAn example set of the freight system is
as follows:

r = 1;truck -only system

r = 2;truck -rail-truck

r = 3;truck -sub-raitrail- sub-rail-truck
r = 4;truck - sub-rail -rail-truck

r = 5;truck -rail- sub-rail-truck

Regardless of the system options initial and flegk are by truck. In the cases of r=3, 4, and
5, sub-rail is used as drayage. Note, such a sub-rail witdlked as non-road drayage or rail
drayage later in this paper. Of course, more cheats can be predefined. The solution of
decomposition of chains is capable of handlingrgdanumber of nodes and arcs. The time
consuming process of the pre-calculation of costrioes, is automatically overcome. It is
notable that Griinert et al. (1999), Grinert andaSg&n (2000), Oh (1993) and Haghani and
Oh (1996) also use a similar decomposition condéptvever, the decomposition they use is
limited to ‘truck-rail-truck’ (i.e. r=2) only.

Economies of scale

O'Kelly and Bryan (1998) formulated economies dalsavell for hub location problems and
Racunica and Wynter (2005) developed O’Kelly anglaBis formulation more realistically.
However, two important issues are missed in botidies. One is the competitiveness
between intermodal and truck-only systems in arginetwork and the other is the trade-off
between advantages due to economies of scale feraaa transport (i.e. rail and vessel) and
related terminal costs (i.e. potential diseconoroiescale). In addition, the truck system also
has so-called “economies of distance” which shailsd be included. These can be included if
the unit cost functions for transport and transsi@pt include both economies of scale and
economies of distance, as well as diseconomiescale sfor transshipment costs. This
approach may lead to a better solution since atbfa associated with both economies and
diseconomies of scale and distance are explicitluded in the OR formulation (i.e.
objective function and constraints).
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Extension to 2 level of intermodal system

Kim et al. (Kim et al., 2009) have already used ¢bacept of ¥ level intermodal systems
referring to the fact that railway can play a risl@lrayage as well as in long-distance transport.
As a result they consider five transport optiohs: truck-only system, the'level intermodal
system (i.e. truck-rail-truck and truck-vessel-kyc2" level intermodal system (i.e. truck-
rail-rail-rail-truck and truck-rail-vessel-rail-tck). This subsection presents a simple method
that can be used in order to consider non-roadadeayhen a non-road mode plays a role for
drayage.

road drayac
X 15

) R
@ x15 nor-road drayac '@

Node 1

Real origin

a-initial =
Penalty for no
road drayage

Non-
road
Terminz

Road drayac
Xls

Non-road dféyag,_
X5

Truck Rail Origin /Destination Hubs

Figure A.4 Difference between road drayage and raillrayage

Before explaining Figure A.4 we first refer back ttte representations in section 3. As
mentioned there the initial and/or final leg in g A.1(e) is carried out by not only road but
also non-road. Figure A.1(f) satisfies all theamita as presented in that section. The crucial
difference between Figure A.1(e) and Figure A.l{f)he availability of drayage by non-road
modes such as railway. In order to use Figuree), Hn assumption associated to the penalty
for non-road drayage is required. Figure A.4 camidged for that assumption. The origin node
(node 1) with two flows (X 2% 739 and X5 2 3% extracted from Figure A.1(e) is
magnified in Figure A.4. A real origin indicated thg black dot circle may send g2 dravage
through the road network to node 5 while thg "3 9®a9%%hoyld stop at the non-road
terminal, be transshipped to the non-road mode haad to node 5 on the non-road network.
The penaltyd, ., should be posed for the non-road drayage prodéssefore, if one may

want to use the network representation with fulldadoavailability as Figure A.1(e), the
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penaltyd, ., can be applied for the associated route. If oofdrdrayage is available in the

given network, Figure A.1(f) can simply be used.

One more important issue associated with ff{ée®el of the intermodal system is the relation
to the p-hub location problem. The purpose of tHeup location problem, which is slightly
different from ‘service network design problemgCrainic and Kim, 2005) orifitermodal
operator$ problems (Macharis and Bontekoning, 2004), idinal the optimal hub location
from the predefined p hub sets (where p is the murobhubs in a given network) (O'Kelly,
1987, Aykin, 1990, Sohn and Park, 2000). Howevgaira direct links between non-hubs
(origin and destination) have not been found in gpes of hub-location problems. When the
i™ level of the intermodal system, which is not r&tidiin practice however, is considered in a
given network, the problem can also have the piatett embed the p-hub location problem
in a network design problem.

Conclusions and further Studies

Some complexities in OR modeling for intermodalwwek design problems have been
presented. Based on the complexities and the tefinof intermodal systems, four criteria
are set up. The criteria enable a better intermadéork representation to be found than
those usually found in the literature. We presared network representations for uni-modal
networks and three for intermodal networks. Whem ititermodal chain itself is optimized
(i.e. a pure intermodal problem), Figure A.1l(eajpropriate. However, when the intermodal
chain is optimized and compared with truck-onlytegss, Figure A.1(f) or Figure A.2 should
be used to select the optimized network betweearaktypes of intermodal options and the
truck-only option.

