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Abstract: Comparable port efficiency among ports of the European northern range leads to a compet-
itive shift toward hinterland connectivity. North Rhine-Westphalia (NRW), having a high population
and industry density and an extensive road, rail and waterway network, is prone to such inter
port competition due to its proximity. Using a simulation model, the potential hinterland scope
by each port and mode in NRW is depicted and a sensitivity analysis with increasing carbon tax
rates is conducted. With an increasing tax rate, the scope for central areas of NRW, prone to a shift
to rail transport, expands and become heavily contested among multiple ports. A major profiteer
of an increase is projected to be the Port of Rotterdam due to its good connectivity at the cost of
Antwerp. The market share of German ports is likely to stay the same with a mode shift occurring.
Policy measures like a carbon tax not only have an effect on environmentally friendly mode shift
but can severely impact the competitive situation of infrastructure components. While achieving the
primary goal of transport sustainability, national interests might mandate the economical existence of
a functioning maritime port, which leads to the consideration of additional measures when increasing
carbon tax rates.

Keywords: hinterland connectivity; intermodal transport; environmental measure; carbon tax; North
Rhine-Westphalia; Germany; port competition

1. Introduction
1.1. Port Competition and Hinterland Transport Chains

Ports are countries’ gateways to international trade. Due to the unification of Europe,
market liberalizations and the unique composition of countries and geographies in central
Europe, the ports of the northern range especially compete for transport capacity, essen-
tially forming multiport gateway regions [1]. As internal port operations have reached
a comparable efficiency level, port competition shifts towards hinterland connectivity as
Acciaro et al. have shown for the Adriatic seaports [2], Kolar and Rodrigue [3] for the
case of Czech Republic and van der Horst and van der Lugt [4] in a case study for the
Port of Rotterdam. Hinterland connectivity also increases competition between transport
chains as investigated by Li et al. [5]. Nonetheless, with overlapping hinterlands, port
competition might not necessarily benefit overall welfare as economies of scale might not
be reached [6]. With growing distance of the hinterland from the port, competition becomes
more fierce as intermodal services become more and more feasible as Garcia-Alonso et al.
have shown for the Spanish market [7]. Investments on hinterland connectivity, therefore,
especially regarding intermodal connectivity, have both the chance to increase competition
between ports and have a positive impact on environmental goals as shown by Guihery and
Laroche for the Betuwe-Line connecting the Netherlands and Germany [8]. Increased port
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competition does have concentration effects, which in return lead to measure to relocate
port functions in the proximate hinterland [9] or developing dry port facilities to increase
hinterland scope [10]. Benefits of cooperation between ports to foster environmentally
beneficial mode choice and economies of scale have been conceptualized by Hintjens [11].
Langen and Sharypova have developed a port performance indicator based on intermodal
connectivity [12]. When assessing the hinterland of a port, it is important to distinguish the
real hinterland, which is represented by real cargo flows including political and social fac-
tors and the potential hinterland, which is determined by economic factors, geography and
infrastructure of the region under study as pointed out by Santos and Soares [13]. The study
at hand therefore investigates the potential hinterland. As the hinterland consists of verti-
cally integrated transport chains, their functioning and structure play an important role to
welfare created through port choice [14]. The integration and relationships with actors from
a port’s side in the transport chain come to increased importance as the study of Caliskan
and Esmer have shown for container terminals connecting ports [15] or Franc and van der
Horst for the Hamburg-Le Havre Range [16]. Due to the number of actors involved, intense
cooperation is necessary and competition shifts toward transport chains [17]. Nonetheless,
interests and incentives might play a role in achieving this cooperation which might be
mitigated through ICT systems [18]. Frequencies of intermodal connections are of high
importance for port competitiveness [19]. Ports can play an important role in developing
their hinterland logistics chains, although this is not traditionally their role [20].

As this recap of research shows, port competition is heavily influenced by hinter-
land connectivity. Hinterland transport in return contributes heavily to carbon emissions,
which has led to modeling hinterland transport chains [21] and developing frameworks
for its estimated contribution [22]. To mitigate climate change and to combat excessive
resource consumption, policy makers in Europe, both on a national and a transnational
level, have put in measures to reduce the exhaustion of carbon dioxide. Two major ways
are usually discussed to achieve this goal. Within a cap-and-trade policy, emitters need
to buy certificates that allow them to emit a certain amount of carbon dioxide. Unneeded
certificates can be traded on the market to allow other emitters to use them. A reduction
in carbon emissions is achieved by reducing the amount of certificates in the market over
time, setting a limit on potential emissions, which various ways on how to govern such
a mechanism [23]. Within a carbon dioxide pigovian style tax, social and environmental
external costs of emissions are priced into the production of goods. This form of tax is
especially useful when trying to reduce global carbon emissions, as the harm caused by
them does not distinguish between its sources [24]. This style of tax may, aside from its
positive environmental impacts, help fund governments efficiently [25] while being socially
balanced [26]. These measures can have an impact on port competition as Gan et al. [27]
have shown for a no tax, carbon emission tax and cap-and-trade policy for Chinese ports
with regard to port service prices and profits, demand for goods and social welfare. For the
European market, this has been investigated by van Hassel et al. by looking at the change
in port choice between northern and southern ports depending on two environmental
policies, the internalization of external costs and the establishment of the Sulphur Emis-
sion Control Area (SECA) in the North Sea region [28], although they have not found a
significant shift between the ports of the northern and Mediterranean range due to these
environmental measures.

1.2. Research Question and Design

Environmental measures might have side effects when implemented as shown by
Raadschelders et al. for production processes [29]. When looking at the transportation
sector, these side effects, e.g., shifting production to countries without implementation to
avoid the restrictions, might decrease transport demand. In the study at hand, the side
effect on the competitive situation of infrastructure components is investigated. As can be
expected, a carbon dioxide tax will cause a shift to more environmentally friendly modes
of transport like rail or barge as they emit less carbon dioxide [30]. Interesting is, whether
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this will also change the competitive situation between ports. The research question of
the study is therefore: How does the competitive situation between ports regarding their
potential hinterland scope change, when changes in the rate of a carbon tax occur?

