~ A Service of
’. b Leibniz-Informationszentrum

.j B I l I Wirtschaft
) o o o Leibniz Information Centre
Make YOUT PUbllCCltlonS VZSlble. h for Economics ' '

Bierwirth, Christian; Kirschstein, Thomas; Meisel, Frank

Article
On Transport Service Selection in Intermodal Rail/Road
Distribution Networks

BuR - Business Research

Provided in Cooperation with:

VHB - Verband der Hochschullehrer fiir Betriebswirtschaft, German Academic Association of
Business Research

Suggested Citation: Bierwirth, Christian; Kirschstein, Thomas; Meisel, Frank (2012) : On Transport
Service Selection in Intermodal Rail/Road Distribution Networks, BuR - Business Research,

ISSN 1866-8658, VHB - Verband der Hochschullehrer fiir Betriebswirtschaft, German Academic
Association of Business Research, Géttingen, Vol. 5, Iss. 2, pp. 198-219,
https://doi.org/10.1007/BF03342738

This Version is available at:
https://hdl.handle.net/10419/103715

Standard-Nutzungsbedingungen: Terms of use:

Die Dokumente auf EconStor durfen zu eigenen wissenschaftlichen Documents in EconStor may be saved and copied for your personal
Zwecken und zum Privatgebrauch gespeichert und kopiert werden. and scholarly purposes.

Sie durfen die Dokumente nicht fiir 6ffentliche oder kommerzielle You are not to copy documents for public or commercial purposes, to
Zwecke vervielféltigen, 6ffentlich ausstellen, 6ffentlich zugénglich exhibit the documents publicly, to make them publicly available on the
machen, vertreiben oder anderweitig nutzen. internet, or to distribute or otherwise use the documents in public.
Sofern die Verfasser die Dokumente unter Open-Content-Lizenzen If the documents have been made available under an Open Content
(insbesondere CC-Lizenzen) zur Verfiigung gestellt haben sollten, Licence (especially Creative Commons Licences), you may exercise
gelten abweichend von diesen Nutzungsbedingungen die in der dort further usage rights as specified in the indicated licence.

genannten Lizenz gewahrten Nutzungsrechte.

Mitglied der

WWW.ECONSTOR.EU é@“}


https://www.econstor.eu/
https://www.zbw.eu/
http://www.zbw.eu/
https://doi.org/10.1007/BF03342738%0A
https://hdl.handle.net/10419/103715
https://www.econstor.eu/
https://www.leibniz-gemeinschaft.de/

BuR — Business Research

Official Open Access Journal of VHB

German Academic Association for Business Research (VHB)
Volume 5 | Issue 2 | November 2012 | 198-219

On Transport Service Selection in Intermodal
Rail/Road Distribution Networks

Christian Bierwirth, School for Economics and Business, Martin-Luther-University Halle-Wittenberg, Germany, E-mail:
christian.bierwirth@uwiwi.uni-halle.de

Thomas Kirschstein, School for Economics and Business, Martin-Luther-University Halle-Wittenberg, Germany, E-Mail:
thomas.kirschstein@wiwi.uni-halle.de

Frank Meisel, School for Economics and Business, Martin-Luther-University Halle-Wittenberg, Germany, E-Mail: frank.meisel @wiwi.uni-halle.de

Abstract

Intermodal rail/road freight transport constitutes an alternative to long-haul road transport for the
distribution of large volumes of goods. The paper introduces the intermodal transportation problem
for the tactical planning of mode and service selection. In rail mode, shippers either book train capacity
on a per-unit basis or charter block trains completely. Road mode is used for short-distance haulage to
intermodal terminals and for direct shipments to customers. We analyze the competition of road and
intermodal transportation with regard to freight consolidation and service cost on a model basis. The
approach is applied to a distribution system of an industrial company serving customers in eastern
Europe. The case study investigates the impact of transport cost and consolidation on the optimal
modal split.
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1 Introduction instead of long-haul road transports from the
shipper’s door to the customer’s door. However,
several prerequisites must hold in order to make
the intermodal transport of goods profitable.

Intermodal freight transport reflects the combina-
tion of two or more modes of transport (e.g., road,
rail, water) within a single transport chain. It is
generally assumed that the moved goods are con-
tainerized and, thus, allow a standardized hand-
ling during the transfer between any two modes

1. The cost rate per transport unit and kilometer
must be significantly smaller in rail transporta-
tion than in road transportation. Otherwise,

involved in the transport. Intermodal freight trans- the intermodal transport cost would exceed the
port is receiving increasing attention in the Euro- road transport cost because the traveling dis-
pean transport economy as it is considered a way to tance of an intermodal chain is always longer

increase traffic safety, and to reduce road conges-
tion and air pollution at the same time (European

than the direct distance from door to door.

Communities 2002). 2. The hauling distance between the shipper’s
In this paper we concentrate on intermodal door and the customer’s door must be above
rail/road transport from the viewpoint of a certain break-even distance. This is because
a large shipper organization. Today, many the cost incurred by an intermodal transport
shippers consider intermodal transportation as includes additional fees which are charged by
an alternative for delivering goods to customers intermodal terminal operators for transferring

a transport unit from road to rail or from rail to
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road. The cost advantage of rail transport can
only compensate the additional fees beyond a
certain distance covered by rail carriage.

3. The transport is not time critical as it is known
that intermodal transport usually takes con-
siderably more time compared to direct road
transport.

Shippers must have a model for intermodal trans-
port planning which is different from models used
for planning the long-haul road transports. Such
a model aims at deciding on the transport facil-
ities to use and on the capacity that needs to be
provided by carriers on each transport mode in
order to realize a cost-effective flow of cargo. The
contribution of this paper is to provide such a
model for the tactical transportation planning. It
incorporates the selection of modes of transport,
transport services, and the consolidation of cargo
flows. Scalable cost functions for road and rail
transport are included in the model in order to
consider realistic cost rates for the transshipment
and movement of goods. This way, economies of
scale and consolidation effects are captured in the
model.

It is shown by a real-world case study how optimal
transport decisions can be made in a distribution
network with competing rail and road transport
services. For this purpose, we consider a com-
pany which produces a certain good in a couple
of sites located within one region. The demand
region where the customers reside is far from the
supply region. There are three distinct services
available for the transport of goods. In the first
service, called door-to-door (D2D), a transport
unit is moved directly from a production site to a
customer’s location by means of a road transport.
In both other transport services, the goods are first
moved by truck to an intermodal terminal located
in the origin region, then moved by train to an
intermodal terminal of the destination region, and
finally moved by truck from the destination ter-
minal to the customer. The rail transport, which
takes most of the transport distance, can either
appear in less-than-train load (LTL) mode where
a company pays a charge for each unit of load, or
in full-train-load (FTL) mode where the company
charters a block train as a whole.

The paper is organized as follows. In section 2,
we briefly review the relevant literature and show
that our approach takes a new perspective not yet

investigated. In section 3, a tactical transportation
planning model is presented which can be used by
shippers to decide on serving customers by road,
intermodal rail/road transportation, or a mixture
thereof. This includes also identifying realistic cost
functions and freight consolidation effects, which
are incorporated in a mathematical optimization
model. Section 4 illustrates the model by a small
problem instance to shed light on the impact of cost
and the structure of optimal decisions. Section 5
presents a case study for a company that serves cus-
tomers in eastern Europe from production sites in
western Europe. The paper is concluded in section
6.