Since the network representation is just a stapmigt for the formulation of OR problems,
we suggest three ideas focusing on the problemuiaton. The first idea is to decompose
the intermodal chain and include the truck-onlyteys in the choice set. Secondly, the
inclusion of economies of scale and distance byeradl stage are suggested, though we did
not fully explain the modeling implications. Thiydlthe possibility to extend the options for
solutions to the ¥ level of the intermodal system (e.g. truck — raitail — rail - truck) is
explored. To the best of our knowledge optimizatioodels and related network
representations that allow the optimization of $gort over all theoretically possible
(unimodal and intermodal) solutions cannot be foumbiterature yet. With our paper we aim
to have contributed to this challenging researahalo.
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Abstract

This paper develops a methodology for establishilegcap side for C£emissions in inland
freight transport at corridor levels within the pecof the cap-and-trade program in Europe. In
particular, it presents a framework based on thecept of quota in order to allocate €O
emissions from inland transports at a country légeseveral transport corridors. The main
impact expected if the quota system is working priypis that the freight modal shift toward
less CQ emitting freight modes (or systems). This propospeta, which is more
microscopic than the quota in the cap-and-tradgrara which was already internationally
agreed, would represent the total allowed,@missions for all freight transport modes
operating in the corridor during a given periodiofe. On the other hand, the proposed quota
may have some potential side effects. Such potefregght market distortions are also
carefully discussed and furthermore some managearahtenforcement methods are also
briefly discussed.
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Introduction

When some symptoms of global warming were discalvanethe 1970s, the United Nation
began to identify the relationship between man-meddon dioxide (Cg and global
warming (IPCC, 2008). In 1992, at the Earth SummitRio De Janeiro, several developed
and developing countries signed an agreement tacesdnthropogenic GQIPCC, 2008).
Later in the third Conference of the Parties of theted Nations Framework Convention on
Climate Change (UNFCCC), at Kyoto, in 1997, thecatbed Kyoto protocol was agreed upon.
This protocol explicitly indicates that 36 develdpmuntries in 1998 (41 developed countries
including the EU as a country in 2004), classifeian Annex | country, are required to
reduce greenhouse gas emissions to the level tedida UNFCCC and Kyoto protocol
(UNFCCC, 2006, 2008, UN, 1998). The protocol inelsida mandatory COemissions
reduction for clusters of countries. Despite suffbres, the European Environment Agency
(EEA) shows that the European Union has not yeieseld the reduction target. More
specifically, the total Greenhouse Gas Emissionsvatent in Europe, expressed in million
tonnes (Mt) of CQ@ and the achieved reduction as of 2004 are aswslitJNFCCC, 2008,
EC/Eurostat, 2007, EEA, 2006):

e EU-15: 4279.0 Mt (1990: based year) and 4227.0(2004), - 1.2 % Changes in
emissions)

« EU-25:5429.4 Mt (1990: based year) and 5258.22004) , - 3.2 %

« EU-27:5796.0 Mt (1990: based year) and 5487.9(R104), - 5.3 %

It is notable that the 8% target reduction ratéhef Kyoto protocol has not been achieved in
any of the groups. The rationale that EU could ¢dba mass of C@into these groups is
based on the Burden Share Agreement in Europed8 (BC, 1999). This agreement aims to
consider various national circumstances such agygrsurces, dependency of fossil fuel,
and industry. As a result, the adjusted reductargets for CQ emissions are assigned to
European countries (EC, 2006). Accordingly, Europemmmissions, as well as each
individual European country, have established ttiategy to reduce COemissions and
attempting to identify the most severe L£C€bntributors, according to the trend of £0O
emissions by sectors. The European Union recognizas greenhouse gas emissions,
including CQ from transport, have increased at the fastest qatepared with any other
sector over the past decade (see Figure B.1).

Two principal approaches for reducing £€missions in transport are recognized: taxes and
subsides suggested by Pigou and the property rph@Goase (Chichilnisky and Heal, 1995,
Pasour, 1996). The former can be explained as fgovent could use taxes and subsidies to
internalize such external effects.” The latter p®iout “the possibility of bargaining in coping
with externality problems” represented as the Qagh-Brade program (UN, 1998, Pasour,
1996, OECD, 2001). The current situation on thsuésin Europe can be evaluated as
internationally agreeing on the Cap-and-Trade program based orse@Goapproach and as
domesticallypreparing to pose a carbon tax based on Pigogjgestion. However, there is
still a debate about which approach is more appatgpat a certain geographical level. Instead
of claiming which option is better, this study atfgs to fortify the “Cap” side of the Cap-
and-Trade program, based on Coase’s approach.

The research gap in the Cap-and-Trade program rbgghkite lack of consideration for inland
international CQ@ control. More specifically, this research aimsaaswer the following
guestion: Tf the Cap-and-Trade program is implemented atittternational corridor level,
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how can “Cap” of CQ emissions for intermodal freight corridors be ddished?” In this
paper, the freight transport is highlighted rattiem passenger transport since the latter does
not seem to be properly controlled. Carbon taxetiasn Pigou’s approach, as tested by
Hensher is seemingly a good option at least fosgrager transport (Hensher, 2008). However,
it is still doubtful that freight transport is séinge enough to such a carbon tax. This
skepticism leads authors to consider Cap-and-Tpealdem for freight transport.

1.3 - ¢ 1.3
1990=1
1.2 - 1.2
1.1 1.1
1 s i I} 1
0.9 - A 0.9
%, O 2
08 T T T T T T N T T T T 08

1990 1992 1994 1996 1998 2000 2002 2004

—s——Power & heat —&——Industry
Transport: —@®——Households

—A——Services, etc. Total

Figure B.1 Trend of CO, emissions in Europe by Sector, 1999-2004 (Sourdairo Stat
(2007))

The “Cap” is defined as the capacity of the Cap-&ratie program and is referred“tguotd

in this paper. Even though there is no solid cossgon the definition of quota in transport,
the OECD attempted to position it in the scopehefpprogram and define it in the box below.
It is notable that “regulation” underlined in thexobelow means the right to use certain
freight modes based on the environmental perforemanc

The main expected impact of the quota is that tamgltit modal will shift toward less GO
emitting freight modes. The proposed £quota, which is presented in the next section, is
more microscopic and more tangible than the quata fthe Cap-and-Trade program upon
which has already been internationally agreed. duld represent the total allowed €0
emissions foall freight transport modesperatingn certain corridorsduringa given period

of time Under such circumstances, the particular modaddvghare this quota according to
their CQ emission performance.