In order to answer this question, the state of North Rhine-Westphalia as a hinterland
can serve as a good case to study port competition through potential hinterland scope
as several ports and several modes with different carbon emission footprint compete for
transport capacity within it. Modeling the competitive situation of the ports in proximity
to NRW by looking at their potential hinterland scope, several conclusions can be drawn
on the effects the introduction and rate setting of carbon tax will have on their competition.
For this, we use a transport chain for international transport, from NRW to Shanghai
(P.R. China), and depict the hinterland situation for this transport chain. This transport
chain is chosen, as the Port of Shanghai represents the largest port worldwide [31], and
the P.R. China is the largest trading partner of Germany regarding imports and the second
largest for German exports [32], which leads to high volume shipments and represents a
typical export oriented transport chain. Additionally, all ports investigated have several
shipping connections to the Port of Shanghai, which allows for a comparison of the different
transport chains.

Finally, after establishing this transport chain in a model, different carbon tax rates
can be simulated, and their impact on the potential hinterland scope of competing ports
within NRW can be analyzed. This analysis can both take place from a port as well as a
mode perspective. Using sensitivity analysis regarding their market shares, conclusions
for the impact of different rates of carbon tax can be drawn. We hypothesize a shift
towards rail transport, especially at the fringes of NRW with ports declining in market
share that are currently served mostly via trucking. There will be a major profiteer from a
tax rate increase with the port with the best intermodal connections to the most populous
areas of NRW, the Port of Rotterdam. With these results, conclusions for political and
business managers can be drawn. A contribution toward political insight is within the
design and implementation of environmental policies, which are expected to have certain
economic side effects. For business managers, changes in the strategic position of transport
chains, modes and locations can lead to the possibility for an early adoption to these
upcoming changes.

In the remainder of this paper, an introduction to the state of North Rhine-Westphalia
and its unique location within the European hinterlands is given. Then, the modeling of
hinterland port competition used in this paper is explained and its different components
are described. After an analysis of the experiment results by port and mode, the paper
concludes with a discussion of the results, implications for business, policy and research
and an outlook for further investigation.

2. North Rhine-Westphalia—A State Susceptible to Port Competition
2.1. Background, Administrative Division, Population and Economy

North Rhine-Westphalia (NRW) is a western state within the Federal Republic of
Germany. Due to its location, it is interesting for many different modes (barge, rail and
truck) and ports (Hamburg-Le Havre range) and competition between them. Roughly
half of its area is located more than 300 km away to at least one port, which is usually
regarded as the distance assumed beneficial for intermodal transport, yet this assumption
has been challenged in the past especially for barge transport [33]. Therefore, competition
in NRW is both interesting from a port as well as a mode competition’s side. This is also
shown in the market shares distributed by ports and modes. Due to its close proximity to
several ports of the northern range, the area of NRW is roughly split among the ports of
Antwerp, Rotterdam, Wilhelmshaven, Bremerhaven and Hamburg. While the western part
mostly ships via Antwerp and Rotterdam, heavily utilizing barge transport on the Rhine
river, the eastern part focuses on Hamburg and Bremerhaven, using trucking and railway
connections. Due to these factors, the state of NRW is interesting to investigate inter port
competition through hinterland connectivity.
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NRW leads several metrics among the German states. It borders both Belgium and the
Netherlands and possesses one of the most dense motorway, barge and railway network. It
has the highest regional GDP of all German states, a strong industrial base that produce
a lot of goods for export [34] and the highest population of all German states [35], which
leads to having the second highest level of exports [36] and the highest level of imports [37].
NRW consists of 5 NUTS-2 level governorates (Regierungsbezirke), which are further
subdivided into 53 NUTS-3 districts (Land-/Stadtkreis). Table 1 shows economic data
on the NUTS-2 level. The strongest governorates economically are Düsseldorf and Köln,
which are located in the west and southwest of NRW and both flowed through by the river
Rhine. The northeast of NRW, with the governorates Münster and Detmold, have less
population density and economic activity. This distribution also shows in the numbers for
containerized volumes. Data from ISL Bremen on the NUTS-2 level provides an overview
for all relevant ports. The governorates differ hereby in the volume which is highest in the
southwest and west and in the distribution among the ports. As can be seen in Figure 1,
the ports of Rotterdam and Antwerp are strong in the western, southern and central areas
while the German ports are strong in the eastern and northern areas.

Table 1. Economic statistics of NUTS-2 administrative areas of NRW.

Name NUTS-2 Population GDP Total (mio. €) GDP per Capita (€)

Düsseldorf DEA1 5,202,817 211,611 40,680

Köln DEA2 4,469,420 187,100 41862

Münster DEA3 2,624,201 86,691 33,035

Detmold DEA4 2,055,812 76,775 37,345

Arnsberg DEA5 3,582,225 122,959 34,324

NRW - 17,934,475 985,136 39,678

(a) (b)

Figure 1. Market Share of Ports in NRW (2018) based on data from ISL Bremen. (a) Map; (b) Statistics.

2.2. Transport Infrastructure

NRW is well connected to rail- and waterways through a multitude of terminals.
There are basically three kinds of terminals in NRW: dedicated barge terminals, which are
located at the two major rivers Rhein and Ruhr, dedicated rail terminals mostly located in
high industrial and population density areas and so-called trimodal terminals that serve
both barge and rail connections. According to www.intermodal-map.com (accessed on 25
November 2022), there are 20 trimodal (both barge and rail), 3 barge and 17 rail terminals
in NRW, distributed over the whole state. Figure 2 shows relevant terminals in the area
of NRW with the respective rail- and waterways. NRW is also part of two major TEN-T
corridors [38]. The North Sea-Baltic corridor (No.2) connects the western ports through

www.intermodal-map.com
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NRW eastward to most major ports and the whole Baltic region. The Rhine-Alpine corridor
(No.6) connects NRW to the western ports of Antwerp and Rotterdam and runs all the way
down, mostly parallel to the Rhine river, to northern Italy and the Port of Genoa. Being
part of these corridors further highlights the strategic position of NRW and its divide in
competition of both port regions. Figure 3 depicts both corridors.