2 Literature

The growing interest in sustainable (or green) lo-
gistics has also given rise to the rapid progress
of scientific literature on intermodal transporta-
tion. A framework classifying the diverse contri-
butions in this field was proposed by Macharis
and Bontekoning (2004) and Caris, Macharis, and
Janssens (2008). In these survey papers the au-
thors employed a classification which contains 12
categories combining (i) the type of operator that
faces an operations problem in the intermodal
transportation chain and (ii) the time horizon of
the problem. It is distinguished between

e drayage operators, who move goods by truck
between intermodal terminals and the ship-
pers and receivers,

e terminal operators, who transship goods from
road to rail and from rail to road,

e network operators, who carry goods within the
railway network, and,

¢ intermodal operators, who represent the users
of the intermodal infrastructure.

Intermodal operators are either shippers or re-
ceivers themselves, or freight forwarders who orga-
nize the carriage of goods on behalf of the shippers
or the receivers. The length of the time horizon
of a problem assigns it to the strategic, tactical
or operational level. Long-term decisions in inter-
modal transportation are for instance the location
and layout planning of intermodal terminals, and
the railway network design. Medium-term or tac-
tical problems deal with the capacity planning of
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equipment and the development of consolidation
and pricing strategies. Short-term problems ad-
dress the routing and scheduling of trucks, the
load planning of trains, and the redistribution of
containers and railcars.

Basically, the mentioned problems are faced either
by drayage, terminal or network operators, while
the intermodal operator is only concerned with the
operational problem of selecting transport routes
and services as offered by other operators. Only a
few papers addressed the category of operational
problems faced by an intermodal operator.

Min (1991) considered an international supply
chain connecting suppliers in Japan with a re-
ceiver in the US. The shipper can decide on using
various intermodal chains, combining road, rail,
air and deep-sea transportation, where both, cost
and time, are of concern. A goal programming
approach is proposed which allows model solu-
tions and their response to be analyzed regarding
changes of freight rates, charges for loading and
storage, and transit times. In order to achieve
minimum cost routes and schedules in general
origin-destination networks, Barnhart and Ratliff
(1993), Boardman, Malstrom, Butler, and Cole
(1997), and Ziliaskopoulos and Wardell (2000)
as well as Chang (2008) and Verma, Verter, and
Zufferey (2012) adapted concepts of shortest paths
algorithms. This stream of research aims at provid-
ing operational assistance to intermodal operators
to identify the optimal path for an individual ship-
ment in a network with various transport modes
available. Verma, Verter, and Zufferey (2012) pro-
posed an intermodal routing problem in a rail-
road network for containerized hazardous mate-
rials. Here, the objective is not only to minimize
transportation cost but also to reduce the expected
risk inherited by a specific mode of transportation.
A more holistic view was taken by Erera, Morales,
and Savelsbergh (2005). These authors considered
an intermodal operator managing a homogeneous
fleet of tank containers. The containers are moved
between shippers and customers in a global trans-
port network. An integrated model is proposed
for routing containers and repositioning empty
containers, which is solved as a multi-commodity
network flow problem.

In contrast to the above research, our paper focuses
on the question of how intermodal transportation
can be put in competition with road transporta-
tion. Thereby we concentrate particularly on large

Volume 5 | Issue 2 | November 2012 | 198-219
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shipper organizations residing at multiple loca-
tions and producing large volumes of output. If a
large shipper acts as an intermodal operator, also
tactical transport decisions come into the fore.
Those decisions comprise, for example, the alloca-
tion of a production site to an intermodal terminal
and the freight consolidation of shipments in the
railway network. Papers dealing with strategic and
tactical issues of intermodal operators are as yet
unknown. In the framework of Macharis and Bon-
tekoning (2004), tactical operation problems are
only assigned to the other types of operators. This
is because a perspective of small and medium-
sized shippers is taken, who delegate the tactical
decisions to drayage and network operators. The
relevant literature of these categories is briefly re-
viewed below.

The assignment problem of shipper and customer
locations to a terminal’s service area is referred
to as the intermodal ramp selection or intermodal
terminal location problem (Taylor, Broadstreet,
Meinert, and Usher 2002). This problem was mod-
eled as a binary linear program by Arnold, Peeters,
and Thomas (2004) and solved by a heuristic called
Intermodal Terminal Location Simulation System
(ITLSS) for a real-world case observed in Spain.
In a recent paper, Sorensen, Vanovermeire, and
Busschaert (2012) addressed the same problem by
two meta-heuristics, namely a Greedy Random-
ized Adaptive Search Procedure (GRASP) and an
Attribute-Based Hill Climber (ABHC). For a set of
randomly generated test instances, both methods
are able to discover solutions nearby the optimal
solution. Ishfaq and Sox (2010) provided a model
for intermodal terminal location that also allows
direct shipments by road transports. Economies of
scale are reflected by non-linear transport costs.
They propose a tabu search procedure which is
able to find near-optimal solutions for networks
with up to 20 terminals. This branch of litera-
ture is still growing with focus, e.g., on the in-
corporation of different service types, see Ishfaq
(2012), or on different transport units, see Meng
and Wang (2011). However, all approaches assume
a set of predefined transport orders with given ori-
gins and destinations. In contrast, in this paper we
are given production quantities and customer de-
mands where the flow and consolidation of goods
is the subject of the optimization.

Closely related with the intermodal terminal
location problem is the freight consolidation
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problem faced at an intermodal terminal.
Obviously, the more shipment volume is allocated
to a certain terminal, the better a network operator
can consolidate the inbound and outbound
transport operations. At the tactical level, network
operators have to decide about the frequency
of a service, the assignment of equipment and
capacity to services, the lengths of trains, and the
like (Nozick and Morlok 1997). These decisions
basically influence the cost contribution of the rail
carriage in the intermodal transport and thus have
a strong impact on competitiveness. Spasovic and
Morlok (1993) estimated that rail contributes
between 60% to 75% of the total origin-destination
cost in the intermodal transportation. Kim and
Van Wee (2011) provided a thorough survey on
the cost of intermodal transports. By means of
simulation, the relative importance of the various
costs of an intermodal transport is studied. It
is found that the costs of long-haul road and
rail transports have the highest impact on the
cost-effectiveness of intermodal transports. In the
absence of realistic cost information, Sorensen,
Vanovermeire, and Busschaert (2012) determined
transport cost by the Euclidean distance between
origin and destination and incorporate a rail
discount through dividing the covered rail
distance by two. Estimate functions for true cost
rates in road and rail traffic were provided by
Janic (2007, 2008).

Volume 5 | Issue 2 | November 2012 | 198-219

In this paper, we take the position that the men-
tioned tactical problems are in the responsibility of
the shipper. We investigate the selection problem
of terminals in the origin and in the destination
area together with the freight consolidation prob-
lem for the rail transport. The latter problem also
includes choosing LTL, FTL, and D2D transport
services. The cost effects of these decisions are in-
cluded in a function used for estimating the total
cost of all considered transport services.

3 The Intermodal Transportation
Problem

In this section, we formally describe the considered
planning problem, identify realistic cost functions
and freight consolidation effects, and provide a
mathematical optimization model. The notation
used for modeling the problem is summarized in
Tab. 1.

German Academic Association for Business Research (VHB)

Figure 1: Network representation of the
classical transportation problem

Production
i Customers
sites C
N

q, .

L — »
road link "

3.1 Notation and assumptions

In the intermodal transportation problem (ITP),
a set of customers C and a set of production sites
S are given. The production sites produce a cer-
tain product that is demanded by customers. The
demand of customer ¢ € C, measured in transport
units (TUs), is denoted by n.. The production out-
putofsites € S, measured in TUs, is denoted by gs.
Itis assumed that the company’s production plan is
such that total output equals total demand. Gener-
ally, shipments can be sent on a per-TU basis from
production sites to customer locations by a D2D
road transport service. The corresponding truck
travel distance between nodes s € S and ¢ € C in
the network is denoted by d,. and the correspond-
ing cost rate per TU and kilometer (km) is denoted
by ¢P2P. Suppose the shipper aims at minimizing
the total cost of transportation using exclusively
D2D services, then the resulting problem resem-
bles the classical transportation problem, Dantzig
and Thapa (1997). This situation is illustrated in
Fig. 1 for a network with two production sites and
three customers.

