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Over the last thirty years, intermodal freight transportation has been a constantly 

expanding sector. The vast increase of freight volumes contributes to the increase of 

various issues in the freight corridors as well as the urban environment. The 

deterioration of congestion in the urban environment and the increase on freight 

movements on the highways have resulted in the increase of emissions. For this reason, 

new policies and regulations are put forth to address the environmental effects of freight 

transportation. This study deals with the intermodal freight network design problem 

from the shipping company's perspective, aiming to simultaneously minimize emission 

levels and cost of freight transportation. We propose a mathematical model for 

optimizing the design of an intermodal freight network and the location of intermodal 

hubs between the origins and the destinations, under delivery time constraints. The goal 

is to identify the mode choice patterns considering transport cost and emissions, and 

the effects of new emission regulations on network costs. We consider a network with 
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marine terminals as the origins, inland intermodal terminals as the hubs, and fulfillment 

centers as the destinations. Numerical experiments highlight that the proposed model 

can provide useful insights to the shipper.
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1 Introduction

 
1.1 Intermodal Freight Transportation 

Intermodal freight transportation has evolved in a sector of its own since the early 

1990s, due to the significant growth of international trade (1, 2). The rise of intermodal 

transportation has occurred at the same time as the increase in the amount of transported 

freight and the change in requirements of integrated value (supply) chains (3). An 

example that highlights the advancement of intermodal transportation is the rapid 

growth of freight volumes that is transferred through intermodal rail terminals. 

Specifically, the handled rail intermodal volume has increased from 5.6 million units 

in 1990 to 13.7 million units in 2017 (4). Additionally, according to the Bureau of 

Transportation Statistics the total tonnage handled at principal ports in the U.S. has 

increased from 2.53 billion, in 2015, to 2.63 billion, in 2017 (5). Table 1 illustrates the 

container traffic from 1993 to 2005, which shows the vast growth of containers and 

hence freight traffic during this period.  

Table 1: World Container Traffic (Source: Crainic et al., 2007 
(9)) 
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Figure 1: Global Top 20 Ports by Cargo Throughput, 2016-2017 (United Nations Conference on Trade 
Development (UNCTAD), Review of Maritime Transport 2018) 

Figure 1 shows the rapid growth of container movements as measured at the largest 

ports worldwide, between the years 2016 and 2017. It is apparent that the container 

volumes have increased significantly in most of the marine ports presented by this 

study.  

 

Figure 2: Modal Freight Share by Tonnage, 2012 and 2045 (FHWA, 2016) 

 
Additionally, Figure 2 indicates the raise that is expected for freight transportation, per 

mode, for the year 2045. Even though the prediction for the freight demand growth is 
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6.5 billion tons increase, the mode share seems to remain almost the same with truck 

transportation having the biggest share.  

 
Intermodal transportation is a type of multimodal transportation. Multimodal 

transportation is the type of transportation that uses at least two different modes of 

transportation, while intermodal is multimodal transportation that uses the same loading 

unit from an origin to a destination without handling the goods when changing modes. 

Other types of multimodal transportation are co-modal and synchromodal (1, 6). 

  

Service network design includes selecting the routes for the services that are offered 

and the determination of the characteristics of each service. The service network design 

typology for intermodal transportation is depicted in Figure 3, as seen in Caris et al. (7). 

For the maximization of the utilization of intermodal transportation, it is important to 

use consolidation systems. In a consolidation system, lower volume of cargo is 

transferred to a consolidation center, bundled into larger flows, and transported by high 

frequency and high-capacity multimodal services. In most studies, the consolidation 

systems are configured as hub-and-spoke networks, with the hub being a freight 

handling (consolidation) facility. In these cases, the location of hubs is determined and 

spoke nodes are allocated to the hubs (8).  

 

Intermodal freight transportation systems are mainly based on the hub-and-spoke 

network. In a hub-and-spoke network, a set of origins and destinations are served 

through a set of intermediate points (i.e., intermodal hubs and (de)consolidation 

centers). Specifically, in such a network low-volume demands are transferred from the 

origins (local/regional terminals) to the hubs (airport, seaport container terminal, rail 
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yard, or intermodal platform) taking advantage economies of scale. Then, traffic is 

consolidated in larger flows at the hubs and transported to other hubs using high-

frequency, high-capacity services (9). Finally, the demand at the destinations is served 

through the transportation of goods from a hub to a demand point. Even though this 

type of network is able to utilize more efficiently resources, provide lower costs for 

shippers, and contribute to the establishment of higher frequency of service between 

origin-destination pairs, it can also create larger delays and lower reliability, because 

of longer routes and additional operations. 

 

 

The expansion of world trade provided the opportunity for significant economic 

growth, but the increase in freight movements and the rise of congestion have also 

generated a number of negative impacts on the environment. Additionally, the increase 

of the share of road transportation has raised the vehicle miles traveled and 

consequently the CO2 emissions produced by transportation. The handling process at 

the terminal also causes negative environmental impacts of transferring goods from an 

origin to a destination. Considering all above, the adoption of intermodalism in freight 

transportation can be more environmentally friendly compared to unimodal road 

Figure 3: Service network design typology (Source: Caris et al., 2013) 
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transportation (haulage). The combination of two or more modes for the transportation 

of one unit of product can help minimize CO2 emissions by reducing truck mileage. 

The fact that carbon intensity in intermodal transport is 46% less than the carbon 

intensity in truckload (10), illustrates the positive impact of intermodal transportation 

in the environment.  