(a) (b)

Figure 2. Intermodal Terminals in NRW. (a) Train Terminals and Railways; (b) Barge Terminals
and Waterways.

(a) (b)

Figure 3. TEN-T corridors through NRW (CC BY-SA 4.0). (a) Corridor 2—North-Sea-Baltic; (b) Corri-
dor 6—Rhine-Alpine.

3. Modeling Hinterland Competition of Northern Range Ports

Modeling port hinterlands using containerized data in combination with hinterland
connectivity and GIS data has been shown as a valid approach by Macharis and Pekin for
the Antwerp hinterland as they investigated subsidies for different transport modes [39].
Modeling port competition has been a field of wide application. Zondag et al. have
modeled port competition using a maritime, port and hinterland component [40]. In the
study at hand, the ideas of both approaches are combined to investigate the impact of
measures on port competition through potential hinterland scope. The use of simulation
modeling, as done in this study, allows to assess different properties of shippers, changes
in infrastructure and the effect of policies dynamically in one experiment. The stochastic
component of the simulation allows to assess dynamic components like schedules and
capacity, where precise data for these model components is not available.

This is done by depicting port competition through hinterland connectivity in a
stochastic model. The model simulates a transport chain from NRW to the Port of Shanghai.
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This relation was chosen, as China is the largest overall trading partner with high frequency
and volume of containers and ships and all ports close to NRW have connections to
Shanghai. Shanghai has also the largest port worldwide. On the European side, the model
incorporates major relevant ports for NRW in the northern range (Antwerp, Rotterdam,
Bremerhaven, Wilhelmshaven and Hamburg), their hinterland connectivity for intermodal
rail and barge services and a road network based on actual map data to allow for a proper
assessment of different transport distances, especially for intermodal precarriage and
unimodal transport via truck. For deciding among transport alternatives, a cost function
for shippers has been implemented that incorporates transport, handling and transport
time costs. Additionally, the cost function holds a parameter for a carbon tax rate that,
multiplied with the specific emissions of each transport mode, allows for an assessment of
the additional costs incurred by it. Looking at these additional costs, the impact of different
rates of a carbon tax on hinterland scope for different ports can be assessed. As frequency
of intermodal hinterland connections is a relevant component in mode choice [19], it is
modeled stochastically. Finally, as we assume that shippers usually cannot fully determine
the exact price of a transport relation and hinterland scope usually is not drawn by clear
lines, a cost tolerance component for the hinterland component is added. All components
of the model are subsequently described in detail.

3.1. Model Structure & Content

The model depicts a typical transport chain from NRW to Shanghai. This transport
chain consists of a hinterland component, from a location in NRW to a maritime port
and then from this port on to the Port of Shanghai. Within the hinterland component,
the intermodal terminal structure and the road network are incorporated to allow for a
detailed assessment of this leg. Figure 4 shows the transport chain depicted in the model.
For modeling, AnyLogic, a tool for a wide range of simulation applications, has been used.
Within the model, administrative areas, the relevant ports and terminals, the road and
intermodal network have been depicted. Figure 4 shows the visual representation of the
model in AnyLogic Professional 8.7.

Figure 4. Transport Chain of Model from NRW to Shanghai (P.R. China).

3.1.1. Geographical Coverage and Shippers

NRW is divided into 5 NUTS-2 level governorates, which are further divided into
53 NUTS-3 districts. The areas on the NUTS-3 level are incorporated into the model with
the borders taken from the AnyLogic GIS map function. Within these areas a parameterized
number of random shippers are placed. By default the number of shippers is set to 100 per
NUTS-3 area and are distributed randomly over the whole area which, with 53 NUTS-3
regions, sums up to a total of 5300 simulated shippers in the model. Each shipper is
assigned a weight depending on the area it is located in. This weight should represent
differences in economic power and amount of containerized transports. To calculate this
weight, the historic numbers from containerized transports on the NUTS-2 level are taken
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and distributed by regional GDP per capita on the NUTS-3 level regions. The table with
these calculations can be found in the Appendix A.

3.1.2. Ports and Maritime Component

Within the model, the five relevant ports of Antwerp, Rotterdam, Bremerhaven, Wil-
helmshaven and Hamburg are included. They are represented by their GIS coordinates.
As the model includes the maritime connectivity, frequency and transport time for the
considered maritime connection to Shanghai, are averaged over the 5 fastest connections
to the destination. Table 2 shows the used data. This way, the advantage of port of call
position of the western ports in the model can be accounted for which brings an advantage
in transport time. For the study at hand, it is assumed that both port handling and maritime
transport are having the same cost across all ports. This enables a focus on the hinterland
component of transport. Yet there is still a distinction between the ports, with the maritime
transport leg taking different time and the ports having varying frequency for maritime
connections to Shanghai.

Table 2. Maritime Frequency and Transport Time to Shanghai per Port.

Port Frequency per Month Transport Time (d)

Antwerp 30 30
Bremerhaven 5 31
Hamburg 21 32
Rotterdam 34 30
Wilhelmshaven 2 31

3.1.3. Road and Intermodal Network

For a proper representation of the intermodal network, and possibility to compare
with other modes, accurate road network and the corresponding intermodal terminals, both
barge and rail are incorporated into the model. The road network, relevant for unimodal
transport as well as pre- and on-carriage, is depicted using data from Open Street Map [41].
For practicability, the road networks from Germany, Netherlands and Belgium, relevant
for the connections to the relevant ports, have been joined together for further use in the
AnyLogic simulation model using the Osmosis Tool [42]. With this map data, a routing
graph is created within AnyLogic using the highest accuracy setting.