In the ITP, shippers are also given the oppor-
tunity to ship goods by rail. In general, next to
production sites and customer locations, so-called
intermodal terminals are available in the logistics
network, enabling the transfer of TUs from road
to rail or vice versa. In the following, it is assumed
that the shipper has already preselected a set of
terminals to be potentially used for intermodal
transportation, leading to a network that contains
two subsets O and D of intermodal terminals. Ter-
minals o0 € O are located in the origin area where
the production sites reside. They receive goods
from the production sites and distribute them to
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Figure 2: Network representation of the
ITP

Production
Sites S

g, ™)
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Intermodal
terminals D C
(destination area)

Intermodal
terminals O
(origin area)

road link rail link

terminals d € D in the destination area, where
the customers reside. Fig. 2 shows a simple inter-
modal network consisting of two origin terminals
and two destination terminals. In order to perform
an intermodal rail/road transport, a pre-carriage
for shipping goods from production sites to termi-
nals o € O and a post-carriage for shipping goods
from terminals d € D to customers is done by
road transportation while transportation between
terminals o and d is bridged by a long-haul rail
transportation. In this logistics network, the set of
nodes is given by A/ = SUOUDUC. The set of road
connections is defined by A = SxC U SxO U DxC
and the set of rail connections is represented by
B =0xD.

Typically, rail operators provide two different types
of services to shippers. In FTL service, the shipping
company charters a complete block train, which
provides a capacity of cap™ ™" TUs. For this service,
the shipper has to meet a cost rate of ¢" ", which is
measured in € per kilometer traveled by the block
train. In LTL service, train capacity is booked by
shippers on a per-TU basis. Here, the shipper has
to meet a cost ¢ per TU-km. In practice, the cost
for FTL transportation allows a saving over LTL
transportation cost provided a sufficiently large
number of TUs can be consolidated within one
chartered block train.

Given the output volume of the production sites,
the ITP is to decide on the usage of D2D, FTL,
and LTL services such that customer demand is
fulfilled at minimum total transportation cost. In
particular, this problem includes deciding on the
number of block trains to be chartered, on the
number of TUs send by LTL service, and, finally, on

Customers

German Academic Association for Business Research (VHB)

Table 1: Notation

Network:

set of customers

set of production sites

set of terminals in the origin area

set of terminals in the destination area
set of nodes, N =SUQOUDUC

set of road transport arcs,

A=8xC U §xO U DxC

B set of rail transport arcs, B = OxD

dy distance between nodesi € A andj € N/

©E=9 000

D2D  direct door-to-door road transport
FTL full-train-load rail service

LTL
Quantities and capacities:

gs quantity provided at site s € S

ne demand of customer ¢ € C
cap™1oad capacity of a block train (in TU)
cap' 'break-even capacity (in TU)

Cost rates:

cP?P D2D cost rate per TU-km

cP*®  pre-carriage cost rate per TU-km
Cpost

less-than-train-load rail service

post-carriage cost rate per TU-km

¢"T  FTL cost rate per train-km

c"TL FTL cost rate per TU-km, cF Tt = mé;%

¢ LTL cost rate per TU-km with ¢“Tt> ¢F'TE

Decision variables:

X;j flow of TUs on arc (i,j) € AU B

xLT% LTL flow of TUs on rail arc (0, d) € B

Yo«  number of chartered block trains on rail
arc (o,d) € B

Zod binary, 1 iff a block train is chartered for

a shipment volume above cap’ '~ and

below cap™ ™™ on rail arc (0, d) € B

road shipments for pre-carriage, post-carriage, and
D2D services. To summarize, the ITP considered
in this paper is characterized as follows:

e Allinput data is known and deterministic. Vol-
ume of goods is measured in transport units
(TUs), distance is measured in kilometer (km),
and cost is measured in Euro (€).

e The truck load capacity is given by one TU and
the train load capacity is given by a fixed multi-
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ple of TUs. This enables a straight transforma-
tion of truck shipments into train loads when
consolidating cargo in an intermodal terminal.

e Production output, transport flow, and
demand of goods consider a single type of
commodity. The total output of production
sites equals the total customer demand.

e The production sites are clustered in one
geographical area (called the origin area). The
customer locations constitute a second cluster
(the destination area). Rail links connect the
intermodal terminals in both areas. Such a net-
work structure is observed, for instance, when
an industrial region serves a foreign market.

e In the ITP, schedules for truck and train
travels as well as handling times at the
intermodal terminals are out of scope.

3.2 Modeling cost and freight
consolidation effects

Inorderto generate reliable solutions from the ITP,
realistic cost rates for road and rail transportation
as well as freight consolidation effects must be con-
sidered in the planning model. Typically, in road
transportation, vehicle cost per traveled kilometer
obeys economies of scale, i.e. cost decrease with
the length of the hauling distance. The total travel-
ing cost of a vehicle contains fixed cost, including,
e.g., loading and stop cost, and variable cost de-
pending on the distance traveled. Since fixed costs
are shared among the traveled distance units, a
decrease in the total cost per traveled kilometer
is observed. Furthermore, short-distance trips are
often performed at lower average speed compared
to long-distance trips. Hence, costs incurred on
a time basis, like salary of truck drivers, have a
stronger impact on the cost per kilometer in short-
distance transport.

Several studies provide models for capturing these
effects within cost functions for road transport
operations, e.g., Forkenbrock (2001), Smart and
Game (2006), Janic (2007, 2008). The model of
Janic (2007) describes these effects for road trans-
portation within the European Union. It quantifies
the average cost per vehicle-kilometer ¢*°*d by an
inverse exponential function of the haulage dis-
tance d as

(1) ¢°*(d) =€5.46-d 0"

Figure 3: Road and rail cost functions

based on Janic (2007)
cost rate
[€/TU-kin]

‘TU

0
5
0 rail
)
0

0 250 500 750 1000 1250 d [km]

per vehicle-km. Since we define the load capacity
of a truck by one TU, the vehicle cost function (1)
can be used to determine the cost per TU-km at the
same time. The function c¢°*4(d) is depicted in the
upper curve of Fig. 3. To simplify the formulation of
the ITP, we derive individual cost rates from this
function for the pre-carriage, the post-carriage,
and for the D2D service. Cost rate cP* is calculated
from the average distance between all production
sites and all terminals in the origin area. Cost rate
cPost s obtained in the same way from the aver-
age distance between terminals in the destination
area and the customer locations. This simplifica-
tion is justified by the fact that freight carriers
usually charge the same cost rate for services that
take place within a same region. Finally, the cost
rate cP?P is obtained from the average door-to-
door distance between the production sites and
customer locations.

Decreasing cost per traveled kilometer is also ob-
served in rail transportation. Janic (2007) spec-
ified average train travel cost per kilometer as a
function of train gross weight w and the hauling
distance d. It is calculated by

(2) crail(d, w) =€0.58 - w0.74 . d70.26

per train-km. The author also reported the average
gross weight of w = 1 560 tons for freight trains in
Europe. Corresponding information for Australia
and the US is provided by Forkenbrock (2001) and
Smart and Game (2006).