 
1.1.1 Economies of Scale in Intermodal Freight Transportation 
 
Economies of scale is when the increase of the output capacity of a firm, fleet or plant 

causes total production costs to increase less than proportionately to the increasing 

output capacity (Figure 4). In transportation economies of scale can refer not only to 

the size of a firm, fleet or plant but also to the size of vehicles (11). Economies of scale 

are part of transportation systems and consequently they are part of intermodal 

networks too. Intermodal transportation magnifies the economies of scale effects, 

resulting in increasing returns to scale of a specific nature. Moreover, intermodal 

transportation can improve the current operational functions of the system while 

expanding them. A transportation network that adopts economies of scale results in 

improvements related to the increase of productivity of transportation services and the 

reduction of logistics costs. The result of the increase in productivity is the expansion 

of the intermodal transportation network, the increase of the volume of transportation 

per unit cost, and the reduction of commodity production costs (12). The elements that 

compose the impact of intermodal transportation regarding the economies of scale are 

the following: 

x Increase in the volume of transportation in an existing transportation network. 

x Reduction in logistic costs of current operations. 

x Economies of scale associated with transportation network expansion. 
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x Improved accessibility to input and output markets. 

 

Intermodal transportation is considered different in terms of their economic structure 

compared to road or rail transportation. Common ground between economists is that 

economies of scale of scale exist in infrastructure, for intermodal transportation, but 

there is controversy on whether economies of scale exist in operations as well. The 

belief that economies of scale do not exist in operations comes from the fact that in 

Europe the separation of track and operations was based on the view that economies of 

scale were nonexistent or limited in operations. This resulted in the loss of potential 

scale economies that would be more than offset be the benefits of competition. On the 

contrary the successful U.S. model of competition between a limited number of 

vertically integrated companies suggests that there are economies of scale in operations 

(13).  

 

The Federal Highway Administration (FHWA) in their report “Measuring the Impacts 

of Freight Transportation Improvements on the Economy and Competitiveness” (14) 

refer to the linkage of performance measures to economic impacts. The effects of the 

performance measures that will affect long term the productivity improvements in the 

Figure 4: Economies and Diseconomies of Scale in Container 
Shipping (Source: The Geography of Transport Systems, 2018) 
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industry include the increase of supply and market areas, the access to lower cost or 

higher quality suppliers, which allows for improved inventory management and a more 

efficient supply chain. These improvements could allow business reorganization, 

expansion and increased economies of scale. The transportation performance measures 

that can be linked to the improvements in industry are average speed, reliability, transit 

times in key freight lanes, variance in transit times, crash rates, pavement quality, and 

vehicle operating costs and they are presented in the Table 2.  

 

Furthermore, according to FHWA the increased production does not necessarily means 

that there will be greater productivity, but that economies of scale become possible, 

since they occur as the cost per unit of output decreases with increasing scale. Even 

though economies of scale can prove to be beneficial for economy, several limits can 

result from them such as exhausting nearby supplies of raw materials or saturating local 

consumption markets, requiring finished goods to be shipped further to generate new 

sales.  

 

 

Table 2: Key linkages between performance measures and economic factors (Source: Federal Highway 
Administration (FHWA), 2015) 
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1.1.2 Sustainability in Intermodal Freight Transportation 
 
Sustainability and the environmental aspects of transportation are gaining more 

attention in various studies. Considering that 30% of the total human-made CO2 

emissions worldwide are caused by transportation (15), it is vital to create regulations 

and develop studies that address this problem. Additionally, the constant rise of fuel 

price is not beneficial for freight transportation and specifically the shipping companies. 

Intermodal transportation is considered one of the most sustainable ways to transport 

freight, compared to unimodal transportation. The use of intermodal transport allows 

energy, costs and timesavings, while it improves the quality of services and promotes 

sustainable development of the transportation system. Also, the use of more than one 

mode helps in achieving higher efficiency and greater environmental sustainability 

(16). Intermodal transportation outperforms environmentally unimodal transportation 

if energy use and CO2 emissions are taken into consideration, in addition to local 

emissions, accidents, congestion, and noise. In addition, the types of commodities play 

an important role in measuring the effects of intermodal transport on the environment, 

since general cargo and some bulk commodities favor this type of transport. The few 

cases that are unfavorable for intermodal transport are when there are very long pre- 

and post- haulage distances, shippers’ locations along the main route imply a backwards 

move of pre- and post- haulage vehicles, and there is electricity production from non-

energy efficient fossil power plants (17). 
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The vast increase of the share of road usage and the share of total emissions of trucks 

(Figure 5) has raised the interest towards intermodal transportation. On the other hand, 

there are some concerns on the level of sustainability of intermodal transport and its 

effectiveness in reducing CO2 emissions. An important element for ensuring the 

reduction of CO2 in intermodal transport is the pre- and post- haulage (PPH) part of the 

delivery and the use of non-environmentally friendly trucks. PPH can increase the time 

spent on the road, because the truck is usually in urban or congested areas at this part 

of the delivery.  

 
 
1.2 Thesis Organization 

The remaining of the thesis is organized as follows. Chapter 2 presents a literature 

review of the relevant studies followed by the study objectives. Then in chapter 3, the 

methodology for the development of the proposed mathematical is conducted 

(including the problem description and the mathematical formulation. The next chapter 

presents the solution techniques used in this study to solve the proposed mathematical 

Figure 5: 2017 U.S. Transportation Sector GHG Emissions by Source (Source: United States 
Environmental Protection Agency (EPA), 2019) 
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model. Later, the application of the proposed model and results from a number of 

numerical experiments to evaluate the proposed model are presented. The last chapter 

concludes the study and proposes future research avenues.
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2 Literature Review

 
In the second section of the thesis, we will discuss the extensive literature regarding 

intermodal transportation and facility location. The objective of the literature review is 

to provide a wide range of themes and trends in intermodal transportation and 

intermodal freight terminals, while discussing the current methods used to investigate 

intermodal transport. 

 

2.1 Intermodal Freight Transport  

The subject of intermodal transport has raised great concern in the research community, 

during the last thirty years, because of its complexity and its necessity for the 

transportation of goods. The literature spans through various research topics including, 

policy and planning, terminal operations, terminal network design, transshipment etc. 

A more specific way of categorizing the research issues of intermodal freight 

transportation, would be to divide the literature according to the type of terminal 

(seaport container terminal, dry ports, rail terminal, distribution center). 