Intermodal connectivity for hinterland chains can be viable from as low as 100 km [19],
especially for port hinterland chains, in contrast to the often propagated 300 km minimum
distance for continental intermodal transport, which has been challenged by Meers et al. [33].
Therefore, for inclusion of the relevant terminals, distance plays only a minor role to be
included in the model. The main criteria is a direct connection to the respective ports.
The rail and barge terminals were identified through the port websites, including the
distance and frequency of the connection. Additionally, terminals in 50 km proximity of
NRW are considered as well. Just like the ports, the location of the terminals are set by
GIS coordinates. Each terminal is defined by its main carriage distance to the ports and
the frequency of the connection, which are obtained through the port websites or through
estimation by Google Maps and Web search. The used distances and frequencies for the
intermodal connections can be found in the Appendix A.

3.2. Cost Function

To determine a shipper’s choice for a transport mode and port, a stochastic cost func-
tion is built. This cost function incorporates the actual transport and transshipment costs for
uni- and intermodal transport, costs for the transportation time which is influenced by the
intermodal and maritime transport frequency and the costs of carbon dioxide emissions for
the different transport modes. Finally, as we assume that shippers’ information regarding
cost is usually not perfectly accurate, a fuzziness component for shippers’ decisions has
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been implemented. The costs at the ports are assumed as equal, same with the cost for
transshipment at all terminals involved.

3.2.1. Transport Costs

The transport costs consist of a hinterland component (uni- or intermodal), their
respective carbon tax costs and a port and maritime component. To understand the
assumptions of the model, all components are explained in detail.

Uni- and Intermodal Transport Costs

The cost for unimodal transport is the distance traveled determined by the routing
graph multiplied with a fixed cost function per kilometer. For intermodal transport, the cost
for trucking in the precarriage is determined like this as well. Additionally, the main-
carriage cost is determined by the distance of the intermodal leg multiplied by a cost factor
per kilometer. This cost factor is different for barge and rail and within rail transport,
cross-border transport is given an additional penalty as regulations increase costs. The cost
of the transshipment itself is priced in with 60 € per operation.

Carbon Dioxide Emissions and Tax

The carbon dioxide emissions per mode of transport, which are subsumed by the
German Federal Environment Agency (Umweltbundesamt), have been estimated in several
studies. For this study, we rely on the values per mode, publicized on their website [43],
which per ton-kilometer are 113 g for trucking, 17 g for electrified rail at the average German
electricity mix and 30 g for barge transport.

Summary of Assumptions

Table 3 sums up the assumed transport costs, speed and carbon emissions per mode.
We assume a weight per TEU of 24to, the maximum permissible weight, as in this case
intermodal transport benefits the most and the potential hinterland for intermodal trans-
port shows an upper boundary. Alternatively, and for further studies, a weight average
or distribution of some sort could be used. This way, total carbon emissions per kilo-
meter of transport and an estimation of the change in transport price can be calculated.
For simplification reasons, a unified carbon tax for all countries involved is assumed.

Table 3. Cost and Carbon Dioxide Emissions per Mode and TEU.

Mode Cost per TEU km Speed CO2 per tkm CO2 per km
(24to/TEU)

Truck 2 € 80 km/h 113 g 2.712 g
Train (Germany) 1.3 € 50 km/h 17 g 408 g
Train (cross-border) 1.4 € 50 km/h 17 g 408 g
Barge 1.1 € 20 km/h 30 g 720 g

3.2.2. Final Cost Function

The final cost function for the transport chain comes out as follows:

(1) ctotal = ctransport + ctime
(2) ctransport = dpre ∗ (ctruck + etruck ∗ taxcarb) + dmain ∗ (cim + eim ∗ taxcarb) + ctransship

(3) ctime = (dpre/struck + wterminal + dmain/sim + wport + tmaritime) ∗ ccapital

The main function (1) consists of two parts, a transport cost and a time cost component.
The transport cost component (2) is determined by a pre- and main-carriage leg with
the cost of transshipment in case of intermodal transport. The costs for precarriage are
calculated by distance to terminal multiplied by the cost of trucking per km. In case of
unimodal trucking, this represents the whole journey to the port. With intermodal transport,
the cost for main-carriage is calculated by the distance to the relevant port multiplied by the
mode-specific cost. The transshipment costs are added flatly. The carbon tax component
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is added at the transport cost per km with each mode by multiplying its emissions per
km with the carbon tax rate. The cost for transport time (3) consists of the time used for
precarriage, depending on the speed of mode, the potential waiting time at the terminal in
case no immediate departure is possible, the transport time by the main-carriage depending
on the distance and speed of the mode. At the port, depending on the maritime frequency,
a waiting time occurs as well. Finally, the time for the maritime transport is included in
the equation. The time component is then multiplied by a capital cost factor representing
an average container value. This value is set to 12 € per day as advised by a professional
from a major port. Yet, the value of time can be assessed more thoroughly as done by
Santos et al. [44] in their study regarding short sea shipping in Europe and take much
higher values, depending on the value of goods shipped in a TEU.

3.2.3. Validation and Verification

The cost function and the costs for the different transport modes, time and trans-
shipment costs, have been discussed in workshops with a port representative. While the
absolute rate of costs should give a good first indication of potential hinterland scope,
the variable component of carbon tax will enable the analysis of the shift in potential
hinterland scope as the conditions for all ports are, aside from the distance and connectivity
to NRW, the same. Nonetheless, even when the verification attempts to create potential
hinterland scope as close to reality as possible, results should be verified further with actual
port hinterland data, yet data availability and detail play a crucial role in this case and were
not available for the study at hand. More localized investigations could solve this issue, yet
it would require adjusted research design.