In order to derive the cost per TU-km for rail
transportation, the load capacity of a block train
cap¥ ™™ must be taken into consideration. Because
of technical limits regarding the maximal gross
weight and the maximal overall length of trains,
cap®™™ = 38 TUs is observed in western Europe
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Figure 4: Cost function for consolidated
rail transports

cost
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(DB Netz AG 2009). With this value and assuming
a fully utilized train, the cost function (2) results in
a corresponding function c;%](d) which measures
the average cost per TU-km over a train travel
distance d by

1

Ci(d) = 55 -€0.58 - 1560°7* - d 02

(3) =

per TU-km. As expected, ciail(d) is clearly below
c*d(d), see Fig. 3.

To derive transport cost rates applicable in the
ITP model formulation, we transform (2) and (3)
into rates for FTL and LTL transportation. The
cost per train in FTL transportation is calculated
from (2) by " = ¢il(d, 1560), where d is set
to the average travel distance between the termi-
nals in the origin area and the terminals in the
destination area of an ITP instance. The cost per
TU in FTL rail transportation is calculated from
(3) by ¢ = ¢2il(d). Finally, the cost per TU in
LTL transportation is calculated by ¢ = g-cF'™h,
where ¢ > 1 reflects the surcharge that has to be
met by the shipper when rail transport capacity is
booked on a per-TU basis.

Having determined the service cost for D2D, LTL,
FTL, pre-carriage, and post-carriage, the total cost
for serving a customer exclusively from one pro-
duction site and with one transport service is com-
posed as shown in Tab. 2.

When selecting services for rail transportation, a
further effect has to be taken into consideration.
Since cost per TU are lower in FTL service than
in LTL service (™" < ¢'T%), selecting FTL ser-
vices can be economically useful even if the block
train capacity is not fully exploited by the shipped
volume. The break-even load cap' ", at which

chartering a block train at cost rate ¢" T is less ex-

€3.52-d702°

German Academic Association for Business Research (VHB)

Table 2: Transportation cost for relation
(s, c) under exclusive service selection

cost

service pre-carriage main-carriage  post-carriage

D2D - nc'CDQD 'dsc -

LTL ne - ¢’ - dso nc'CLTL‘dod ne- cPost. ddc

FTL 1nc-c”®-dso [—2¢rr]-¢" " doq ne - P - dye

cap

pensive than shipping in LTL service on a per-TU
basis, is computed by

FTL

FTL _ C FTL et
(4) cap” " = gy ccapt =

c
cLTL

It results as the ratio of cost per TU in FTL and
LTL service multiplied by the load capacity of a full
block train. Any shipment volume above cap® -
justifies chartering a block train to save cost over
the LTL service. The resulting cost function for
consolidated rail transports is shown in Fig. 4.
The consolidation of cargo that is shipped on a rail
arc (0,d) € B is performed in three steps: First,
the number of block trains y,4 to be chartered and
fully used for FTL services is determined by

(5) You = {“J ,

capFTL

where x,; denotes the number of TUs that the
shipper projects to send via rail link (o, d). Second,
for the rest of the shipment, which is computed
by Xoq — Yoa - cap® T, FTL service is booked if it
exceeds the break-even capacity, and LTL service
otherwise. This decision is reflected by the binary
variable z,4 defined as

1, if Xoq — You - cap¥ T > cap® L.
(6) Zod = .
0, otherwise.

Having determined y,4 and z,4, the number of TUs
send in LTL service is finally calculated by

() xpq " = max{0, Xoq — Wod + Zoa) - cap” " -}.

3.3 Optimization model

Next to the decision variables introduced for mod-
eling the flow of TUs on rail arcs (x,q) and the
freight consolidation for FTL and LTL services
Wod> Zod> X5T™), we also define variables x;; for the
flow of TUs on road arcs (i,j) € .A. With these de-
cision variables, the ITP is formulated as a mixed-
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integer programming (MIP) model as follows.

[ITP] min — Z = Z szc - dg. - ¢P?P
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SES ceC
+ Z Z Xso * dso + CPTC
SES 0O
+ D) Xde - dge - P
deD ceC
+ Z Z(yod + Zod) : dod : éFTL
0€O deD
(8) 0 X doa - T
0O deD
subject to
(9) Z xsj =d(s Vse S
jeouc
(10)
ZXSO: Zxod Yo € O
seS deD
1) > Xed= Y Xac vd € D
0O ceC
(12) Y Xe=ne VeecC
ieSUD
(13)  Yoaz —_ 1 V(o,d) € B
capFTL ’
(14) M- Zod Z Xod ~ Yod * capFTL - @FTL
V(o,d) € B
(15) X(I;EL 2 Xod = WYod + Zod) - capFTL
V(o,d) € B

(16) xj,x51°20 V(i) € AUB, (o,d) € B
(17) Yod €N Y(o,d) € B
18) Zoq € {0,1} V(o,d) € B

The objective function (8) minimizes the total
transportation cost. It comprises the cost of D2D,
FTL, and LTL services together with the cost of
pre- and post-carriages. Constraints (9) ensure
that the total production volume of site s is shipped
to customers directly or to the intermodal termi-
nals. Constraints (10) and (11) represent the in-
flow/outflow conditions for the terminals. Here,
(10) ensures that all goods sent from produc-
tion sites to a terminal in the origin area leave
this terminal for terminals in the destination area.
From (11), it is ensured that all goods arriving at
a terminal in the destination area are shipped to
customers. Constraints (12) ensure that customer
demand is fulfilled. Constraints (13) to (15) affect

German Academic Association for Business Research (VHB)

the consolidation of cargo on rail links (o,d) € B
by setting decision variables Yoq, Zoq, and x5Th.
These constraints represent the MIP formulation
of Equations (5) to (7) . In detail, Constraints (13)
determine the number of used block trains that
are fully loaded. Constraints (14) decide whether a
further block train is chartered for the remaining
TUs (z,q = 1). Here, M refers to a positive number
equal or larger than cap™™". Finally, Constraints
(15) determine the number of TUs for which LTL
service is booked. The domains of the decision
variables are defined in (16) to (18). Note that no
integer condition is required for the flow variables
in (16). These variables inevitably take integer val-
ues provided that production quantities, customer
demands, and train capacity parameters are all
integers.

It can be taken from model (8)-(18) that the ITP
is a generalization of the classical transporta-
tion problem. Actually, it reduces to this prob-
lem if rail transportation is omitted by enforcing
xSV = yoq = zoq = 0. Nevertheless, the general-
ized problem remains a linear flow problem that
is solvable by standard solvers even if the pro-
duction sites, customers, and terminals compose
an intermodal network with several hundred loca-
tions. Therefore, the MIP-solver ILOG Cplex 12.1
(ILOG 2012) can be used to solve ITP instances of
practical size.

4 Illustrative example

An example is provided for gaining insight into the
structure and diversity of ITP solutions. We inves-
tigate the selection of services and the transport
flows that are found by the optimization model
for a very simple network structure under vari-
ous cost parameter constellations. The network is
characterized by two production sites, three cus-
tomers, exactly one intermodal terminal o in the
origin area, and one intermodal terminal d in the
destination area. Locations of the network nodes
are chosen such that the rail distance between
the intermodal terminals is d,; = 1000 km. The
door-to-door road distances between production
sites s € S and customers c € C, the pre-carriage
distances between production sites and terminal
o as well as the post-carriage distances from ter-
minal d to the customers are shown in Tab. 3
(gray cells). Note that, for each combination of site
s € § and customer ¢ € C, the total distance for
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an intermodal transport (dy, + doq + dg.) is strictly
larger than the corresponding direct door-to-door
distance d,.. This is because intermodal transports
require a detour for visiting the intermodal ter-
minals. Furthermore, road traffic networks are far
more dense and, thus, usually approximate an air-
line distance closer than rail traffic networks can.
Additionally, the customers’ demands and produc-
tion sites’ outputs are given in the last row and last
column of Tab. 3, respectively. The values have
been chosen such that total production output
equals total customer demand.