There are some assumptions throughout this paper.géneral assumptions are that the,CO
emissions and CQOquota hereafter refers to the £€guivalent emissions (i.e. Greenhouse
Gas Emissions including carbon dioxide, metharteous oxide, sulphur hexafluoride, hydro

fluorocarbons, and perfluorocarbons) and the €quivalent quota, respectively. In addition,

the trend of energy use will not be quickly changedhe future. It is also assumed that
governments set limits for the G@&missions from transport at a country level anddiethe
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target amount of COemissions for both domestic and international #caecording to the
country’s strategy. The last assumption is, as meetl previously, that this study only
considersnternational freight flows

Four main families of tradable permits

1. Quotas (Cap and trade or minimum limits and &gd quantified ceiling or floor

assigned to agents for a give period.

2. Emission reduction credits: acknowledgementhat énd of the period of the

achievement of an emission or abstraction levebweahe one which had beén

authorized for a given agent.

3. Averaging: the competent authority sets avetagi values for an entire range of

similar products manufactured by firms within tlzere industrial branch.

4. Transferable usage rights: formally regulatesess to resources that are feely

available, organizinghe regulationof the use of resourcewhose ownership is

shared, or in the case of building and constructiigts, alleviating the private

property restrictions from the standpoint of enwintental objectives.
Source: OECD (2001)

In the next Section, methodology and data are ptede The detailed COquota at the
corridor level is designed in the generic way. Thegcessary data sets required for realizing
the CQ quota are fully described. The data as well asebgal outcome are numerically
defined. In Section 3, the methodology developedéattion 2 is numerically formulated.
Finally, CG, quotas for the transport sector at both the cguatrd corridor levels are
estimated. Some limitations and further studiesdiseussed in Section 4. Especially, some
caveats for the proposed quota approaches, ansl ideercome them, are highlighted. The
study is concluded in Section 5.

Methodology and data

This Section consists of three parts. First, wenegethe proposedorridors which are used as
the spatial unit in this study, and accordinglyinefthe proposed CQyuotaat the corridor
level Then, a generic methodology to initially estdblithe limits of the allowed CO
emissions (i.eCQO, quotg, based on the Kyoto protocol, is presented wihessary data.
Finally, the concepts are formulated.

CO; Quota at the proposed corridor level

The CQ quotain genera) which isat the country levelis defined in this paper as the £0
mass allowed to be emitted in a country, obeyimgKiioto Protocol, regardless of the source
of CO,. This CQ mass for the country can be divided into the adldwCQ masses for
different contributing sectors. Contrary to othectsrs it is a rather complex task to set  CO
guotafor the transport sectofollowing a strict quota rule since transport @ & stationary
CO, source and often crosses borders. Therefore,qD6ta for the transport sector could be
set at a more detailed level rather than at thateplevel. This paper suggests setting up the
CO, quotaat corridor level

A corridor is defined as a transport axis with slaene direction (e.g. west-east or north-south)
from one location to another location, often crogstountry borders (EC, 2005). A corridor
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can be multi-modal (e.g. having both roads andaadls, or even barge or short sea shipping)
(EC, 2002). The shortest path algorithm in the (®&8ographic Information System) is often
used to find the most plausible path in order emdcorridors. Since some factors can cause a
change in the characteristics of such corridongettsignificant factors influencing corridors
are taken into account: infrastructures (e.g. raadway, and inland waterway), traffics
demand, and country borders.

According to these factors, we propose the cormedipg criteria for subdividing corridors.
First, if the road traffic route has the same direction as th#dways the two routes are
regarded as one corridor. Since road and rail chalways be parallel, it might be sometimes
vague to define the width of the corridor. Howe\tars criterion should be kept because two
transport modes with the same direction share gtows and often compete with each other.
Thus, if both road and railway are possibly usetivben the same origin and the same
destination, regardless of the width, the two défe infrastructures (i.e. road and railway) are
regarded as a corridor. Secondly, since transpowsffrom one place to the other is in
constant change due to local traffic, the corrickon be subdivided into several different sub-
corridors if the characteristic of traffic flowseasignificantly different. A criterion for the
corridor subdivision according to the traffic flovehange is the existence of the margining. If
two same level of highways, for example, are mergtrone, the corridor should be divided.
Lastly, a corridor should be divided by country énése each country has a different allowable
CO, emissions mass (i.e. GQuota) based upon the different target,@@ission reduction
rates. Figure B.2 shows an example to clarify threidor as defined above.