 

2.1.1 Overview of Intermodal Freight Transportation 
 
A significant number of publications presenting a literature review, or an overview of 

intermodal freight transportation has been identified, due to the need of an overall 

classification of the literature and the solutions developed. An important finding of this 

research shows that intermodal transportation concerns mainly the European countries 

and not so much the United States. Another study conducted by Macharis and 
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Bontekoning (2) lists the operations research models developed for intermodal freight 

transport, in order to illustrate the necessity of further research. An in-depth review of 

the progression of intermodal transportation, by Crainic and Kim (9), presents the 

methodological developments that are meant to address various important operations 

and planning issues. This research focuses more on the developed models rather than 

the algorithmic developments.  Bektas and Crainic (6) focused on their research on 

presenting how two aspects of intermodal freight transportation, the supplier and the 

carrier side, have been approached in the literature. In their study Caris et al. (7) 

introduce the new research themes in the spectrum of decision support in intermodal 

transport. An extended literature review for intermodal transport by Mathisen and 

Hanssen (18), aimed to show the evolution of research on intermodal freight 

transportation through time and rank the seminal works according to the number of 

citations. Agamez-Arias and Moyano-Fuentes (1) aim to provide knowledge of the 

main topics that have been discussed through the years, by presenting a new literature 

classification. The result of the process the authors followed are the main emergent 

themes of intermodal transport, the changes that have occurred in freight transport. The 

main themes include modes comprising two or more successive transport modes 

(context), principles governing the way that intermodal freight transportation works 

(intervention), aspects that have to be considered to optimize the intermodal 

transportation system (mechanisms), and the relationship that exists between the freight 

transport mode and logistics performance (outcomes). A literature review that aimed to 

show the evolution of intermodal freight transport too was conducted by Jarzemskiene 

(19), while it also presented the development issues faced (transport network, 

scheduling, intermodal terminal tasks).  
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2.1.2 Intermodal Terminals – Marine Terminals 
 
The objective of the paper written by Steenken et al. (20), is to give an overview and 

classification of the container terminal operations. According to the classification they 

propose, a comprehensive literature review of the operations research models and 

applications in this field. An extension of the aforementioned paper is introduced by 

Stahlbock and Voß (21), focusing on the studies that were published after the release 

of (20). The contribution of this paper is the collection and classification of recent 

publications, based on the structure proposed by (20). Celik et al. (22) propose the 

utilization of the outcomes of two different methodologies for enforcing the 

competitiveness of the major Turkish container ports. The outcomes from the axiomatic 

design (FAD) and the technique for order performance by similarity to ideal solutions 

(TOPSIS) methods were the inputs for a strength, weakness, opportunity, and threats 

(SWOT) analysis, for proposing new strategies. Ding and Chou (23) developed a fuzzy 

multi-criteria decision-making (MCDM) model, for the evaluation of the location 

selection of a transshipment port for container carriers. Moreover, they present an 

example for testing the computational process of the quantitative and qualitative fuzzy 

MCDM model created.  
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2.1.3 Intermodal Terminals – Rail Terminals 
 
In their paper, Limbourg and Jourquin (24) propose an optimization tool for the 

identification of the optimal locations of a given number of hubs or for finding out the 

best location(s) for one or more additional hubs, with the use of an existing 

configuration. The main contribution of the proposed method in this paper lies in the 

iterative procedure based on both the p-hub median problem and the multi-modal 

assignment problem. The objective of the model is to minimize the cost for pre- and 

post-haulages by road, transshipment and rail haulage. Santos et al. (25) investigate the 

effects of three freight transport policies for the promotion of railroad intermodal 

transport in Europe, and specifically in Belgium. The proposed mixed integer-

programming model is based on hub-location theory and it was used to determine the 

optimal location of intermodal terminals and the allocation of freight between transport 

modes.  A study by Sarhadi et al. (26) proposes a tri-level decomposition-based 

mathematical model, in order to find the best fortification plan to minimize the impact 

of a worst case attack on the intermodal rail network. The analytical framework was 

tested on a class I North America railroad network, by solving and analyzing problem 

instances.  

 

2.1.4 Intermodal Terminals – Inland Waterway Terminals 
 
Caris et al. (27) identified through their study the research opportunities that will offer 

further integration of inland waterway transport in the intermodal supply chain. The 

four categories of research challenges that are mentioned in this paper are focused on 

the relationship between geography and logistics activities, the encouragement of 

efficient operations in inland waterway transport, shippers and consignees who use 
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intermodal transport chain to send or receive their goods, and external costs for 

maintaining sustainability. Wiegmans and Konings (28) conducted research for the 

development of a model to analyze and compare the relation between transport costs 

and operations of intermodal inland waterway transport and road-only-transport. The 

results of this study illustrate the better performance of intermodal inland waterway 

transport, in the cases of roundtrips, drop & pick operations in pre- and end-haulage 

and smaller containers. While the relatively high-cost operations in small terminals 

reduces the competitiveness of inland waterway transport. Smid et al. (29) in their paper 

aim to determine the characteristics of the cost structure associated with different inland 

waterway container terminal types and the sensitivity of the system to cost / TEU 

changes in input and operational conditions. For this purpose, the authors analyzed the 

inland waterway investment costs through a detailed modeling process, to increase the 

performance and attractiveness of inland waterway terminals and of intermodal inland 

waterway.  

