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ABSTRACT 

In this paper we design a Physical Internet (PI) network consisting of interconnected intermodal 
transportation hubs. We use a set of existing European intermodal terminals as the basis for the 
design and in order to make the model more realistic. In the design of the network we employ 
environmental  criteria that prioritise non road connections between the hubs. We analyse the 
characteristic of the obtained network in terms of structure, efficiency, and environmental 
performance, using graph analytical methods. 
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1 INTRODUCTION 

1.1 Background  
Logistics ‘hubs’ are location where several logistics activities are concentrated. When there are  
more than one transport modes available at the hub, with transhipment facilities between modes 
we have the case of an intermodal or multimodal terminal. By definition, a hub replaces  point to 
point connections between locations, and by sharing logistics resources it achieves in principle 
economies of scale.  

To do so however, the hub must fulfil certain criteria.  Currently logistics hubs are designed with the 
main criteria of the types of economic activities they serve, types of markets they serve, and their 
proximity to transport and logistics infrastructure (roads, ports, etc). The Physical Internet (PI) is a 
paradigm for logistics, inspired by the digital Internet that advocates open, interoperable transport 
services based on open standards and interfaces, and the interconnection of logistics networks into 
a single network of networks [1].  Hubs (or PI-hubs in PI terminology) are building blocks of the 
Physical Internet that perform consolidating, de-consolidating, and relaying (via transloading or 
transhipping) of cargo through PI. 

1.2 Rationale for this research 
Current  research for PI focuses on estimating PI’s potential  for economic, environmental, and 
societal efficiency and sustainability improvements. PI research is however, still in its infancy, with 
only a few reported research studies and pilots. One of them includes a  simulation-based PI 
assessment study focusing on the transportation of consumer goods in France, exploiting data 
between two top retailers and their 106 top suppliers, [1]. More studies, therefore, are required to 
explore its potential and to serve as a promoter for PI adoption. The purpose of this paper is to 
investigate through conceptual modelling and analysis, PI’s potential environmental performance 
impact through modal shift, i.e. by moving cargo away from roads to more environmentally friendly 
(lower emission producing) modes such as rail and water.  To make the study as realistic as possible 
we base our PI network on existing European intermodal terminals. We assume connectivity 



between such terminals that prioritise rail and water modes over road. We analyse the structure, 
complexity, and potential efficiency of the resulting network. 
The organisation of the paper is as follows: The next section presents the methodology and design 
rules for creating a conceptual PI network. Section 3 discusses the analysis of this network from both 
environmental and logistics efficiency perspectives. Section 4 concludes with a discussion of the 
significance of the research findings and the scope for further research. 

2 PI NETWORK DESIGN RULES 
 
Physical Internet transportation network design was first tackled by Ballot, Gobet, and Montreuil [1]. 
In our approach, we assume the PI network to consist of interconnected PI hubs. This follows the 
classical  hub and spoke network design pattern, where  a centrally situated terminal  is used as a 
hub so all transport passes through it (after consolidation, transloaded or transhipped to different 
transport units [2].  A main advantage of this approach from an economic perspective, is good 
market coverage, where there are insufficient volumes for direct trains between different origins 
and destinations. In this study however, we  consider environmental rather than logistics  
performance. 
 

 
Figure 1 geographical coverage of the proposed PI network 

 

We use as a starting point, the locations of intermodal terminals in Europe, obtained from previous 
studies such as the AGORA/Marco Polo EU project (http://europski-fondovi.eu/content/agora-
marco-polo-project ).  Some of these terminals are shown in the map of Figure 1. For scalability 
reasons we focus the study on terminals located in Austria, Czechia, Germany, Hungary, Poland, 
Slovakia, and Switzerland.  A total of 200 intermodal terminals were considered. As implied by the 
term ‘intermodal’,  these terminals support at least two transport modes (where one of them is a 
road connection). Thus, in principle all terminals are interconnected (via at least road), i.e. the initial 
network is a strongly connected graph. However, we want to deprioritise road connections over rail 
and water connections. Therefore, we consider rail and waterways connections between two 
terminals where these exist.  We assign ‘environmental’ weights  to the different modes of 
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connection i.e. weights of 1,2,3 for waterways, rail, and road respectively,  to attribute different 
environmental costs to these modes (with waterways transport being the most environmentally 
friendly). 

We then calculate the minimum spanning tree of the PI network. As per the definition of spanning 
tree, this is a connected graph that connects all nodes with the minimum total cost. In our case, the 
obtained minimum spanning tree is the PI network that minimises the total environmental cost by 
employing the ‘greenest’ modes where possible while maintaining network connectivity. 

This environment optimised network is shown in Figure 2. It consists of 200 nodes (hubs)  and 199 
edges (direct connections between hubs). As this is still a fully connected graph, every hub is 
reachable from every other hub directly or indirectly, through a number of intermediate hubs. In the 
following section we analyse and discuss the properties of the obtained network. 

3 RESULTS AND DISCUSSIONS 

3.1 Proposed PI Network Structure and Characteristics 
The diameter of the network shown in Figure 2 is 6, which is the largest number of nodes that need 
to be traversed in the network in the longest shortest path. In logistics terms, this gives an estimate 
of the number of maximum ‘hops’ or intermediate transfers for cargo to be routed from one end of 
PI to another. 