Country X Country Z

Country Y
Q Node(Origin / Destination) Country Boundary
Road . Sub-Corridor
_______ Railway o "m(the  geographical  region

where quota is applied)

Figure B.2 Corridor selection for setting up CQ emissions quota

There are three nodes (i.e. node 1, 2, and 3; goii, C, and D are not actual nodes). The
shortest paths are found to transport between haael node 3 and between node 2 and node
3 for available transport modes. There seems tbree corridors in Figure B.2 (i.e. AR,
Arc™®; and Aré%;). However, according to the criterion 1, the botad and rail
connecting node 1 and node 3 (i.e. &ft; and Aré®';5) should be regarded as a corridor.
According to the second criterion, since the tcaffows might have a different pattern after
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Arc™%; is merged into Ar€®%; at point A, the two corridors are subdivided ittioee sub-
corridors (i.e. Arga, Arcaa, and Args). According to the last criterion, the corridone a
finally disjointed by the country boundary into bscorridors (Arc™™¥— g, Arc UMYX,
Arc UMY o Are SOUMY-Y L Are ©UMY-Y 0 and Arc®U™Y-%5). Consequently, the GO
guotaat the (sub-) corridor levelk defined as the allowable G@ass to be generated from
such corridors described in Figure B.2. Hereaftiee, corridor level’ will be used as the ‘sub-
corridor level’ without distinction.

Data needs (factors that influence the C@®quota at corridor level)

The issue of the initial distribution has been loa tesearch agenda (Raux and Marlot, 2005).
However, to our best knowledge, it has not beereddra domestic level or a domestic level
combined with an international level. Figure B.3gents the methodology for an initial
distribution of CQ emissions at the corridor level. More specificalhbased on Kyoto
protocol and BSA (Burden Share Agreement), setiireggtarget amount of GQby country
should be the step to set the quota at the cortelal (UNFCCC, 2006, UN, 1998, EC,
2006). Then, the target amounts of 00 the transport sector (i.e. @Quota in transport
sector) by country are estimated. In the remind¢hie section, the quota at the corridor level
is estimated based upon several detailed factaas tary between corridors such as
freight/passenger rate, modal split, internatiatwtiestic flow rate, the direction of flows,
and the number of lanes of the corridor.

Traffic volumes and road hierarchy (# of vehiclesJraffic flows are classified into three
classes based on OD (Origin-Destination) pairs:

» [International traffic flows assuming that all imational flows use the defined
corridors;

» Domestic traffic flows entering and leaving theidedl corridors;

= Domestic traffic flows in terms of local traffic ing lower level roads, which are
excluded in the analysis.

Freight and passenger traffic ratio (%)The different types of traffic flow patterns deben
above consist of freight and passenger flows. Thpli@tion of the ITS (Intelligent
Transportation system) data collection techniqukesdt possible to estimate this ratio at the
corridor level. However, in most cases, the freighd passenger traffic ratio is not available
at the corridor level. In the worst case, the teignd passenger ratio at the national level can
be generalized.

Modal share:Modal share is also a significant factor affecting CQ quota development at
the corridor level. It is required to set up thitiah allowable CQ amount at the corridor level.
Although, for example, the modal split might be mipad after some flows of long-haulage
truck are shifted to the rail system, the quotthatcorridor level might not be changed. Thus,
the CQ quota will be the fixed one initially, but it cdre updated at the tactical term (e.g.
quarterly) in order to balance the share rate aogease/decrease the capacity of freight
systems.
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Kyoto Protocol
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Figure B.3 Methodology for initial distribution of allowed CO2 emissions to quota at
corridors
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Analysis and Result

Mathematical formulation
All the noted data and expected outcomes belowbeillised later in this paper.

Notations:
k Is a country
n Is a corridor number (the positive integer fromslassigned to the selected

corridors; the last number of indicates the summation of all other arcs
including collective/local roads in countky
I Is a traffic class I€1 for international flows|=2 for domestic flows entering
and leaving the defined corridois;3 for domestic flows on the other lower
level of roads such as local traffics)
Is an indicator for freight/passengésX for freight,f=2 for passenger)
m is a moderg=1 for road (car or truck)n=2 for rail; m=3 for inland waterway;
m=4 for short-see shipping}=5 for deep sea shipping)

—h

Given Data:
M is the CQ mass foif type andn mode of transport in countkyin a corridom in

a given year, fof, m, k,andn

> Mg, is the CQ mass for the transport sector in each countrygiven year, fok;

f,mn

> M is the CQ mass for the freight transport sector in each tgun a given year,
mn

for k;

> My, isthe CQ mass for the transport sector in all EU-25 coestin a given year

k, f,mn
X is the annual average traffic volume of traffiasdl for f type andm mode of
transport in countri in a corridom, for f, m, k, andn;

Accordingly, > X, is the total traffic flows from country

f.mn,l

Parameters
R is the freight ratio fom mode of transport in countly in a corridorn in a

given year, fom, k, andn;

Accordingly, > R, =1, form, k, andn
f

f,mn

M= SM; * R ; for only freight

S X = IXi * R, ; for only freight

m,n,|
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Sem is the mode share ratio fbtype of transport in countrlyin a corridorn in a
given year, fof, k, andn;

Accordingly, > Sim =1, forf, k, andn
fZ:MI?fm: szl?fm* S?fm; form

S Xa= > X * Shiys for only freight
mn,l

f.mn,l
The expected outcomes:

Qu is the CQ quota forf type of transport in countrlg on corridorn during a
given period of time, fof, k, andn

> Qu is the CQ quota for the entire transport sector during aiperiod of time,
" for k
> Qu is the CQ quota for the freight transport sector during \eegiperiod of time,
n for k
> Qx is the CQ quota for the transport sector in all EU-25 comstduring a given

k,f,n
period of time

It is notable thaQ,; is the summation value for all transport modes.