 

2.1.5 Intermodal Terminals – Inland Terminals / Dry Ports 
 
Jarzemskis and Vasilauskas (30) presented the concept of dry ports through a survey 

analysis, composed within  BSR Interreg III B NP project Inloc (Integrating logistics 

center networks in the Baltic Sea Region). Roso (31) proposed a model of a transport 

system, in order to simulate and evaluate the effects of dry ports in that particular 

system. Roso (32), also,  conducted a research paper in order to investigate and define 

the factors that hinder the implementation of a close advanced intermodal terminal – 

dry port, in the case of Port Botany, Sydney. The findings of this research were that the 

factors that mostly impede the dry port implementation are infrastructure, land use, 

environment, and regulations. Another research paper from Roso (33) aimed to analyze 
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and compare the physical flows and administrative activities at the seaport terminal 

with and without a dry port, by developing the dry port concept for Virginia Inland Port 

for the Port of Virginia and Falkoping terminal for the Port of Goteborg. The benefits 

of the dry ports were measured based on their environmental effects (CO2 emissions). 

This model was used for another study (34), along with an extensive literature review 

and survey, in order to evaluate dry ports for the Port of Goteborg from an 

environmental perspective. The outcome of this research showed that dry ports increase 

seaport terminal capacity, for the surveyed intermodal terminals. Notteboom and 

Rodrigue (35) describe extensively in their paper the role of inland terminals in the 

organization of regional freight distribution, by illustrating the functions of inland 

terminals and their role as elements of regional freight distribution systems, gateways, 

and corridors. Wilmsmeier et al. (36) developed a conceptual model for the directional 

development of intermodal corridors in relation to inland terminals, focusing on the 

spatial development of freight infrastructure. The authors propose two concepts of 

vertical control of the development process, the Inside-Out and the Outside-In. Finally, 

three examples are discussed on this topic, Sweden, Scotland, and the USA. 

Furthermore, Rodrigue and Notteboom (37) extended their research on dry ports by 

demonstrating the similarities and differences of European and U.S. dry ports. They 

claim that these similarities and differences are the product of regional and local 

governance and regulatory settings, the types, and strategies of stakeholders involved 

the spatial and functional relations with adjacent and/or distant gateway ports, the 

dynamics in logistics network configurations, the specific competitive setting and the 

imperatives in rail operations. Veenstra et al. (38) introduced an alternative to dry ports, 

the extended gate concept for container terminals, that is implemented in the hinterland 

of the main ports of Rotterdam and Amsterdam. Furthermore, they analyzed the critical 
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differences between the dry ports and the extended gates and developed a research 

agenda for transport-related business network innovations.  

 

2.2 Intermodal hubs and Network modeling 

 
2.2.1 Overview 
 
In their paper, Racunica and Wynter (39) proposed an optimization model, which is a 

generalization of the hub location problem, to identify the most appropriate hub-and-

spoke network for intermodal freight transport and the hub usage levels. For the 

solution of the problem, two heuristics were proposed for solving a piecewise 

approximation of the non-linear concave cost curves and were tested in the case study 

of the Alpine freight network. Sirikijpanickhul and Ferreira (40) proposed an evaluation 

model for the road-rail intermodal freight hub location decisions, with the goal to 

incorporate all the operational, economic and environmental aspects of every 

stakeholder involved in the intermodal hub location decision process. The proposed 

model consists of modules that represent hub users, hub owners or operators, transport 

network infrastructure provider, and the local community.  

 

Woxenius (41) in an in-depth literature review on intermodal freight transport, 

describes the six principles for the design of transport systems, including a direct link, 

hub-and-spoke, connected hubs, static routes, and dynamic routes. The objective of this 

research is to suggest a generic framework for consolidation and routing principles in 

a transport network, as well as to investigate how traffic designs are used in commercial 

practice and in literature. Ishfaq and Sox (42) with their research aimed to identify the 

effects of the integration of intermodal shipments in the context of the hub logistics 



18 
 

network. For that purpose, they developed a modeling framework incorporating the 

fixed cost of operating a hub, the cost of providing intermodal services and service time 

requirements in a road-rail intermodal network, to compare the intermodal option with 

an OTR (over-the-road) option. Additionally, they propose a tabu search metaheuristic 

for the solution of the aforementioned problem. Ishfaq and Sox extended their research 

on modeling an intermodal logistics network considering hub delays, using a queuing 

system approach and testing it in a 25-city road-rail intermodal logistics network in the 

U.S. (43). Furthermore, they integrated the multiple-allocation p-hub median modeling 

approach for the hub location-allocation problem with a queuing model of hub 

operations. Nabais et al. (44) proposed a model written in a state-space representation, 

based on a mass balance, taking into account hub cargo inflows and outflows, for the 

assignment of cargo at intermodal hubs. This model is used to propose a model to 

predict the future of freight intermodal hub and address the Modal Split Aware – Cargo 

Assignment Problem (MSA-CAP). Serper and Alumnur (45) developed a mixed-

integer programming model and a variable neighborhood search algorithm, in order to 

determine the locations and capacities of intermodal hubs, which transportation modes 

to be served, allocation of non-hubs, and the number of vehicles of different types to 

satisfy the demand, while minimizing the total cost. The heuristic algorithm was applied 

in cases from the Turkish network and CAB dataset.  

 

2.2.2 Intermodal Hub Optimization  
 
Southworth and Peterson (46) created a single integral representation of a multimodal 

and transcontinental freight transportation network, as a part of the 1997 United States 

Commodity Flow Survey. They focused on the routing of tens of thousands of 

intermodal freight movements, reported in the survey, using Geographic Information 
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Systems (GIS) and other routing procedures. The contribution of this paper lies in 

linking different mode-specific line haul networks using more than one data 

representation for transportation terminals and more than one approach of defining 

local network access and egress. Arnold et al. (47) proposed a linear 0-1 program and 

solved with a heuristic approach, to optimally locate rail/road terminals for freight 

transport. In their research, they applied the proposed model to the rail/road 

transportation system in the Iberian Peninsula. Sorensen et al. (48) proposed two 

metaheuristics and expanded previous research (47) on the intermodal terminal location 

problem in order to provide faster and better results for real life instances. Lin et al. 