The shape of the PI network as clearly shown in Figure 2,  is that of several  hub clusters, where each 
cluster connects to other clusters with only a few links. This is the result of  the geographic 
concentration of the intermodal terminals used in the study, and on the fact that long distance non 
road connections (i.e. rail links and waterways)  are few, compared to roads. 

Another interesting property of the network is the degree centrality  and intermediacy (‘in 
betweenness’) of nodes. Degree centrality provides a measure of the importance of the node/hub in 
the overall network. This is consistent with the concept of ‘hub’ itself where a hub typically has many 
ingoing and outgoing connections. Intermediacy focuses on the role of the node  as an intermediate 
location connecting other nodes along  shortest paths, and therefore provides a measure for the 
importance of the hub for the overall connectivity of the network.  

As per the above definitions, the  average maximum and minimum connectivity degrees of the hubs 
were calculated as 1.99, 53 and 1, respectively. This means that on average a hub is connected to 
approximately two other hubs, while some hubs exhibit a  much higher than average degree of 
connectivity (mainly due to their location in the network). Similarly, the degree centrality of a node  
is the fraction of nodes it is connected to. The average, maximum and minimum centrality degrees 
were calculated as 0.009, 0.266 and 0 respectively, which means that on average a hub connects to 
~1% of the other hubs, while the maximum  degree of connectivity is ~25% which concurs with the 
measurements obtained for connectivity degrees. 



 

 
Figure 2 the minimum spanning tree of connected hubs in a PI network 

Betweenness centrality of a node is the sum of the fraction of all-pairs shortest paths that pass 
through it. Correspondingly, the average, maximum and minimum betweeness centrality degrees for 
the hubs were calculated as  0.014, 0.854 and 0. A betweenness degree of  0, indicate that a node is 
not an intermediate node in any shortest path. On average therefore,  a hub is located as an 
intermediate point at only  ~1.4% of all shortest paths. 

3.2 Environmental performance analysis of the proposed network 
In 2017, according to EUROSTAT [3], road transport accounted for 76.7 % of the total inland freight 
transport, followed by rail and inland waterways transport (17.3% and 6.0% respectively). Moreover, 
in  2017,  road was the leading mode of freight transport at intra-EU level (51.5 %) followed by 
maritime transport (32.4%) and rail transport [3]. 

Analysis of our proposed PI network revealed its mode share to be: 19.6% for road, 61.8% for rail 
and 18.6% for water transport. This means that the model significantly improves the environmental 
modal split compared to its current state.  

However, the above results should be considered in the context of several limitations and 
assumptions made by the proposed model. First, actual cargo levels are not considered in this 
model. For instance, cargo volumes could be significantly higher in the road links of the proposed PI 
network, compared to the rail and waterways flows, thus reducing the overall positive 
environmental impact.  Also, it  should be taken into account that the particular area of Europe 
chosen for the study, benefits from the availability of waterways that are suitable for transportation. 
As mostly mainland hubs were used in the study, it is more difficult to compare the modal shift for 



maritime transport. As no flows to destinations outside the EU hubs was considered, it is also 
difficult to compare the results to modal splits for a wider region (i.e. outside the EU).  

3.3 Cost/efficiency analysis 
Sandberg et al [4]  presented  a model for  generalized transport costs of an intermodal transport. 
Amongst other, they  found that the required long-haul distance required to make intermodal 
transport preferable increases when handling costs at terminals increases. This means that handling 
costs are a deterrent for the adoption of multimodal transport. It is also known that shippers 
consider the multiple handling (i.e. for transloading or transhipping purposes) of cargo required for 
multimodal transport to increase transportation risks. It is therefore important that the number of 
changeover points-intermediate hubs, is minimised. Analysis of the proposed network indicated that 
3.75 intermediate hubs (corresponding to the same number of transloading or transhipping 
operations) were involved in the average route. The maximum and minimum number of 
intermediate hubs were calculated as 6 and 0 respectively and correspond to the longest routes in 
the network and to cases where two hubs are connected directly to each other.   A similar analysis 
calculated the average mode change per route to be 0.663. This means that on average there will be 
no mode change at the hubs (unimodal transport). For some types of shipping scenarios, such levels 
of  transloads/transhipments   could be considered unacceptably high. Compromises could be 
sought, involving for example partial use only  of the PI network. 

4 CONCLUSIONS 
Transport hubs can be seen as transportation solutions  that overcome the economic and social 
challenges  within a region, addressing cargo flow imbalances, infrastructure limitations, and so on, 
and improving  accessibility to markets, enhanced reliability, reduced transport costs, economies of 
scale, enhanced efficiency and production capacity [5].  

Statistics also indicate that most cargo is transported via intermediate nodes rather on a single end 
to end transport link. The French ECHO survey, for instance, reveals that nearly 47% of shipped tons 
are transported via transport chains, while around 46% are transported using one mode only 
(Guilbault, 2008 in [6]). Indeed, transporting goods directly or by using one mode only can be 
inefficient from an environmental perspective, or even impossible sometimes. 

This paper presented a proposal for an open transportation network based on interconnected 
transportation hubs that tries to optimise the use of non-road transportation links. Conceptual 
analysis of this network found it to significantly improves the mode split towards more 
environmentally friendly nodes. 
 
 However, there are several challenges that need to be overcome before more environmentally 
friendly PI networks are adopted. These include economic challenges, juman resource challenges,  
stakeholder and customer challenges, and  operational challenges. 

Therefore, more theoretical analyses and practical pilots are required in order to understand the 
true environmental potential of PI networks and to identify measures and enablers for their 
adoption. 
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