Table 3: Example parameters: Transport
distances, demand & production quantities

customer ¢ term.

1 2 3 o

1 1200 900 1100 150 150

site s
2 1100 1000 900 50 50
term. d 300 150 50 1000
ne 110 70 20 - 200

Table 4: Experimental setting: Cost ratio
intervals

CFTL Cdﬂ

D2D ¢D2D
lower bound 0.1 0.1
upper bound 1.5 3.0
step size 0.0025 0.0025

We first investigate the impact of changes of the
cost rates on the selection of transport services.
For this purpose, cost rates ¢, ¢l ¢Pre) and
cPost are varied within certain intervals. The D2D
costrate ¢P?P is determined as described in section
3.2. It is kept fixed and serves as a reference value
when varying the other rates. To limit the number
of possible parameter variations, we consider a
fixed ratio between LTL transport cost and FTL
transport cost per TU. We assume that LTL cost is
25% above FTL cost, i.e. we set e = 1.25 and derive
et = 1.25 - ¢FTL, We also assume that the pre-
and post-carriage cost rates are equal and jointly
refer to them as the drayage cost rate c™ = ¢P*® =
cPst, In the experiment, the cost ratios ‘Cﬁi% and
g;;% are considered. These ratios are systematically
varied as specified in Tab. 4. From this full-factorial
experimental design, we obtain more than 300 000

parameter combinations. Model ITP is solved once
for each combination using ILOG Cplex 12.1.
Figure 5 illustrates the percentage of the total
transport volume that is shipped in intermodal
rail/road transportation under each combination
of cost ratios. This measure is also referred to as
the intermodal share of transports. It can be seen
that ten differently structured solutions turn out to
be optimal with respect to specific constellations of
the cost ratios. The intermodal shares of these ten
solutions differ strongly. They range from a pure
intermodal transport (solution 1), where all TUs
are shipped on the rail link, to a pure D2D service
(solution 10) where no customers are served by
intermodal transport. The modal split of the ten
solutions, i.e. the percentage of the total transport
performance (measured in TU-km) carried out in
the distinguished service modes, is shown in Fig.
6.

Further details about the ten solutions, including
the number of chartered block trains (y,q + Zoq)
and the number of TUs sent in LTL service (x>
as well as in pre-carriage, post-carriage, and D2D
relations are provided in Table 5.

The cost ratios gf,% =1 and ﬁ;—mi = 1 subdivide
Fig. 5 into four quadrants. In the upper quad-
rants, ¢ " is larger than ¢”2P making D2D service
the cost-efficient option for the very most con-
stellations. Only if the drayage cost rate c™ is
much lower than ¢P?P, the saving in pre- and post-
carriage can compensate the higher rail transport
cost, leading to a few intermodal transports (solu-
tions 4 and 6). However, in practice, FTL cost per
kilometer is usually lower than long-haul D2D cost
per kilometer. This means that the constellation
shown in the upper quadrants is rather unrealistic.
Similarly, short-distance drayage cost per kilome-
ter is usually above long-haul D2D cost per kilo-
meter. Hence, also the constellation of the two left
quadrants is hardly met in practice. Realistic cost
constellations, where ¢d > ¢P2D > LTL > oFTL
holds, fall into the lower-right quadrant of the fig-
ure. It is worth mentioning that all ten solutions
are met in this quadrant. From this observation, it
is found that already a very small instance of the
ITP can show a variety of different solutions being
optimal under specific transportation cost rates.
Using Fig. 5, we further investigate the change of
the solution structure following from the varia-
tion of one cost parameter under ceteris paribus
conditions. Starting from solution 1, where all cus-
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Figure 5: Intermodal share of transports under varied cost

JFTL 1.5+

PP 144
1.3 1

1.24 solution 6

01 03 05 07 09 1.1 13 15
Cdray
c¢Db2D

tomers are served by intermodal transport, the
increase of c"'T" causes a gradual decrease in the
intermodal share, see solution sequence 1-2-3-4-6-
8-10. Interestingly, such change-overs often com-
prise shifting a number of TUs from one service to
another, but not necessarily a shift of a complete
customer demand between services. For example,
as can be taken from column xg, in Tab. 5, the so-
lution sequence 1-2-3-4 corresponds to a stepwise
decrease in the fraction of demand of customer
2 that is served by rail. Gradual decreases in the
intermodal share and the exchange of customer de-
mands on the rail link are caused by the restricted
production volumes of production sites and the
consolidation effects in the intermodal transport.
For these reasons, optimal solutions can bring out
that customers are served by a combination of two
or more services. We even observe two solutions
(5 and 7) where the shipper makes use of all three
services.

The analysis reveals the mechanism that deter-
mines whether LTL or D2D service is selected for a
customer. A prerequisite for choosing LTL service
is that (‘3’;% < 1 holds. This is because an LTL
service causes additional detour cost for the pre-
and post-carriages to and from the intermodal ter-
minals. Hence, considering a customer c that is

———————————————————————— - ° 95%

~1.88 (LTL
cD2D

r1.62

share of inter—
modal transports

solution 10 I
(only D2D)

r1.38
® 100%

° 76%
F1.12 57%
® 45%
® 38%

25%
-0.88 19%
10%
0%

r0.62

solution 8 solution 9

-0.38

r0.12

19 21 23 25 27 29

projected to be served by site s, the shipper faces
the question of whether the detour cost stays be-
low the cost saving that results from rail haulage.
In other words, the shipper needs to determine
the maximum pre- and post-carriage distance up
to which serving customer c by site s in LTL ser-
vice is profitable. This question can be answered
by assuming cost equality for the LTL and D2D
transport cost functions in Tab. 2.

(19) PP dse = "¢ - dgo + e dod + Pt ddc

If c'®y = cPre = ¢Post holds, Equation (19) can be
reformulated as

cdray CLTL
(20) dsc = m : (dso + ddc) + CDW : dod-

. . . dray LTL
Given certain cost rate ratios {mp and Smop as
well as the door-to-door distance d,. and the train
haulage distance d,q, the right-hand side of Equa-
tion (21) then delivers an upper bound for the
drayage distance up to which LTL is economically
preferable compared with D2D service.

D2D LTL

C
- cdray ’

C
(21) dso + dge < cdray - dse doa-
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Table 5: Detailed results for all solutions

intermodal share  rail transport

pre-carriage

post-carriage door-to-door

sol.
% #TU  Yod+Zod X~ Xio X2  Xg1  Xg2  Xg3 X111 X12 X13 X21 Xao X23
1 100 200 5 10 150 50 110 70 20 O 0O O O O o
2 95 190 5 0 140 50 110 60 20 0O 10 0 O O o
3 76 152 4 0 102 50 110 22 20 0O 48 o o o0 o
4 57 114 3 0 8o 34 110 0o 4 O 70 0 O O 16
5 45 90 2 14 40 50 (0] 70 20 10 0 O O O O
6 38 76 2 0o 26 50 (o} 56 20 10 14 O O O O
7 25 50 1 12 0] 50 0] 30 20 110 40 O O O O
8 19 38 1 0 (o} 38 (o} 18 20 98 52 0 12 0 O
9 10 20 (0] 20 0] 20 0] 20 8 70 0 30 0O O
10 0 0 0 0 0 0 0] 0 0] 80 70 0 30 0 20

For example, with cost rates c¢™ = 5, ¢P?P = 2,
c“Tl = 1, a given door-to-door distance dy. =
dss = 900 km, and a given rail haulage distance
d,q = 1000 km, the upper bound for the drayage
distance is 160 km. With the drayage distance
dy,+dg3 = 100 km for serving customer 3 from site
2, LTL service is less expensive than D2D service
under the considered cost rates. The described
parameter constellation leads to solution 9, where
customer 3 is served in LTL service. If, however,
the LTL rate increases to ¢“'" = 1.5, the upper
bound for the drayage distance changes to 60 km.
Now, the actual drayage distance of production site
2 and customer 3 exceeds the upper bound and,
consequently, customer 3 is served by a door-to-
door transport.