3.3. Stochastic Components
3.3.1. Intermodal and Maritime Connectivity

The frequency of intermodal connections is taken into account through stochastic
probability. Langen et al. [19] stated in their empirical assessment of intermodal connectiv-
ity in Europe, that the probability to choose intermodal transport is highest with at least
4 trains/barges per week. Additionally, with greater distance from the port, the frequency
of intermodal connections matters less in mode choice. As no proper stochastic function
for empirical frequency assessment has yet been determined, for practicability reasons,
the frequency in our model determines the potential waiting time for an intermodal connec-
tion. Meaning that a connection running once weekly can potentially lead to a hypothetical
waiting time of 7 days until the intermodal connection is reached. This rewards intermodal
connections with high frequency, yet allows shippers to choose less frequent terminals at a
lower probability as well. Information about intermodal and maritime connections can be
obtained through different information systems, yet their precise schedules are not widely
available. To still account for the frequency of intermodal connections and to honor higher
frequencies as being beneficial to shippers, the frequency of these connections is part of the
cost function. After determining the frequency of a connection, it is spread out evenly over
the course of a week. For each shipper, a randomized waiting time for the next intermodal
or maritime connection, based on the frequency, is drawn. This essentially means, that for a
connection running every day of the week, the potential waiting time at a terminal or port
is a maximum of one day, while a connection running twice a week it becomes a maximum
of 3.5 days. This component essentially says, that a higher frequency leads to a smoother
transport experience while still keeping the chance for lower frequency connections to be
utilized stochastically.

3.3.2. Fuzziness of Shippers’ Cost Determination

As an assumption, shippers usually do not have completely perfect information re-
garding the price of transport alternatives which results in the choice of assumed equivalent
alternatives. Following this assumption, potential hinterland scope is not drawn by clear
lines between ports anymore but is represented by a fuzzy area of influence, which we
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assume comes more close to reality. Therefore, a tolerance function has been incorporated
to account for this. The tolerance function for price essentially takes the transport costs
for the hinterland component of the transport chain’s best option and adds a tolerance
factor to it. Any transport alternative that is within this range becomes a valid transport
option. For each mode/port combination only one alternative is added to the options.
Among these possible transport options, a random function chooses any of the available.
The tolerance function can be adjusted between 0% and 20%. For the simulation runs,
a cost tolerance of 5% is assumed, which means that a transport option costing 100 € and
an alternative costing 105 € will be treated as having the same utility. This essentially blurs
the lines of potential hinterland scope to a more realistic level, as large areas are narrowly
contested by different ports by cost.

3.4. Model Logic

For initialization, the preset number shippers are randomly placed within each NUTS3
region and assigned a weight for their economic relevance from a database. Intermodal ter-
minals are placed according to their GPS coordinates and parameters regarding frequency
and distance to each port are loaded. The road network is loaded from the previously
calculated routing graph. To determine the best shipping options, each shipper evaluates
the distance to the nearest terminals. Among the terminals, for barge and rail each, a pre-
set number is kept for further evaluation, five in the standard setting. For each possible
transport alternative, with different mode and port/terminal combinations, a shipping
option is calculated which leads to one unimodal and up to eleven intermodal connections.
In the presetting, a maximum of 55 shipping options are evaluated for each shipper. The
costs of all shipping options are determined and sorted. Among the cheapest options,
if within the cost tolerance, a list of potential shipping options is determined. Here, every
mode/port combination can only be added once to the result set as otherwise intermodal
connections would be at an additional advantage as there are potentially multiple connec-
tions within the tolerance range, skewing their chances to get chosen. Within this result set,
a random function chooses an alternative and sets it as the best option. Finally, the best
shipping option, with their economic weight, is added to statistics variables to allow for an
assessment of port and mode shares. As the model incorporates stochastic components,
a number of reruns can be set. This repeats the determination of the best shipping options
and averages out differences in results due to the influence of randomization. For the
experiments, we made 10 reruns for each simulation and averaged the results. A higher
number of reruns did not change the results further but increased runtime, which is why
we opted for this setting.

4. Results

The model allows for the investigation of two different perspectives. First of all, it
allows to assess the mode shift per port. Here, the scope of each port, depending on
different carbon tax levels, can be displayed. By combining the mode scopes of all ports,
the port competition in NRW and the implications of a carbon tax for it, can be analyzed.

4.1. Initial Port Potential Hinterland Scope

When looking at the base scenario, a carbon tax of zero, the investigated ports differ
by their mode scope. This can be analyzed for each port individually and subsequently
for the combination of all ports. Figure 5 shows the initial potential hinterland scope of
each investigated port by their modes in a no carbon tax scenario. The western ports of
Antwerp and Rotterdam have three different modes to choose from. In the south of NRW,
barge transport is the most advantageous mode. This is due to the Rhine river, which
flows through its center. In central NRW, the most populous area, rail transport is most
advantageous. At the fringes of the state, at the western border for Antwerp and in the
northern border of NRW for Rotterdam, trucking has an advantage. For the German ports,
the situation looks different. As there are no direct barge connections from NRW to these
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ports, the mode competition is between truck and rail transport. The scope of Hamburg
and Bremerhaven looks similar, differing by their distance to NRW. The western and central
parts of NRW, with their high density of population and terminals, is attractive for rail
transport. The eastern part of NRW, due to its close proximity to the German ports and lack
of good terminal connections, is best reached via trucking. The situation of Wilhelmshaven
is different. Due to its currently poor intermodal and maritime connectivity, its modal
scope is currently mostly trucking. As terminals near the southeastern border of NRW
serve Wilhelmshaven via rail, small parts of this area are attractive for rail transport. When
overlaying the potential hinterland scopes of the different ports, the competitive situation
between them can be compared. The map of this overlay is shown in Figure 6. As expected,
the western part of NRW is best reached by Antwerp and Rotterdam while the eastern
part is divided between the German ports of Wilhelmshaven, Bremerhaven and Hamburg.
In the eastern part of NRW, Hamburg and Bremerhaven compete roughly for the same
areas as both ports have a similar distance and intermodal connectivity to them. Due to its
proximity, Wilhelmshaven is mostly competitive in the northern part of NRW via trucking.
This is due to its lack of good hinterland and maritime connections. In the western part,
Rotterdam and Antwerp compete for rail transport in central locations. The south and
southwest of NRW has a strong scope for barge, which is both utilized by Rotterdam
and Antwerp. The most southwestern part of NRW is dominated by Antwerp via barge
and truck.