The relationship between current CQ mass and the CQ quota at European level

A relationship between current G@nhass generated from transpor (M., ) and the future

f,mn

CO;, quota for transport sectorX Q. ) can be deduced from the agreement of the Kyoto
k,f,n

protocol. Since the protocol only suggests theetangass of C@emissions in all sectors by
country, the C@ mass that should be reduced in the transport rsecta country or in a
certain corridor depends on the reduction stratédlie country. However, in Europe, the EU
Burden Share Agreement tied all EU countries as ocmentry when considering GO
emissions. As a result, the target reduction ofGfde mass is 92% of the total mass of 4@
1999 (5429.4Mt) among 25 EU countries. Then, thal target (4995 Mt) is estimated as the
target for all sectors. It is simple to calculates tdifference between the target amount
(4995.0Mt) and the current amount (5240.5 Mt): 5.34Mt. Now, a detailed strategic
guestion is asked/Vhat percentage would be reduced in the transpestos? Three simple
target scenarios related to the reduction maseabgport sector are specified as followed:

If the transport sector is the only sector to redemmissions whereas the other sectors together
should stabilize their emissions, the amount ofréakiction of CQis 245.5Mt.
If the transport sector reduces half, the quamni®y22.72Mt.
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If the transport sector does not reduce any, tlaatify is O Mt.

Only the first scenario is considered in this gtuthen, > Qy; , CO; quota for both

k,f,n
freight and passenger, in all EU-25 countries, lboaaridors for the given period of time (e.qg.

between 2008 to 2012), is estimated (L@©10.8Mt per annum), which is> M. (1256.3

k, f,mn

Mt) subtracted by 245.5 Mt. Finally, the relatioisban be derived as followed:

> Q¢ =[Twoe0 - Tioeo * Deurope] - T200s+ D My, [Equation 1

k,f,n k, f,mn

Where,

T1990 IS the total CQemissions in 1990, the base year

To00s IS the total CQemissions in 2005, the current year
Deurope IS the European target rate for reduction of, @@issions

CO; quota for transport sector at country level underEU burden share agreement

The next question ishibw does each country shares the to}glQ,; (1,010.5)Mt of CQ?”

k,f,n
According to the EU BSA, the target rate for retutbf CG, emissions is adjusted reflecting
the countries situation. Thusquation 1can be applied to each individual country as fe$io

>Q¢ =I[Tweo - Tioeo * Pk]- Ta00s+ X My, : fork
f.n f,mn
Where,
Dy is the target rate for reduction of €@missions for countr.

Table B.1 shows the estimat®dQ,; by country (i.e. C@quota for both freight and
f.n

passengerf), by all transport modesn], on the all corridorsn] in between 2008 to 2012 for
all EU-25 countries)
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Table B.1CO, quota for transport sector at country level EU-25unit: Mt)

1990 2005 2005 Target Total Target The CQ difference CO, quota for
Total Total | Transpor | rate(%) between 2005 and 199 transport sector af]

t country level

Tio00 | Ta00s %nM m Dy T1900T1006" @k | [T 1000 T1006" P]-T 2005 ;Q:f

EU25| 5429.45240.5( 1256.3 -8.0 4995.0 -245.5 1010.8
BE | 162.9| 171.2 53.7 -7.5 150.7 -20.5 33.2
CZ| 196.8| 146.6 18.5 -8.0 181.1 34.5 53.0
DK 73.9| 69.2 18.9 -21.0 58.4 -10.8 8.1
DE | 1247.4 1030.7 195.0 -21.0 985.6 -45.1 149.9
EE 43.6| 21.2 2.6 -8.0 40.1 18.9 21.5
IE 56.5| 72.8 16.3 13.0 63.8 -9.0 7.3
EL| 119.3] 150.8 34.7 25.0 149.1 -1.7 33.0
ES| 302.5| 475.6 140.3 15.0 347.9 -127.7 12.6
FR| 580.7| 578.0 169.0 0.0 580.7 2.7 171.7
IT| 528.0( 597.1 146.4 -6.5 493.7 -103.4 43.0
CY 70| 114 3.7 -8.0 6.4 -5.0 -1.3
LV 2821 119 4.0 -8.0 25.9 14.0 18.0
LT 48.8| 23.2 4.8 -8.0 44.9 21.7 26.5
LU 13.1] 14.0 8.8 -28.0 9.4 -4.6 4.2
HU 99.2| 81.2 12.9 -6.0 93.2 12.0 24.9
MT 2.7 6.5 3.6 -8.0 2.5 -4.0 -0.4
NL | 252.0] 277.3 100.4 -6.0 236.9 -40.4 60.0
AT 79.9| 95.0 26.1 -13.0 69.5 -25.5 0.6
PL| 487.4( 400.7 384 -6.0 458.2 57.5 95.9
PT 63.1] 90.2 24.6 27.0 80.1 -10.1 14.5
SI 18.5| 20.3 4.6 -8.0 17.0 -3.3 1.3
SK 73.0] 48.9 6.8 -8.0 67.2 18.3 25.1
Fl 740 72.2 17.1 0.0 74.0 1.8 18.9
SE 75.8] 75.7 29.0 4.0 78.8 3.1 32.1
UK | 794.0] 698.7 176.1 -12.5 694.8 -4.0 172.2

CO, quota for transport sector at the corridor level
After estimating > Q;,, for each country, the results are allocated torsg¢werridors indicated
f.mn

asn. The objective is to estimate the £Quota for the transport sector at the corridoelev
(>Q: ) for each country and, furthermore, the QfDota forf type andm mode of transport

in countryk on corridorn (Q:_). In order to estimate those, the relationshipveen the C©Q

quota at the corridor level and the existing tcaffolumes in the corridor should be examined.
By taking into account the traffic classificationto three types in terms of the

destination (international/domestic) and in relatim the selected corridors, those traffic

volumes can be estimated usiRgand S . The main reason to consider traffic data is to

reflect the current condition at the corridor levieiom this point of view, Equation 2 is
presented.