The conducted analysis allows to decide which
service to choose (LTL or D2D) for a certain
site-customer relation. Still, the complexity of the
ITP, involving multiple sites, customers, terminals,
and FTL consolidation hinders solving the entire
problem through consideration of individual site-
customer relations.

5 Real-world case study

In this section, we present a case study of a large
commodity-producing company that resides in
western Europe. In the next subsection we mo-
tivate the case study. Afterwards, we describe the
production and distribution network that is used
by the company. Finally, the cost drivers of the dis-
tribution system are subject of an analysis that is
based on solving the ITP in different settings. The

results are discussed and recommendations re-
garding the future development of the company’s
distribution system are drawn.

5.1 Motivation

We consider a company which is currently the
market leader for a chemical product used in the
construction industry. This good is produced at
production sites located in Germany, Belgium, and
the Netherlands. The sites produce the good for
the entire European market. In the case study,
we focus only on a part of the eastern European
market, in particular Ukraine. Currently the com-
pany faces a strong growth of demand in this
country. However, since places for production and
consumption are far away from each other, a signi-
ficant logistical effort arises to serve the customers.
At the moment, the production and distribution is
organized as follows. Customers order the goods
on a monthly basis. From this data, the company
generates a master production schedule specifying
the monthly output of the production sites. Af-
terwards, each customer is informed which of the
sites handles its order. Typically, goods are pro-
vided at the production sites and the customers
organize truck transportation for each single TU.
This policy for the distribution and payment of
goods follows the incoterm 'Ex Works' (EXW),
ICC (2010). It means that it is the customer’s re-
sponsibility to organize and pay for the shipment
of TUs from the providing site to their own front
door. Next to the distribution cost, the customer
also bears the risk involved in the transportation
process. To get rid of the diverse risks involved in
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Figure 6: Modal split as a percentage of
total TU-km
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eastern Europe transportation, the company has
favored the sketched trading conditions in the past.
As a consequence of the behavior of the producer
and the customers, the distribution of goods relies
almost completely on D2D road transportation.
On the other hand, the company faces increas-
ing expectations of governmental authorities and
NGOs regarding product responsibility and sus-
tainable logistic processes. For these reasons, the
company is thinking about insourcing the distri-
bution process, by switching the EXW policy to
the conditions of the 'Delivered at place’ (DAP)
incoterm. Here, the customer specifies the point of
delivery in their home country, which is usually the
customer’s front door, and the producer has to pay

the cost and to bear the risk of the transportation.
On the other hand, the company can control the
flow of goods by selecting the used transportation
services.

In the following study it is investigated whether
intermodal transportation is a viable option for
serving customers. Our analysis is based only on
transportation cost rates where further costs like
insurance and duties are beyond its scope. In a
long-term perspective, the company is also inter-
ested in knowing the impact of changes in trans-
portation cost on the optimal distribution policy.
This is motivated by an expected increase of road
transport cost (e.g., through emission fees, road
tolls, and energy cost) and a possible decrease
of rail transport cost (through infrastructural de-
velopment of railway networks, subsidies for in-
termodal transport, and growing efficiency of rail
transport providers). To investigate these ques-
tions, the distribution system of the company is
modeled as an intermodal transportation problem
and solved to optimality under various parameter
constellations.

5.2 Data

The case study considers eleven production sites
in western Europe and 35 customer locations in
Ukraine. Some customers refer to a single company
whereas others refer to local markets. The average
distance of direct D2D transportation between sites
and customers is 2213 km. According to (1) this
corresponds to the cost rate cP?P = 0.64 € per
TU-km.

We consider two different scenarios for the rail
transport network, one scenario with only two in-
termodal terminals and the other scenario with
five intermodal terminals. In the 2-terminal sce-
nario, one terminal is located in the origin area
and one is located in the destination area. The ter-
minal in the origin area lies in central Germany. It
is attractive for intermodal transportation as it is
closely located to one of the production sites. Fur-
thermore, the terminal lies in the eastern part of
the origin area, which eases consolidation of cargo
that is sent from other production sites eastwards
to the customers in Ukraine. The terminal in the
destination area is located near Kiev. This location
constitutes more or less the center of the destina-
tion area. The rail link connecting both terminals
has a length of 1765 km.
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Table 6: Distances of rail links for
5-terminal scenario

terminal o

1 2
; 1 1765 2360
E 2 1130 1800
§ 3 2180 2850

In the 5-terminal scenario, two terminals are lo-
cated in the origin area and three terminals are
located in the destination area. Next to the termi-
nal in central Germany, a second terminal in the
origin area is at Rotterdam. This facility is chosen
because it is close to the westernmost production
sites and it is capable of handling large volumes
of chemical products. In Ukraine, two more termi-
nals are selected in industrial centers, namely in
Lviv and in Dnipropetrovsk. The terminals in the
5-terminal scenario are connected by six rail links
with distances shown in Tab. 6. The further termi-
nals promise shorter drayage distances, which is
expected to make intermodal transportation more
attractive. We consider both scenarios to assess
the benefit gained from a denser transportation
network.

The average distances for pre-carriage and post-
carriage are given with 462 km and 368 km, respec-
tively, in the 2-terminal scenario. In the 5-terminal
scenario, the average distance for pre-carriage to
the nearest terminal is 313 km and for post-carriage
itis 178 km. Corresponding cost rates cP* and cP°st
are computed as described in section 3.2. Thereby,
the post-carriage rate is reduced by one third to
represent the lower cost level in Ukraine. This
reduction expresses the current difference in pur-
chasing power between Ukraine and the European
Union, see Worldbank (2012). In the 2-terminal
scenario the cost rate for chartering a block train
over the distance of 1765 km is calculated by ¢" T =
19.15 € per train-km. According to the regulations
of western European railways, the block train ca-
pacity is limited to cap™ ™" = 38 TUs, see DB Netz
AG (2009) and Fiedler (2005). Although, regula-
tions in eastern Europe are less strict, cross-border
rail transport to eastern Europe is not allowed to
exceed cap™™, see Vogel (2000). Hence, we ob-
serve a corresponding cost in FTL transportation

Table 7: Cost rates used in the case study

2-terminal 5-terminal

cP?P 0.64 € per TU-km

cPre 0.99 € per TU-km 1.11 € per TU-km

cpost 0.70 € per TU-km 0.86 € per TU-km

¢F™  19.15 € per train-km  18.50 € per train-km

@ 0.50 € per TU-km 0.49 € per TU-km

cHr 0.55 € per TU-km 0.54 € per TU-km
of Tt = L .¢F'TL = 0.50 € per TU-km. From this
we estimate the LTL cost rate ¢“T" = 0.55 € per

TU-km, including a 10% surcharge (¢ = 1.1). In
the 5-terminal scenario the cost rate for chartering
a block train over an average distance of 2014 km
is calculated by ¢¥'T" = 18.50 € per train-km with
corresponding cost per TU-km of ¢!t = 0.49 €
and ¢ = 0.54 € in FTL and LTL transporta-
tion, respectively. All cost rates are summarized
in Tab. 7. Furthermore, the case data consist of
production quantities and customer demands for a
one-month period as well as of traveling distances
for road transports, see Tab. 9-11 in Appendix A.