(49) claim that the previous studies from Arnold et al. (47) and Sorensen et al. (48) are 

computationally inefficient and have redundant variables and constraints, even though 

they were the first to propose mathematical programming models and metaheuristics 

for the intermodal terminal location problem. For that reason, they aimed to improve 

the aforementioned solution methods, by developing a modified mixed integer 

programming model and two metaheuristics for the efficient solution of the problem 

within reasonable computational time. The two proposed metaheuristics were the 

GRASP and the attribute-based hill climber (ABHC) and were compared with the 

results of a mixed integer linear programming (MIP) solver. Xie et al. (50) studied the 

concept of the multimodal location and routing problem from the scope of transferring 

hazardous materials (HAZMAT). They developed a multi-objective and multimodal 

model for simultaneously optimizing transfer yard locations and HAZMAT 

transportation routes, subject to risk and cost constraints. The algorithm was tested in a 

real-world network, in order to show the validity of stochasticity for establishing robust 

transportation plans. Sorensen and Vanovermeire (51) developed a bi-objective model 

for optimizing the intermodal terminal location process while minimizing the 
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transportation cost for the users of the terminal network and the location cost for the 

terminal operators. The proposed problem solution was a GRASP (greedy randomized 

adaptive search procedure) algorithm that generates a set of mutually non-dominated 

solutions. Bouchery and Fransoo (52) developed a new intermodal network design 

model for optimizing the terminal location and the allocation between direct truck 

transportation and intermodal transportation. Specifically, they approach the 

intermodal network design from a cost, carbon emissions, and modal shift perspective. 

Demir et al. (53) introduced a Green Intermodal Service Network Design Problem with 

Travel Time Uncertainty (GISND-TTU) for combined intermodal routing of multiple 

commodities. They developed a stochastic mixed integer linear programming 

formulation-based approach, considering travel and service times, costs and greenhouse 

gases of each service of the intermodal transportation network. Ghane-Ezabadi and 

Vergara (54) created a path-based formulation and a decomposition based search 

algorithm to solve the problem of determining terminal locations and selecting regular 

routes and transportation modes, in an intermodal logistics network. Dulebenets (55) 

proposed a novel optimization model to design the intermodal freight network for both 

local and long-haul deliveries of perishable products while minimizing the total cost 

associated with transportation and decay of perishable products. Mostert et al. (56) 

proposed a bi-objective intermodal location-allocation optimization model, 

incorporating the evaluation of economic and environmental objectives. The model is 

applied in the case study of Belgium.  

 

2.2.3 New Solution Techniques in Hub Location 
 
Sirikijpanikchkul and Ferreira (57) presented a new evaluation tool for intermodal 

freight terminal locations. The goal was to fill the gap from previous studies by 
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including externalities, stakeholder’s perception and behavior, model appropriateness, 

and impacts of terminal expansion, the interdependency of terminals, and freight policy. 

Kayikci (58) in his study developed a conceptual model based on a combination of the 

fuzzy-analytical hierarchy process (AHP) and artificial neural networks (ANN) 

methods for the selection of the most appropriate location of an intermodal logistics 

center. AHP was used to determine the most important weight factors and ANN was 

used to select the best location for an intermodal freight logistics center.  

 
2.3 Research Objectives 

In the past years, intermodal transportation has been the center of many research 

studies. As seen in the literature, the type of mode of transport used and the type of 

solution for each problem have been the main research focus for intermodal 

transportation. Even though most of the studies present efficient mathematical models 

for the establishment of an intermodal network, not many consider the transportation 

from origin to hub to destination. Additionally, freight transportation has the second 

biggest share in the CO2 emission production compared to other sources. Due to 

increased emissions, more and stricter regulations regarding emission mitigation have 

been introduced. Furthermore, the existence of economies of scale in intermodal 

transportation and in forming the final cost and container distribution, underline the 

importance of economies of scale in intermodal transportation. The combination of 

sustainability regulations along with economies of scale can determine the operations 

of a shipping company. Therefore, the goals of this study are to: 

x Create a framework considering sustainability and economies of scale that can 

be used by a shipping company. 
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x Compare the modal split when changing the emission and transportation costs 

of each mode. 

In this study, we optimize freight transportation while considering the minimization of 

transportation and emission costs simultaneously, which can be a challenging task. This 

study aims to contribute to the existing literature by developing an optimization model 

that selects the optimal hub locations, assigns the containers through and between the 

selected hubs, selects the transportation mode that will be used between the origins, 

destinations, between hubs, and between hubs and destinations, and minimizes the total 

transport and emission costs. The contribution of this study lies in the combination of 

emission and transport costs in the same objective function, and the introduction of 

economies of scale in the decision-making process. Moreover, the fact that each 

container is modeled as an individual entity that can be tracked throughout the supply 

chain adds to our contributions (no study has considered individual container flows, to 

the best of our knowledge).  

 

In order to accomplish the goals of this research, the study was divided in two parts. 

We propose two mathematical models for the development of an intermodal network. 

The first is a Linear Mixed Integer Programming (MIP) model that is used to solve the 

problem without economies of scale. The second is Nonlinear MIP model that is used 

to solve the problem with economies of scale. The purpose of the two models is to 

compare the effects of economies of scale when designing an intermodal network. An 

off-the-shelve software (i.e., GAMS) which supports implementation in real life 

instances easily solves the resulting problem Linear MIP problem. A heuristic 

algorithm created for this specific model solves the Nonlinear MIP problem. 