(a) (b) (c)

(d) (e)

Figure 5. Potential hinterland scope per mode for selected ports in a no carbon tax scenario.
(a) Antwerp (ANT); (b) Rotterdam (ROT); (c) Wilhelmshaven (WIL); (d) Hamburg (HAM); (e) Bre-
merhaven (BRE).

4.2. Sensitivity Analysis for Carbon Tax Rates

With the model at hand, different rates of carbon tax can be analyzed. This can be done
with a parameter variation experiment. Sensitivity analysis, both on a port and a mode
basis, can provide interesting insights. For all cases, the carbon tax rate is set between 0 €
and 200 €, varied in 10 € steps. The different potential hinterland scope for modes per port
are displayed for the 0 €, 100 € and 200 € scenario. Additionally, a mode graph is displayed
that shows the mode share for all carbon tax rates from 0 € to 200 €.
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(a) (b)

Figure 6. Overlay of potential hinterland scope of all ports with no carbon tax scenario. (a) Scope by
mode; (b) Scope by port.

4.2.1. Belgian/Dutch Port Analysis

The Belgian/Dutch ports have the possibility to be reached by all three modes with
good connections via the rivers of Rhine and Maas and extensive connections via rail to the
industrial center of NRW.

Figure 7 shows the potential hinterland scope for Antwerp and Rotterdam at different
carbon tax rates. Initially at the zero tax scenario, Antwerp has a strong scope via barge
in the southwest, rail in the center and parts of the west in trucking. The situation for
Rotterdam is similar, yet the parts for trucking extend more to the northern part of NRW.
With an increase in the carbon tax rate, the borders for each transport mode scope become
more pronounced. For Antwerp, this leads to the south being ideally served via barge
while the area from the center to the east is best served via rail. Even if this trend can be
observed for Rotterdam as well, the distinction is not as strongly pronounced.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 7. Potential hinterland scope per Belgian/Dutch port with different carbon tax levels. ANT:
(a) 0 €; (b) 100 €; (c) 200 €; (d) Mode Graph; ROT: (e) 0 €; (f) 100 €; (g) 200 €; (h) Mode Graph.

4.2.2. German Port Analysis

For the German ports, as they are not reachable via barge transport, mode competition
is held between trucking and rail. Therefore, with an increase of the carbon tax rate, the area
of rail transport expands toward the port. This is especially relevant for shippers that
currently reside at the border of the modes’ scope. Figure 8 shows the potential hinterland
scope for the German ports for different carbon tax rates. The scope of Bremerhaven and
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Hamburg seem to be quite similar, with both ports having a similar good connection via
rail and being located in quite close proximity. Port of Wilhelmshaven’s scope is mostly
trucking as the port has only intermodal connections at terminals east of NRW. With an
increase of the carbon tax rate, both Hamburg and Bremerhaven extend their intermodal
train scope as the border for it moves eastwards. Most of the industrial and population
dense areas are best reached via intermodal transport with an increase in carbon tax rate.
For Wilhelmshaven, an increase in carbon tax rate leads to rail prone areas in the southeast
of NRW. Most of the scope, and the relevant scope in competition with the other ports,
stays to be trucking predominantly.

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Figure 8. Potential hinterland scope per German ports with different carbon tax levels. HAM: (a) 0 €;
(b) 100 €; (c) 200 €; (d) Mode Graph; BRE: (e) 0 €; (f) 100 €; (g) 200 €; (h) Mode Graph; WIL: (i) 0 €;
(j) 100 €; (k) 200 €; (l) Mode Graph.

4.2.3. Overall Port Analysis

When merging the different potential hinterland scopes of the ports for different rates
of carbon tax, an overall analysis of NRW can be conducted. This analysis is both interesting
from a mode and a port point of view, as there are areas both contested by port and by
mode. As most population and industry is located in central NRW, obtaining a beneficial
position compared to the other ports for this area heavily benefits the strength of a port’s
scope. Figure 9 shows this merge of the scopes of ports and modes with different carbon tax
rates. In the zero carbon tax scenario, a divide between eastern and western NRW clearly
shows. While the western part is ideally served via Rotterdam and Antwerp, the eastern
part is dominated by the German ports. Mode wise, the north is ideally served via trucking,
because of its proximity to the ports. The central and southern part is contested by train
and barge transport. An interesting point to note is that Antwerp and Rotterdam have a
way stronger position than the German ports, as they occupy the central areas of NRW
with their scope, which are having dense population and industry.
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 9. Overall potential hinterland scope per mode/port with different carbon tax levels. Mode:
(a) 0 €; (b) 100 €; (c) 200 €; (d) Mode Graph; Port: (e) 0 €; (f) 100 €; (g) 200 €; (h) Port Graph.

By an increase in the carbon tax rate, areas best served via trucking are expected to
remain in the northern and northwestern parts NRW, while more central parts shift to
intermodal transport. The center of NRW, also its most populous area, will be best served
via rail and an increase in carbon tax rate pronounces this even further. The rail transport
scope is expected to extend from the central areas, as precarriage and transshipment
becomes more feasible. Interesting to see is, that the rail transport also extends into the area
previously dominated by barge transport. This is further fueled by the existence of trimodal
terminals at the Rhine. Yet in the south of NRW, barge is expected to still dominate, even
with an increasing carbon tax rate.

When looking at port competition, Rotterdam seems to increase their scope with an
increase in tax rate. Mode wise, there is a shift from trucking to rail for Rotterdam. Antwerp
looses some scope via barge to rail and to Rotterdam. The German ports experience an
extension of their intermodal scope with trucking becoming increasingly unattractive. An
interesting point to see is that for Rotterdam the competitive situation improves, especially
competing with Antwerp. The situation between the western and eastern ports does not
seem to change much though, with the east west divide still clearly showing even at
the highest tax rate. Most of the shifts occur in the scope of ports between their modes.
This largely explains the increase in the rail transport scope as shown by the mode graph.
Especially trucking and barge transport are at a disadvantage, which also explains the loss
of scope for the Port of Antwerp. The competitive situation of the German ports does not
seem to change much though.