5.3 Results

The company is interested in knowing the effi-
ciency of the current way of distribution, which is
based completely on direct D2D truck transporta-
tion. To answer this question, an ITP instance
is created with the data reported above and rail
transportation is suppressed by fixing the decision
variables x 7" = y,q = z,q = 0. This way, a clas-
sical transportation problem is solved which leads
to a transportation plan of total cost €541 900 and
a total transportation performance of 844 214 TU-
km. The solution is visualized in Fig. 7a where the
width of a line reflects the intensity of the TU flow.
This solution serves as a reference solution in the
following study.

Solving the ITP instances for the 2-terminal sce-
nario and the 5-terminal scenario, we obtain the
solutions shown in Figs. 7b and 7c, respectively.
Here, the bold lines depict the flow of TUs along
rail links. The dashed green lines refer to road
transportation in pre- and post-carriage. In the
solution of the 2-terminal scenario, 22% of TU-
km are performed in rail mode, leading to total
cost of € 531568, see Tab. 8. This represents a
2% saving realized by economies of scale in the
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Table 8: Case study results for different
problem settings

interm.

i 1
setting share total cost
ref. sol. (100% D2D) 0% €541900
2-terminal scen. 22% €531568 (-2%)
5-terminal scen. 32% €516 802 (-5%)

rail transportation compared with the reference
solution. In the 5-terminal scenario, rail transport
accounts for 32% of TU-km. This is explained by
the shorter distances in the pre- and post-carriage
and by the longer distances between rail terminals
in the origin and destination area. The total cost
of this solution is € 516 802, which is another 3%
saving compared with the optimal solution of the
2-terminal scenario. In this scenario, customers
located in the western Ukraine are still served by
D2D service. For these customers, the drayage cost
of intermodal transport would exceed the savings
generated through the rail transport. It is also in-
teresting to see that only two of the three terminals
in the destination area are used in the optimal solu-
tion. Obviously, customers of western Ukraine can
be served at relatively short D2D distances, while
drayage distances exceed the upper bound (21).
In consequence, the westernmost rail terminal of
Ukraine cannot be used profitably for intermodal
transportation at the assumed cost rates.

Although the cost savings of intermodal trans-
portation are noteworthy in both scenarios, they
alone do not justify to switch about 30% of TU
volume from EXW to DAP terms because of the
accompanying risk and administrative expense.
However, since the company is facing an increas-
ing public interest in climate protection, it con-
siders changing the distribution system in order to
reach a desired percentage of intermodal transport
performance. In the following, we investigate how
the optimal transport plan changes if a certain per-
centage of intermodal transports is enforced. For
this end, restriction (22) is added to the ITP model
which assures that at least p% of the total transport
performance accounts for the rail mode.

(22) Z Xod *doqg 2 P Z Xudy

(o,d)eB (IeAUB

To assess the impact of this additional constraint,
the ITP is solved for both scenarios under values of

p ranging from 0% to 65%. Note that shares larger
than 65% cannot be enforced in the considered
scenarios because road transportation is not com-
pletely avoidable due to the drayage operations
required in intermodal transportation.

The observed optimal distribution cost are shown
in Fig. 8. It is found that the distribution cost is
constant for p<22% in the 2-terminal scenario.
This is because 22% of intermodal transport per-
formance is already realized when solving the prob-
lem without condition (22), see Tab. 8. Therefore,
prescribing a minimum intermodal share below
22% has no economic effect on the optimal trans-
port plan of the company. For 22% < p < 38%, a
cost increase is observed but total cost still stays
below the cost of the reference solution. Within
this range, additional intermodal transports are
advantageous over serving all customers in D2D
mode. For p>38% total cost exceeds the cost of the
reference solution, i.e. the intermodal transport
no longer provides an economic advantage for the
company. A similar observation is made for the
5-terminal scenario, where total costs are constant
up to p=32%. They are below the cost of the ref-
erence solution for p<59%. In other words, the
5-terminal scenario shows a considerably larger
potential for achieving a desired percentage of in-
termodal transports without exceeding cost of pure
D2D distribution.

So far, we have analyzed the companies situation
with respect to particular cost rates for FTL and
LTL rail transportation. However, these rates are
influenced by various factors like energy cost or
subsidies for intermodal transportation. For this
reason, we investigate in the following the sensi-
tivity of solutions with respect to varying charter
rates for block trains. We consider cost rates for
trains between ¢"Tt = 10.00 € and 25.00 € per
train-km as reasonable. The cost rate is varied in
steps of 0.1 € and corresponding cost rates c¢FTt
and c“T" per TU-km are derived accordingly. The
resulting shares of intermodal transport perfor-
mance and total transportation cost are depicted
in Fig. 9. The experiment shows that both, total
cost and share of intermodal transport perfor-
mance, depend strongly on the block train cost.
The percentage of intermodal transportation ex-
ceeds 60% or even 70% for low train costs in
the 2- and 5-terminal scenario, respectively. Espe-
cially for the 2-terminal scenario, demand for rail
services is very elastic when cost ranges between
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Figure 7: Solutions for the case study
(a) Optimal network flow - reference solution (only D2D transports).
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Figure 8: Total cost under varied values of p

13 and 17 € per train-km. We take from Fig. 9
that observing the market for rail services care-
fully is a good recommendation for large shipper
organizations. With their high transport volumes
these companies have the power to negotiate lower
rates and, thus, can generate a substantial saving
of transportation cost that would justify switching
incoterms.

Moreover, comparing the 2- and 5-terminal sce-
narios, it can be recognized that total transporta-
tion cost are always lower in the 5-terminal sce-
nario, i.e. in the denser railway network. Of course,
this effect diminishes the less rail transportation is
involved in the distribution system as is caused by
expensive train cost rates above 22 € per train-km.
On the contrary, for cheap train cost rates below 17
€ per train-km, the difference in total cost of both
scenarios is almost constant. This is striking, as
it means that a dense network cannot take higher
advantage from very cheap train cost compared
with a sparse network.

Finally, we analyze the interplay of LTL and FTL
services to consolidate the rail transportation be-
tween western Europe and Ukraine. Here, the aim
is to verify whether LTL transportation is an at-
tractive alternative for the considered company
given that per-TU transportation cost is usually
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larger than FTL cost per TU-km. For this end, we
consider three selected FTL train cost rates. For
each of these rates, we derive two LTL cost rates,
namely ¢t = ¢. "'t withe = 1.0and ¢ = 1.1,
respectively. Note that with € = 1.0, no incentive
is created for the shipper to consolidate full block
train loads. The resulting six ITP instances have
been solved for both terminal scenarios.

For the 2-terminal scenario, the transport per-
formance (measured in TU-km) achieved in the
optimal solutions is depicted in Fig. 10. It indicates
that the modal split clearly favors rail transporta-
tion, the lower the train charter rate ¢"T* is. At the
same time, the total transport performance mea-
sured over all modes of transportation grows with
a decline of the train charter rate. This is explained
by the growing influence of detours that are caused
by the drayage operations in the intermodal trans-
port chain. It is also observed in this figure that
the LTL service is used by the company only, if
the per-TU cost of LTL is equal to the per-TU cost
of FTL (¢ = 1.0). LTL service is not used if its
cost are higher than the cost of the FTL service
(e = 1.1). Two different ways are observed to cir-
cumvent LTL services. In the first way (observed
under ¢ = 19.15 and ™ = 10.00), LTL is
eliminated by chartering an additional block train
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Figure 9: Sensitivity of intermodal share and total cost
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and filling it up with further TUs that are shifted
from D2D service into FTL service. In other words,
the shipper is given an economic incentive to con-
solidate cargo and intensify the use of intermodal
transportation. In the other way (observed under
¢ = 15.00), the shift of TUs happens from
LTL service to road transportation. This option
is chosen, if the LTL shipment is very small and,
thus, cannot be filled up to block train load cost-
efficiently.