The steps that were followed for the completion of the study are (Figure 6): 



23 
 

x First, the search of similar studies on intermodal transportation and the different 

solution techniques for an extensive literature review. 

x Second, the creation of the theoretical background of the problem by 

determining the needed assumptions for the formulation. 

x Third, the definition of the problem objectives and the how they fill the gaps in 

the literature. 

x Fourth, the development of two mathematical formulations with their 

constraints. 

x Fifth, using GAMS for the implementation of the mathematical formulation and 

developing the heuristic algorithm for the nonlinear model. 

x Sixth, conducting experimental tests in order to test the efficiency of the 

proposed solution methods and to investigate the effects of emission and 

transportation cost to the modal split in intermodal transportation. 
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Figure 6:Illustration of the steps followed to solve the problem  
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3 Methodology

3.1 Problem Description 

This study deals with the problem of designing a hub-and-spoke intermodal freight 

network to optimally serve the demand of a single shipper under delivery time 

constraints. The goal is to locate the intermediate facilities (hubs) that will handle the 

flows between the origins and the destinations and at the same time select the mode for 

the transport of goods between the origin and hub nodes. Our objective is to minimize 

the transportation and emission costs of the whole network. In this study, we assume 

that the origin nodes are marine container terminals, the destination nodes are freight 

village type (also known as logistics centers) where multiple modes can be served, and 

the intermediate nodes are intermodal either truck or rail facilities. The transportation 

between all nodes (between hubs, from origin to hub and from hub to destination) can 

be conducted by rail or truck. An example of an intermodal freight network is shown 

in Figure 7.  
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Considering the problems in long haul transportation, mentioned previously, we 

propose two Mixed Integer Programming (MIP) mathematical models that aim to solve 

the problem of reducing the costs and the emissions of an intermodal network in two 

different ways. The Linear MIP mathematical model will choose the optimal network 

configuration without economies of scale using an exact solution method. While the 

Nonlinear MIP mathematical model will choose the optimal network configuration 

with economies of scale using a heuristic algorithm solution. This study proposes a 

supply chain network from origin to destination, as seen in Figure 7 that will be used 

to determine which network design is optimal, from the shipper's perspective. Taking 

into consideration the shipper's perspective, we focus on the benefits and disadvantages 

of sustainability measures on the profits of the company. New policies on emissions 

can be restrictive for a shipping company when managing its operations. On the other 

hand, selecting the most appropriate mode and intermodal hub can be proved to 

improve both the sustainability and the profit of the shipping process. 

 

Figure 7: Example of the intermodal freight network. 
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3.2 Mathematical Formulation 

This section of the thesis describes the two mathematical formulations, with the 

corresponding constraints and variables. The proposed mathematical models aim to 

optimize the operations of an intermodal freight network in two situations (with and 

without economies of scale). In addition, it discusses the assumptions on which the 

mathematical models are based. The first model is a linear model formulated for an 

intermodal network without economies of scale, while the second one is a non-linear 

model formulated in order to consider economies of scale. 

 

3.2.1 Assumptions of the Study 
 
The models are formulated in order to determine the location of the intermediate 

facilities that will be used and the allocation of each container to each node. The 

transshipment of the containers that we consider for these models is from origin to hub 

to destination, with connections between the hubs. For the formulation of the model, 

we assume the following: 

x There is no direct connection from the origins to the destinations. 

x There are two-way connections between all the hubs, while the connections 

from origins to hubs and from hubs to destinations are one way. 

x Hubs are either truck or rail facilities.  

x Both rail and truck can be used for the transfer of flows between all the nodes. 

x We assume that hubs already exist and only two types of costs are associated 

with the hub selection: material handling cost.  

 



28 
 

The resulting models are Mixed Integer Programming (MIP) models. Next, we present 

the nomenclature used in the remainder of the paper. Additional notation will be defined 

as needed. 

 

3.2.2 Notation and Variables 
 
For the development of the model we consider a network graph 핎 = (핀, 핃), where 핀 is 

the set of nodes and 핃 is the set of arcs (Figure 8). The set of nodes 핀 has three subsets, 

the subset 핀  which represents the set of origins, the subset 핀  which represents the set 

of hubs, and the subset 핀  which represents the set of destinations, where the node 

subsets do not intersect, or mathematically 핀 ∩ 핀 = ∅, 핀 ∩ 핀 = ∅, 핀 ∩ 핀 = ∅, 핀 ∪

 핀 ∪ 핀 = 핀. The container flow that is transferred between the nodes is defined as ℂ, 

which is the set of containers. Finally, the set of modes used for the model are defined 

as 필. The flows of containers (set ℂ ) that are transferred in the intermodal network 

from origin to hub, from hub to destination, and between hubs can be transferred using 

any type of mode from the set 필. The transfer of flows is possible between the nodes 

of 핀  (origins) and 핀  (hubs), 핀  (between hubs), and 핀  (hubs) and 핀  (destinations).  

 

 
Figure 8: Network graph illustration for the intermodal network with no economies of scale 
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The model parameters include the different costs, emissions, and time constraints that 

describe an intermodal network. The parameters that are related to the container 

allocation according to the capacity and the demand are 𝑙𝑐 , 𝑑𝑠 , 𝑑 , 𝑐𝑝 . The 

parameters 𝑡𝑐 , ℎ𝑐ℎ ,  𝑒𝑐 , 𝑑𝑐  represent the transportation cost, the material 

handling cost, the emissions cost, and the delayed arrival cost respectively. The time 

constraint related parameters that are used in this model are 𝑙𝑡 , 𝑎𝑡𝑙 , 𝑡𝑑ℎ , 𝑡𝑑𝑜 .  

Both of the proposed mathematical models use the following notation (sets and 

parameters).  

 

Sets and indices 

The sets and indices used in both the linear and the nonlinear model are the following: 

 𝑖 ∈ 핀: Set of nodes,  

 𝑖 ∈ 핀 : Set of origins  핀 ⊂ 핀 

𝑖 ∈ 핀 :  Set of hubs  핀 ⊂ 핀 

𝑖 ∈ 핀 : Set of origins  핀 ⊂ 핀  

핀 ∩ 핀 = ∅, 핀 ∩ 핀 = ∅, 핀 ∩ 핀 = ∅, 핀 ∪  핀 ∪ 핀 = 핀  

𝑐 ∈ ℂ: Set of containers, 

𝑚 ∈ 필: Set of transportation modes 

 

Parameters 

The parameters used for the formulation of the linear model without economies of scale 

and the nonlinear model with economies of scale are the following: 

𝑙𝑐 =1 if container c is at location 𝑖  and 0 otherwise 

𝑑𝑠 =1 if container c can satisfy demand at destination i3 and 0 otherwise. 
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𝑑 : Total demand at destination i3. 