5. Discussion

With an increase of the carbon tax rate, a shift towards rail transport can be expected.
The scope of rail transport is strongest in the highly populated areas in central NRW. With an
increase the area extends toward the south into the barge scope and into the north into the
trucking scope. Between ports, the Port of Rotterdam is expected to improve its potential
hinterland scope due to its good position with rail transport to central areas of NRW.
As barge transport becomes less attractive with a higher carbon tax rate, the Port of Antwerp
is expected to loose hinterland scope and market share in consequence. The German ports,
in this model having a favourable scope mostly via trucking, seem to keep their hinterland
scope as this area is neither densely populated, nor has a high density in intermodal
terminals, yet their previously occupied scope shifts towards rail transport. For the highly
attractive area for transport demand in central NRW, the German ports are generally in
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a less favorable position compared to the western ports, as they are further away from it.
Competition between the German ports occurs in the eastern and southeastern part, where
the Port of Hamburg is expected to improve its intermodal scope.

Business implications can be drawn for various participants. The involved ports need
to reconsider which intermodal connections to foster and which terminals to include in
their hinterland network. This is especially interesting for the Port of Antwerp, as barge
transport despite its higher capacity might become less competitive. For intermodal
operators, the interesting areas for business opportunities change as well. Areas that
have not been interesting for intermodal connections become so through a rising tax rate,
especially in the eastern and northern part of NRW. Therefore, the implementation of
additional intermodal connections for areas that are feasible for intermodal transport can
attract additional cargoes. For shippers and forwarders, which transport modes in contested
areas and which ports to use for their exports, should be reconsidered as well. The already
densely populated area of central NRW is expected to see more fierce competition between
the ports involved. To relieve this area from transport demands, building of additional
terminal locations, especially at the fringes of NRW, can become viable. Especially locations
for intermodal terminals and connections to the German ports, still attractive to be served
via truck, should be assessed with an increase of carbon tax rate.

Politically, an increase in the carbon tax rate nationally might lead to a weakening
of national ports, especially in Germany, although a shift away from the Port of Antwerp
might be more significant. Considering national interests aside from most efficient transport
routes, the rise in carbon tax rates would need to be accompanied by other measures like
subsidies for intermodal rail connections or the building of new terminals in closer prox-
imity to the German ports. If following a transnational strategy, cooperation between the
countries involved to improve the efficiency of cross-border transport need to be fostered.

From a research point of view, the analysis of further environmental measures and
their implications on the competitive situation of actors involved is interesting. An aspect
especially interesting are side effects on economic variables of environmental measures,
especially when considering long grown infrastructure components and locations. This
means, that aside from the directly intended effect environmental measures might have,
their side effects on other areas, especially the competitive situation of actors involved,
becomes highly interesting and offers plenty of research opportunities. With climate
change advancing, additional policy measures are likely to be implemented, which allows
for various forms of research regarding their effects. In this way, research can lead to more
sound decisions and mitigation of the impact of environmental policy measures.

6. Conclusions

The article has investigated a case study of the hinterland scope of ports in the Euro-
pean northern range for NRW in the light of an environmental measure. A model regarding
mode choice, expanded by carbon dioxide emissions and intermodal frequencies, has been
created. The model has been applied to the case of NRW and changes in the potential
hinterland scope of each port have been estimated. The shift has been analyzed for different
carbon tax rates. The results show that the central and most populous parts of NRW become
heavily contested between multiple ports with intermodal rail becoming the dominant
mode. Therefore, the optimal intermodal connection to this area becomes crucial to compete
with other ports. As intermodal rail emits less carbon dioxide than barge transport, a shift
in areas previously dominated by barge can be expected. These shifts in transport and
mode demands will have impacts on economic circumstances of intermodal actors like
intermodal operators and terminals, port terminals and port authorities, shippers and
forwarders. The novelty of this research is the assessment of environmental policy on port
competition in a heavily contested region. The created model, due to the flexibility of the
simulation method, allows for further assessments of different policies and changes in
parameters for further studies.
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An important limitation of the study is the focus on potential hinterland scope. Even
though the input parameters have been validated, there is no validation of the results with
actual data due to data availability. This could be up for further investigation, yet would
probably require a more detailed research approach. The focus on transport time and
costs for determining the best transport option is a limitation as well as not incorporating
capacity availability for choosing the best option, which would favor truck transport.
Another limitation is the focus of the study on the region of NRW and the assumption of
uniform policies across the involved countries. As this neglects differences in policies for
simplicity reasons, it could impact meaningfulness.

Further research regarding the situation in NRW should investigate how and where
to establish new intermodal connections to cope with a rising carbon tax rate. Within this
investigation, the location and size of additional terminals should be investigated. This
analysis should not only include the level of detail in the study at hand but investigate
local implications of environmental policy change. A rising carbon tax rate might increase
stress on local transport capacities and lead to the need for additional provision of capacity.
As NRW is a special region, prone to port competition as shown, the applicability and
extension of the model towards further multi-port regions, would be an interesting addition.
As additional environmental policies can be expected to be implemented in Europe, their
effect on the port competition by altering the model, should be investigated. The occurring
side effects on economic variables through environmental policy provides a wide and
interesting field of research.
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Appendix A

Table A1. Containerized Data (Export) and Adjustment by Population and GDP per Employed Person.