2
D Xim s 2.Qg =22 X & Qu if 1=1, fork, f, n, [Equation 2

mn,| m =1
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(e Egx

Ql?f - n m =1
lel?fml

> X is the totaf type of traffic in countrk (given)
m,n,l

2
D2 Xidm is the corridor traffic fronf transport bym mode in countrk on then
m I=1

corridor (given)
> Qn is the total CQ@quota from transport in countky(given)
f.n
it is the CQ quota for corridon, for k

2
It is notable thad > X, is the summation of internationdf{) and domestid£2)

m I=1

traffic on corridom by all modes. Furthermore, we can get the follgwirequality;
2 M g X < Qi X (2 X)) » fork, f, n [Equation 3

This inequality implies that certain traffics orcarridorn, whose CQ@ emissions are
over the given C@quota, should be shifted to the less,@&mitting transport modes. Note,
this inequality can be used as a constraint inrsé@perational Research (OR) problems. For
example, the C® quota can be used in a network design problemditfgh optimal
route/mode) with the minimization of G@mission in a given network. It can be applied
furthermore for a multi-objective optimization ptetn in order to ensure the allowed £0
emissions both at the corridor level and accorgiaglthe country level.

Discussions

No matter what policy option is realized, some etpé and unexpected side effects in
general may happen. On the side of tax or subth@yCentre for Environmental Assessment
of Product and Material Systems (2006) stateMew stricter requirements on the
environmental performance of vehicles will mean eomcreased costs for goods
transport$(Dickinsson, 2006). It is necessary to answer “whith take the responsibility of
the increased cost? Shippers? Transport opera@os@rnment? Or the final customer?”
Basically, transport operators and other actorthénlogistics chain may tend to impute it to
shippers. Shippers may transfer the burden to thal fcustomers if the shippers are
manufactures or producers. It is expected thatitia¢ customers who will buy the items with
the extra increased costs will take the resporgibiCertainly, the existing freight modal
share (%) will be shifted. However, the shiftingagtity may not be sufficient to achieve the
assigned target, although it depends on countniategies. Therefore we askiVhat percent
of reduction should be reduced from the freighh$fgort sector?”

In favor of Cap-and-Trade, there have been someetnos pointing out that the Kyoto
protocol itself is too strict (Hartley, 1997). Iddition to the concerns of the general Cap-and-
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Trade approach, the proposed concept of adi@ta could come under certain criticism. One
may argue that it might be too early to launch qoeta system since there are still several
options potentially able to reduce €@missions in a logistics chain. For example, inoBn
management and production scheduling would be roatiions for reducing Cemissions
(Mckinnon, 2003). Furthermore, through some netwogkimizing techniques such as
reallocation, location optimization, and minimizati of empty running, the travel distance
can be reduced and accordingly £#issions can be reduced.

In addition to the general and specific concerespde the analytical soundness, this study
also has two main caveats that should be carefdhsidered for the future research and
policy. The first issue is the uncertainty in seitup the target amount of G@missions by
country and the differences across different caestrIn addition, according to the
relationship with other sectors, it is not possiloigudge What percentage of CGhould be
reduced in the transport sectoHowever, this study does assume that ‘ttaasport sector
must be the only sector to reduce L£émnissions (i.e. 100% responsibility of the target
reduction: 245.5 Mt of C®in Europe). The second caveat is that the quateisymay lead
to perverse market reactions. For example, somstiogompanies may intend to uswre
generous C@emissions quoté.e. non-severe C{roncentrating corridor) in order to avoid
the strict CQ quota even if the corridors are not the shortagigbut rather are considerable
long-distance detours.

In order to avoid those inefficient side effectg(edetouring and taking local/regional road
without CQ, emissions restriction), some necessary provisamusenforcement may both be
required. First, the so-calleccdrridor-usage reservation systémmay be provided. Since
most of the logistics demand is reserved at leasbath before the date of the trigFif'st
buyers have the right to claim the whole quioctan be an appropriate option. The other
trucking demand over the G@uota limits would choose the other alternativeshat CQ
emissions are ensured at the corridor. The secondson is that the quality of alternatives
(i.e. intermodal freight systems) should be imprbue parallel. Actually, some researchers
and policy makers doubt that the rail and inlandemwsay system is enough to absorb the
shifted demand even if significant road freights ahifted to the intermodal freight system
(Dickinsson, 2006, NERA et al., 1997). Thus, thpatdty of the railway and inland waterway
should be increased in order to implement the, Q@ota at the corridor level. It is also
notable that the provision/enforcement resourcesuwmed for maintaining a quota system
should be taken into account in the long term.

Nevertheless, ironically, those arguments whichmstebe pessimistic toward implementing
a “strict” CO, quota as a real policy instrument can actuallyhieerationale for implementing
it. Despite of the deterioration of GQemissions in freight transport, the timely and
appropriate policies to reduce it has not beenreatb The “strict C@quota” is true if the
first priority is to ensure the “sustainable” lewd#lCO, emissions rather than the others. With
this as the primary objective tone can even expleetindirect desirable COemissions
reduction. The above-mentioned criticism might diva objective of reducing G&missions
from transport or even promotes freight transpohterefore, despite some of the expected
criticisms, the authors still believe that alloogtithe CQ emission quota to a given freight
transport corridor is one of best options for redgcC O, emissions.
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Conclusions

This paper presents a methodology to regulate @@issions from freight transport at the
corridor level and eventually induce the reductdrCO, emissions through the modal shift
in Europe. The concept of a quota seems to be otipadle and over-controlled. However,
according to the relationship between Ggnissions and global warming, the concept of a
guota might be very practicable and timely. Refegyrio a target reduction of G®ased on
the Kyoto protocol, current country’s situation,daather practical conditions (e.g. traffic
volumes, mode share, and percentage of freightsoad), three main relationships are
modeled as followed:

The relationship between current £@ass and the CGQuota at European level:

CO; quota for the transport sector at a country leweler EU Burden Share Agreement:

CO, quota for the transport sector at the corridoeldar typef and modem of transport in
countryk on corridom.