𝑐𝑝 : Link (i,j) capacity for mode m. 

𝑡𝑐 : Travel cost for link (i,j)  using mode m per container. 

𝑙𝑡 : Travel time for link (i,j) using mode m. 

𝑎𝑡𝑙 : Time limit for the arrival of container c at destination i3. 

𝑡𝑑ℎ : Time delay at hub i2 for container c. 

𝑡𝑑𝑜 : Time delay at origin 𝑖 for container c, if container c travels with truck directly 

from origin to destination. 

ℎ𝑐ℎ : Handling cost at hub i2. 

𝑑𝑐 : Delayed arrival cost per day for container c. 

𝑒𝑐 : Emissions cost for link (i,j) for mode m. 

𝑎 = 1.5, economies of scale factor  

𝑘 = 0.5, economies of scale factor that adjusts the link cost according to the container 

volumes.  

M is a large number. 

 

3.2.3 Linear Model with No Economies of Scale 
 
This subsection presents the variables, the objective function, and the constraints 

developed for the linear model without economies of scale. The distinctive difference 

of the model with no economies of scale is the link cost. In this case, the link cost is 

constant in comparison to the changing link cost of the model with economies of scale. 

This element is illustrated in the difference in the variables of the two models. The 

linear model variables do not include the final link cost variable.  
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Decision Variables 

The decision variables of the model without economies of scale aim to identify which 

link and mode will be used by each container and the open hubs of the network.  

𝑥 = 1, if there is flow on link (𝑖, 𝑗) via mode m for container 𝑐 
0, otherwise   

𝑝 = 1, if hub 𝑖  is open
0, otherwise   

 

Auxiliary Variables 

The following auxiliary variables help estimate the travel time of each container from 

origin to destination and the delays of each container. 

 

𝑡𝑡 : Travel time for container c from origin to destination 

𝑡𝑡𝑒 : Days of delayed arrival of container c at node 𝑖  

Objective Function 

The objective function of the linear model without economies of scale has three 

components. The first component minimizes the transportation cost and the cost of 

emissions for every container that uses the link (i,j). The second component minimizes 

the handling cost for each container that passes through hub 𝑖 . The third component 

minimizes the delay cost for every container that has delayed arrival at the destination. 

 

Π1: Minimize        ∑  ∈핀 
∑  ∈핀 ∑  ∈ℂ ∑   𝑥     ∈필 (𝑡𝑐  + 𝑒𝑐  )+ 

                    ∑  ∈핀
∑  ∈핀 ∑  ∈ℂ ∑   𝑥    ∈필 ℎ𝑐ℎ  + 

                    ∑  ∈핀 ∑  𝑡𝑡𝑒    𝑑𝑐   ∈ℂ                                                                           (1) 
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Subject to  

Objective function constraint. 

  ∑  ∈핀 
∑  ∈핀 ∑  ∈ℂ ∑   𝑥     ∈필 𝑡𝑐  + 𝑒𝑐  +  

∑  ∈핀
∑  ∈핀 ∑  ∈ℂ ∑   𝑥    ∈필 ℎ𝑐ℎ  + 

 ∑  ∈핀 ∑  𝑡𝑡𝑒    𝑑𝑐   ∈ℂ ≤ 𝐹𝑏𝑜𝑢𝑛𝑑                                                                          (2) 

Constraint (2) is active only when the linear model is used in the heuristic algorithm. 

 

Link capacity constraints. 

∑ 𝑥   ≤  𝑐𝑝∈ℂ  , ∀ i, j ∈  핀, m ∈ 필                                                                     (3) 

The constraint (3) ensures that the cumulative number of containers passing through 

link (i,j) does not exceed the capacity of the link.  

 

Supply constraints. 

∑  ∈핀  ∑ 𝑥∈필  +∑  ∈핀 ∑ 𝑥  ≤  𝑙𝑐∈필 , ∀ 𝑖 ∈ 핀, 𝑐 ∈ ℂ                         (4) 

The constraint (4) ensures that the number of containers leaving an origin 𝑖  are less or 

equal to the supply of this origin node. 

 

Demand constraint. 

∑  ∈핀 ∑  ∈ℂ ∑  ∈필  𝑥 𝑑𝑠
 
+ ∑  ∈핀 ∑  ∈ℂ ∑  ∈필 𝑥 𝑑𝑠 ≥ 𝑑 , ∀ 𝑖 ∈ 핀                                                                                                         

(5) 

The constraint (5) ensures that the number of containers arriving at destination 𝑖  is 

larger or equal to the demand of this destination node. 
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One mode per container constraints. 

∑  ∈필 ∑  ∈핀 𝑥 ≤ 1, ∀𝑖 ∈ 핀, 𝑐 ∈ ℂ                                                                    (6) 

∑  ∈필 ∑  ∈핀 𝑥 ≤ 1, ∀𝑖 ∈ 핀, 𝑐 ∈ ℂ                                                                    (7) 

∑  ∈필 𝑥 ≤ 1, ∀𝑖 , 𝑖 ∈ 핀, 𝑐 ∈ ℂ                                                                        (8) 

Constraints (6) – (8) restricts the model to use only one mode for each container, so that 

there are no double counts for the final total cost. 

 

Hub is used by at least one container constraints. 