The corresponding results of the 5-terminal sce-
nario are shown in Fig. 11. In this scenario, the
original block train charter rate is ¢ = 18.5
€ per train-km, see Tab. 7. In this network, LTL
service is involved in the distribution also under
a surcharge (¢ = 1.1), at least for ¢"™" = 15 and
¢"T = 10. This is because the transport volume
shipped by rail is distributed among several ter-
minals and rail links where some relations do not
show enough volume for consolidating a complete
block train. At the same time, drayage distances
are shorter compared with the 2-terminal scenario
which particularly favors LTL over D2D service
even for small shipments.

To summarize the experiments, we draw the fol-
lowing findings. Under the assumed cost rates, a
complete D2D service of customers is not the eco-

nomically best option for the company. However,
the cost saving that is possible by shifting ship-
ments from road to rail is rather limited. On the
other hand, enforcing high percentages of inter-
modal transportation, e.g., by legislative regula-
tions, will increase distribution cost significantly.
We also found that LTL service is not that im-
portant for shippers generating enough transport
volume to consolidate rail carriage into full block
trains. The density of the rail network has a con-
siderable impact on the service selection of a com-
pany. A denser network enables shorter drayage
distances which, in turn, causes that a higher per-
centage of rail transports is recommended not only
from the environmental perspective but also from
the economic perspective. Moreover, in such a net-
work, the shipments split up into smaller volumes
such that unconsolidated LTL shipments receive a
certain relevance even for large shippers.

6 Conclusion

The paper generalizes the classical transportation
problem to the intermodal transportation problem
(ITP) by capturing decisions for selecting transport
modes, transport services, and intermodal termi-
nals. It is shown that this tactical planning problem
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Figure 10: 2-terminal scenario: Transport performance per service under varied cost
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Figure 11: 5-terminal scenario: Transport performance per service under varied cost
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yields a variety of solutions being optimal under
specific constellations of the transport cost rates.
To determine the optimal modal split for a com-
pany’s distribution system, an ITP instance can be
solved with cost rates estimated close to reality.
Furthermore, the impact of expected changes of
transport cost can be assessed in order to adapt
the distribution system of a company in future
time. In the case study, we have verified that inter-
modal transportation is a profitable alternative to
long-haul road transportation for the considered
company. In contrast to smaller companies, this
shipper can influence the tactical planning of an
intermodal network because of its large transport
volume. Smaller companies typically outsource the

transport performance [TU—km]

tactical planning to logistics service providers. Us-
ing our approach, companies can implement sus-
tainable transport chains with a declining per-
centage of road transport and low transportation
cost. The definition of the intermodal transporta-
tion problem comprises rail transportation from
terminals in the origin area to terminals in the
destination area. If a problem instance contains
multiple terminals in one or both of these areas
and if rail transportation is possible between ter-
minals located within the same area, multi-stage
consolidation as well as rail-based drayage oper-
ations come into the play. The development of
models and solution methods for such problems is
subject of future research.
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Appendix
Table 9: Case study parameters: Road transport distances, demand & production
quantities
production site s e
1 2 3 4 5 6 7 8 9 10 11
1 2208 2170 2389 2315 2673 2363 1922 2297 2601 2207 2374 1
2 2576 2398 2617 2633 2040 2680 2196 2610 2876 2422 2649 1
3 2067 1912 2132 2112 2436 2160 1688 2001 2369 1943 2141 1
4 2179 2044 2263 2204 2552 2252 1802 2185 2481 2079 2254 5
5 2477 2346 2566 2495 2852 2543 2102 2477 2780 2382 2554 2
6 2503 2373 2502 2519 2878 2567 2127 2501 2805 2408 2579 4
7 2807 2674 2893 2822 3182 2870 2432 2805 3110 2708 2883 11
8 2022 1886 2105 2052 2395 2100 1645 2032 2325 1922 2098 1
9 1729 1636 1852 1731 2107 1779 1361 1714 2031 1681 1806 1
10 2087 1940 2160 2124 2458 2172 1708 2104 2389 1973 2162 1
11 1884 1766 1984 1902 2260 1950 1510 1883 2187 1806 1960 7
12 2527 2357 2576 2577 2893 2625 2147 2556 2828 2384 2601 2
13 1777 1667 1885 1790 2153 1838 1404 1772 2079 1709 1853 39
14 1685 1594 1809 1687 2063 1735 1317 1670 1987 1640 1763 3
15 2030 1878 2098 2073 2400 2120 1651 2052 2332 1910 2104 62
< 16 2244 2126 2344 2254 2620 2302 1870 2237 2546 2164 2320 1
5 17 2119 1988 2207 2142 2493 2190 1743 2123 2422 2024 2195 1
g 18 2698 2562 2782 2717 3073 2765 2322 2699 3001 2596 2774 1
§ 19 1427 1321 1537 1451 1803 1498 1054 1431 1730 1366 1504 4
© 20 2517 2399 2618 2523 2894 2571 2145 2507 2820 2437 2504 3
21 2269 2179 2395 2255 2648 2303 1903 2241 2570 2223 2347 188
22 2066 1927 2146 2098 2439 2146 1689 2078 2369 1961 2142 14
23 2244 2177 2389 2212 2623 2260 1886 2200 2542 2224 2322 3
24 1558 1448 1665 1579 1934 1627 1184 1560 1860 1491 1634 1
25 2496 2412 2627 2473 2875 2521 2133 2461 2796 2456 2574 3
26 2627 2453 2673 2680 2993 2727 2248 2658 2928 2479 2701 1
27 2569 2439 2658 2584 2044 2632 2194 2567 2872 2474 2645 3
28 2045 1866 2085 2111 2407 2157 1665 2087 2345 1892 2117 7
29 2030 1878 2098 2073 2400 2120 1651 2052 2332 1910 2104 4
30 2413 2230 2449 2476 2775 2523 2033 2453 2713 2254 2485 1
31 1649 1556 1771 1653 2027 1701 1280 1636 1950 1601 1726 1
32 2013 1865 2084 2053 2383 2101 1634 2032 2315 1898 2088 4
33 2206 2112 2328 2197 2584 2245 1839 2182 2507 2155 2284 1
34 2024 1867 2087 2071 2302 2118 1644 2049 2326 1898 2098 1
35 2519 2394 2613 2530 2895 2578 2145 2513 2822 2430 2595 2
gs 49 54 1 26 73 7 34 66 18 19 28 385
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Table 10: Case study parameters: Road Table 11: Case study parameters: Road
transport distances (pre-carriage) transport distances (post-carriage)
terminal o terminal d
1 2 1 2 3
1 379 326 1 320 876 183
2 349 479 2 566 1172 346
o 3 525 296 3 42 634 496
= 4 507 558 4 190 758 312
£ 5 750 109 5 479 1022 37
B 6 545 566 6 507 1074 15
2 7 1 679 7 799 1332 274
© 8 473 523 8 93 552 533
& 9 680 135 9 418 260 809
10 421 500 10 68 636 444
11 453 277 11 232 427 632

12 506 1137 251
13 331 287 773
14 451 201 873
15 1 609 512
16 314 805 261
17 162 684 381
687 1268 212
19 625 2 1057
20 553 1063 119
21 470 876 361
22 85 618 476
23 575 813 505
24 503 123 950
25 667 1050 332
26 609 1198 335
27 571 1114 55
28 167 666 593
29 1 609 512
30 424 1008 356
31 470 178 893
32 26 595 517
33 407 772 375
34 31 611 522
35 535 1100 88

customer c
=
o]
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