The last outcome is the eventual objective of #tisdy. However, the first and second
outcomes might be useful as a reference, partlguldien examining some scenarios (e.qg.
downgrading/upgrading the reduction target rate enanging the portion of responsible
reduction quantity of the transport sector).

This study may be meaningful since it shows thesibdgy of overcoming or at least
compensating the limitations of the current contsgstem for transport GOemissions.
Essentially, the corridor is the most basic gedgieg level of commodity flows at which
multi-modal freight transport can be controlled,iethmay ensure the target amount of ,CO
Once the C@quota per each corridor is determined, each aorsdll have adirectly limited
mass of CQ and each country will finally achieve the targetcant of CQ emission in
transport sector. The concept introduced in thislystwas based on Europe. However, it is
applicable for the other bordering countries (endNorth America: Canada, the United States,
and Mexico) if the inputs and parameters are agljlist

Some feasible means to realize the concept of agD6Gta at the corridor level is to create a
central organization or an on-line optimization teys (similar to an airline reservation
system) in order to optimize the total €@ass generated by corridors. The system should be
able to reassign, consolidate, or shift flows theotfreight transport modes. Specifically, if
CO; is over-emitted in a corridor, the G@etwork optimization model can suggest a choice
of another transport modes with a less ,G€nissions intensive such as rail or inland
waterway or an enhancement of engines of old vehidlhe other advantage of the control of
CO, emissions at the corridor level is the opportutotgventually control both air-pollutants
and noise along corridors as well as at the intengmitting nodes such as ports and
terminals.



Appendix B 195

References

Centre for Environmental Assessment of Product Material Systems, 2006, Regulations
and means of control to reduce environmental impEHctreight transport - A
benchmarking study within Sweden and EU.

EC, 1999, Preparing for Implementation of the KyBtotocol.

EC, 2002, Status of the PAN-European Transporti@ans and Transport Areas. Vienna.

EC, 2005, Trans-European Transport Network - TEpH®rity axes and projects 2005.

EC, 2006, Assigned Amount Report of the EuropeaiotlrBrussels.

EC and Eurostat, 2007, ENERGY AND TRANSPORT IN FIRES 2007.

EEA, 2006, Greenhouse Gas Emission Trends anddfiayjs in Europe 2006.

Tasman Institute, 1997, Can international tradeahidon dioxide emission quotas work?
Canberra.

Hensher, D. A., 2008, Climate change, enhancednbmese gas emissions and passenger
transport - What can we do to make a differeficansportation Research Part D:
Transport and Environmenit) Press, Corrected Proof.

IPCC, 2008, 16 years of scientific assessmentppat of the climate convention.

Mckinnon, A. C., 2003, Logistics and the environmndN Hensher, D. A. & Button, K. J.
(Eds.)Handbook of Transport and the Environmetisevier Ltd.

NERA, 1997, The potential for rail freight. London.

OECD, 2001, Domestic Transferable Permit Systenrs Hovironmental Management:
Design and Implementation. Paris.

OECD Economics department, 1995, Markets for Tralde@Q Emission Quotas Principles
and Practice.

Pasour, E. C., 1996, Pigou, Coase, common laweamgtonmental policy: Implications of
the calculation debat@ublic Choice87, 243-258.

Raux, C. and Marlot, G., 2005, A system of tradd&® permits applied to fuel consumption
by motoristsTransport Policy12, 255-265.

United Nations, 1998, Kyoto Protocol to the Unithdtions Framework Convention on
Climate Change.

UNFCCC, 2006, Kyoto Protocol Status of Ratification

UNFCCC, 2008, Changes in GHG emissions from 199@@64 for Annex 1 Parties
http://unfccc.int/files/essential_background/baakgnd_publications_htmlpdf/application/pdf/ighg_tab

le_06.pdf



196 Intermodal Freight Transport on the Right Track?




About the author

Nam Seok Kim was born on the 2nd of June 1976 ouéhe Republic of Korea. He began
his study in transport at the Hanyang University Republic of Korea in 1995. After
discharged from military service for Korean Army {998, he obtained a BSc. in
Transportation Engineering and Planning from thenydag Universty in 2002. His first
official job is a research coordinator in Urban iAot Network, a NGO (Non-Government
Organization) in Korea writing reports about bi®jcpedestrian, and public transports. In
2003, he went cross thiacific from Asia to the North America pursuing MSc. ativémsity

of Maryland, College Park in the United States.eAfinalizing MSc. in 2005 with the thesis
entitled “Trip Generation for Pedestrians basedN&iTS 2001, he went cross thglantic
from the United States to Europe pursuing Ph.D elftDJniversity of Technology, the
Netherlands. Since 2006, he published two scienjdurnal articles, five magazine/news
paper articles, and more than ten conference pdotgeand submitted four scientific journal
articles that were either (conditionally) accepbedinder review at the time of finalizing this
thesis. In June 2010, he left for Korea and begawdrk for the Korea Transport Research
Institute (KOTI) in the Republic of Korea. In Decker 2010, he came back to Delft for
completion of his Ph.D study with the dissertatesntitied “Intermodal Freight Transport on
the Right Track? Environmental and Economic Peréroes and their Trade-off”.