Name NUTS Population GDP per Employee TEU by Pop. TEU by GDP

Düsseldorf (RegB) DEA1 5,202,817 74,896 567,741 567,741
Düsseldorf DEA11 619,631 91,568 67,615 130,631
Duisburg DEA12 498,572 77,215 54,405 47,565
Essen DEA13 583,123 74,404 63,631 66,111
Krefeld DEA14 226,967 74,066 24,767 24,270
Mönchengladbach DEA15 261,430 65,135 28,528 23,733
Mülheim an der Ruhr DEA16 170,858 73,178 18,644 15,960
Oberhausen DEA17 210,772 60,008 23,000 15,099
Remscheid DEA18 111,038 65,376 12,117 10,466
Solingen DEA19 159,400 68,595 17,394 13,430
Wuppertal DEA1A 354,248 74,314 38,656 34,717
Kleve DEA1B 311,177 62,800 33,956 25,139
Mettmann DEA1C 485,624 78,364 52,992 53,298
Rhein-Kreis Neuss DEA1D 451,170 89,661 49,233 49,483
Viersen DEA1E 298,907 65,150 32,617 22,762
Wesel DEA1F 459,900 65,268 50,185 35,079
Köln (RegB) DEA2 4,469,420 76,025 191,219 191,219
Bonn DEA22 327,462 94,325 14,010 23,812
Köln DEA23 1,085,767 84,530 46,453 65,825
Leverkusen DEA24 163,912 100,105 7013 8423
Düren DEA26 263,956 62,699 11,293 7733
Rhein-Erft-Kreis DEA27 470,307 85,095 20,122 17,397
Euskirchen DEA28 193,026 62,816 8258 5376
Heinsberg DEA29 254,165 60,351 10,874 6567
Oberbergischer Kreis DEA2A 272,402 67,841 11,654 9987
Rheinisch-Bergischer Kreis DEA2B 28,3441 65,081 12,127 7583
Rhein-Sieg-Kreis DEA2C 599,717 70,201 25,658 17,347
Städteregion Aachen DEA2D 555,265 67,807 23,756 21,170
Münster (RegB) DEA3 2,624,201 66,019 95,916 95,916
Bottrop DEA31 117,423 53,825 4292 2874
Gelsenkirchen DEA32 260,655 68,200 9527 8575
Münster DEA33 314,213 78,383 11,485 19,674
Borken DEA34 370,784 65,264 13,552 15,045
Coesfeld DEA35 220,064 63,773 8043 7000
Recklinghausen DEA36 615,269 64,053 22,488 17,298
Steinfurt DEA37 448,008 63,641 16,375 15,801
Warendorf DEA38 277,785 66,123 10,153 9650
Detmold (RegB) DEA4 2,055,812 68,665 158,435 158,435
Bielefeld DEA41 333,838 63,487 25,728 26,949
Gütersloh DEA42 364,499 75,924 28,091 35,022
Herford DEA43 250,719 67,135 19,322 17,584
Höxter DEA44 140,645 61,465 10,839 8195
Lippe DEA45 348,442 65,522 26,853 21,588
Minden-Lübbecke DEA46 310,711 75,210 23,946 26,386
Paderborn DEA47 306,958 67,171 23,656 22,712
Arnsberg (RegB) DEA5 3,582,225 66,909 153,833 153,833
Bochum DEA51 364,731 63,703 15,663 14,820
Dortmund DEA52 586,863 68,403 25,202 27,451
Hagen DEA53 188,822 64,951 8109 7989
Hamm DEA54 179,161 61,724 7694 6368
Herne DEA55 156,353 58,505 6714 4560
Ennepe-Ruhr-Kreis DEA56 324,263 67,500 13,925 12,535
Hochsauerlandkreis DEA57 260,366 63,521 11,181 11,790
Märkischer Kreis DEA58 412,198 70,626 17,701 19,276
Olpe DEA59 134,773 70,185 5788 6901
Siegen-Wittgenstein DEA5A 278,041 71,248 11,940 13,987
Soest DEA5B 301,781 68,624 12,960 13,149
Unna DEA5C 394,873 66,649 16,957 15,006
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Table A2. Intermodal Terminal Distance and Frequency to Ports.

Terminal Mode ANT ROT WIL BRE HAM

Andernach barge - 380 km|2× - - -
Bonn barge 300 km|5× 335 km|14× - - -
Cujik barge 160 km|5× 140 km|5× - - -
Dormagen barge 200 km|2× - - - -
Dortmund barge 330 km|2× - - - -
Düsseldorf barge 315 km|2× 255 km|3× - - -
Duisburg barge 275 km|13× 215 km|20× - - -
Emmelsum barge - 220 km|5× - - -
Emmerich barge 205 km|3× 145km|15× - - -
Genk barge 90 km|5× - - - -
Koblenz barge 395 km|2× 455 km|3× - - -
Köln barge 360 km|5× 300 km|6× - - -
Krefeld barge 210 km|5× 210 km|6× - - -
Liege barge 140 km|5× - - - -
Neuss barge 320 km|7× 260 km|7× - - -
Oss barge 160 km|4× - - - -
Roermond barge - 215 km|3× - - -
Venlo barge 250 km|4× 190 km|5× - - -
Venray barge 230 km|11× 170 km|6× - - -
Voerde barge 240 km|5× - - - -
Beiseförth train - - 375 km|3× 340 km|3× 350 km|3×
Bönen train - - - - 315 km|2×
Coeverden train - 215 km|3× - - -
Dortmund train - - - 280 km|1× 325 km|5×
Düsseldorf train - 225 km|5× - - -
Duisburg train 260 km|3× 240 km|33× - 335 km|1× 380 km|7×
Emmerich train - 160 km|8× - - -
Genk train - 90 km|3× - - -
Göttingen train - - - - 250 km|1×
Kassel train - - 320 km|8× 290 km|8× 290 km|8×
Köln train - 275 km|6× - 400 km|2× 440 km|14×
Minden train - - - 200 km|1× 225 km|4×
Neuss train 260 km|5x 225 km|9× - - -
Osnabrück train - - - - 230 km|7×
Veghel train - 130 km|3× - - -
Venlo train - 185 km|6× - - -
Warstein train - - - - 375 km|2×
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