197



198 Intermodal Freight Transport on the Right Track?




TRAIL Thesis Series

The following list contains the most recent disaons in the TRAIL Thesis Series. For a
complete overview of more than 100 titles see tRAIL website: www.rsTRAIL.nl.

The TRAIL Thesis Series is a series of the Netneldal RAIL Research School on transport,
infrastructure and logistics.

Kim, N.S., Intermodal Freight Transport on the Right Track?vifanmental and economic
performances and their trade-off;,2010/11, December 2010, TRAIL Thesis Series, the
Netherlands

Snelder, M.,Designing Robust Road Networks: a general desigthadeapplied to the
NetherlandsT2010/10, December 2010, TRAIL Thesis SeriesNéatherlands

Hinsbergen, C.P.1J. vaBayesian Data Assimilation for Improved ModelingRafad Traffi¢
T2010/9, November 2010, TRAIL Thesis Series, théhBidands

Zuurbier, F.S.)ntelligent Route Guidan¢d2010/8, November 2010, TRAIL Thesis Series,
the Netherlands

Larco Martinelli, J.A.,Incorporating Worker-Specific Factors in OperatioManagement
Models T2010/7, November 2010, TRAIL Thesis Series,Nle¢herlands

Ham, J.C. van, Zeehavenontwikkeling in Nederlarmhrneen beter beleidsvormingsproces,
T2010/6, August 2010, TRAIL Thesis Series, the Hd#dnds

Boer, E. deSchool Concentration and School Trav&R010/5, June 2010, TRAIL Thesis
Series, the Netherlands

Berg, M. van den]ntegrated Control of Mixed Traffic Networks usiiMpdel Predictive
Control, T2010/4, April 2010, TRAIL Thesis Series, the Nathnds

Top, J. van derlodelling Risk Control Measures in Railway®010/3, April 2010, TRAIL
Thesis Series, the Netherlands

Craen, S. deThe X-factor: A longitudinal study of calibratiom iyoung novice drivers
T2010/2, March 2010, TRAIL Thesis Series, the Ne#mzls

Tarau, A.N.,Model-based Control for Postal Automation and Bagmgddandling,T2010/1,
January 2010, TRAIL Thesis Series, the Netherlands

Knoop, V.L.,Road Incidents and Network Dynamics: Effects owilgi behaviour and traffic
congestionT2009/13, December 2009, TRAIL Thesis SeriesNatherlands

Baskar, L.D.,Traffic Control and Management with Intelligent & Highway Systems,
T2009/12, November 2009, TRAIL Thesis Series, te¢ghlrlands

199



200 Intermodal Freight Transport on the Right Track?

Konings, J.W.Intermodal Barge Transport: Network Design, Nodesl &£ompetitiveness,
T2009/11, November 2009, TRAIL Thesis Series, te¢ghHrlands

Kusumaningtyas, 1., Mind Your Step: Exploring adpedn the application of long
accelerating moving walkways, T2009/10, October ROTRAIL Thesis Series, the
Netherlands

Gong, Y.,Stochastic Modelling and Analysis of Warehouse @ymrs, T2009/9, September
2009, TRAIL Thesis Series, the Netherlands

Eddia, S.,Transport Policy Implementation and Outcomé&e Case of Yaounde in the 1990s
T2009/8, September 2009, TRAIL Thesis Series, tadérlands

Platz, T.E., The Efficient Integration of Inland Shipping intoof@inental Intermodal
Transport Chains: Measures and decisive factdrgD09/7, August 2009, TRAIL Thesis
Series, the Netherlands

Tahmasseby, SReliability in Urban Public Transport Network Assegent and Design
T2009/6, June 2009, TRAIL Thesis Series, the Né&hds

Bogers, E.A.l. Traffic Information and Learning in Day-to-day Reuthoice, T2009/5, June
2009, TRAIL Thesis Series, the Netherlands

Amelsfort, D.H. van,Behavioural Responses and Network Effects of Tangng Road
Pricing, T2009/4, May 2009, TRAIL Thesis Series, the Ndtrets

Li, H., Reliability-based Dynamic Network Design with Sastit NetworksT2009/3, May
2009, TRAIL Thesis Series, the Netherlands

Stankova, K.,On Stackelberg and Inverse Stackelberg Games & #haplications in the
Optimal Toll Design Problem, the Energy Marketsdradization Problem, and in the Theory
of IncentivesT2009/2, February 2009, TRAIL Thesis Series,Nlie¢herlands

Li, T., Informedness and Customer-Centric Reved®909/1, January 2009, TRAIL Thesis
Series, the Netherlands

Agusdinata, D.B.Exploratory Modeling and Analysis: A promising nothio deal with deep
uncertainty,T2008/17, December 2008, TRAIL Thesis SeriesNatherlands

Kreutzberger, E.The Innovation ofntermodal Rail Freight Bundling Networks in Europe
Concepts, Developments, PerformancE2)08/16, December 2008, TRAIL Thesis Series,
the Netherlands

Taale, H.,Integrated Anticipatory Control of Road NetworksgAme theoretical approach
T2008/15, December 2008, TRAIL Thesis Series, tathdrlands

Li, M., Robustness Analysis for Road Networks: A framewattk combined DTA models,
T2008/14, December 2008, TRAIL Thesis Series, tathdrlands