𝑝 ≤  ∑  ∈핀 ∑ ∑  ∈필  ∈ℂ 𝑋 + ∑  ∈핀 ∑  ∈ℂ ∑  ∈필 𝑋 +

 ∑  ∈핀 ∑  ∈ℂ ∑  ∈필 𝑋 +  ∑  ∈핀 ∑  ∈ℂ ∑  ∈필 𝑋 , ∀ 𝑖 ∈ 핀                   (9) 

𝑀 𝑝 ≥  ∑  ∈핀 ∑ ∑  ∈필  ∈ℂ 𝑋 + ∑  ∈핀  ∑  ∈ℂ ∑  ∈필 𝑋 +

 ∑  ∈핀 ∑  ∈ℂ ∑  ∈필 𝑋 +  ∑  ∈핀 ∑  ∈ℂ ∑  ∈필 𝑋 , ∀ 𝑖 ∈ 핀                 (10) 

Constraints (9) and (10) let auxiliary variable 𝑝  be 1 if at least one container flows 

through it and 0 otherwise. 

 

Flow conservation constraint. 

∑  ∈핀 ∑   ∈필 𝑋 + ∑  ∈핀 ∑  ∈필 𝑋 =  ∑  ∈핀 ∑  ∈필 𝑋 +

 ∑  ∈핀 ∑  ∈필 𝑋  , ∀ 𝑖 ∈ 핀, 𝑐 ∈ ℂ, 𝑖 ≠ 𝑖                                                       (11) 

Equation (11) ensures that the total number of containers entering a hub is the same 

number with the number of containers leaving this hub. 

 

Travel time constraint. 

𝑡𝑡𝑒 ≥  𝑡𝑡𝑐 − 𝑎𝑡𝑙 − 𝑀 (1 − ∑  ∈핀 ∑  ∈필 𝑋 −

 ∑  ∈핀 ∑  ∈필 𝑋 ), ∀ 𝑖 ∈ 핀, 𝑐 ∈  ℂ                                                                     (12) 
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Constraint (12) ensures that the number of delayed days is equal or larger to the travel 

time of a container from origin to destination. 

 

Calculate travel time per container constraint. 

𝑡𝑡𝑐 =  ∑  ∈핀 ∑  ∈핀 ∑  ∈필 𝑋  𝑙𝑡  + ∑  ∈핀 ∑  ∈핀 ∑  ∈필 𝑋  𝑙𝑡  +

𝑡𝑑𝑜 + ∑  ∈핀 ∑  ∈핀 ∑  ∈필 𝑋  𝑙𝑡  +  𝑡𝑑ℎ  +

 ∑  ∈핀 ∑  ∈핀 ∑  ∈필 𝑋  𝑙𝑡  + 𝑡𝑑𝑜 +

 ∑  ∈핀 ∑  ∈핀 ∑  ∈필 𝑋  𝑙𝑡  + 𝑡𝑑ℎ , ∀ 𝑐 ∈ ℂ, 𝑖 ≠ 𝑖                       (13) 

Constraint (13) calculates the travel time each container needs from origin to 

destination. 

 

Binary  

𝑥 ∈ {0,1}, ∀ 𝑖, 𝑗 ∈ 핀, 𝑐 ∈ ℂ, 𝑚 ∈  필                                                                     (14) 

𝑝 ∈ {0,1}, ∀ 𝑖 ∈ 핀                                                                                                   (15) 

 

Positive 

𝑡𝑡 ≥ 0, ∀ 𝑐 ∈ ℂ                                                                                                         (16) 

𝑡𝑡𝑒 ≥ 0, ∀𝑐 ∈ ℂ, 𝑖 ∈ 핀                                                                                              (17) 

Constraints (14) – (17) define the variables of the problem as binary or positive.  

 

3.2.4 Nonlinear Model with Economies of Scale 
 
This subsection presents the nonlinear model with economies of scale. The main 

difference of the model with economies of scale to the model without economies of 

scale is the link cost that is now a decreasing function of the flow on each link. Figure 
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9 provides an illustrative example of the transport cost on a random link per container. 

In this example, the transport cost per container decreases until a minimum cost per 

container is reached (in this case $290).  

 

 
Figure 9: Economies of Scale Example Function 

 
Decision Variables 

The decision variables of the model with economies of scale aim to identify which link 

and mode will be used by each container and the open hubs of the network.  

𝑥 = 1, if there is flow on link (𝑖, 𝑗) via mode m for container 𝑐 
0, otherwise  

𝑝 = 1, if hub 𝑖  is open
0, otherwise   
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Auxiliary Variables 

The following auxiliary variables help estimate the travel time of each container from 

origin to destination, the delays of each container and the final cost on each link. 

𝑡𝑡 : Travel time for container c from origin to destination 

𝑡𝑡𝑒 : Days of delayed arrival of container c at node 𝑖  

𝑡𝑐𝑐  : Final cost on link (i,j) 

 

Objective Function 

The objective function of the linear model with economies of scale has three 

components. The first component minimizes the transportation cost and the cost of 

emissions for every container that uses the link (i,j). The second component minimizes 

the handling cost for each container that passes through hub 𝑖 . The third component 

minimizes the delay cost for every container that has delayed arrival at the destination. 

 

Π2: Minimize        ∑  ∈핀 
∑  ∈핀 ∑  ∈ℂ ∑   𝑥     ∈필 (𝑡𝑐𝑐  + 𝑒𝑐  )+ 

                    ∑  ∈핀
∑  ∈핀 ∑  ∈ℂ ∑   𝑥    ∈필 ℎ𝑐ℎ  + 

                    ∑  ∈핀 ∑  𝑡𝑡𝑒    𝑑𝑐   ∈ℂ                                                                         (18) 

Subject to 

Constraints (2) – (16) 

Link cost estimation constraints 

𝑡𝑐𝑐 ≥ 𝑎 𝑡𝑐 , ∀ 𝑖, 𝑗 ∈ 핀, 𝑚 ∈ 필                                                                           (19) 

𝑡𝑐𝑐 ≥  𝑡𝑐 − ∑  ∈ℂ 𝑥  𝑘, ∀ 𝑖, 𝑗 ∈ 핀, 𝑚 ∈ 필                                                  (20) 

Constraints (19) and (20) estimate the final cost of each link after the economies of 

scale are applied. Constraint (19) provides a lower bound for the cost per container (as 
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a percentage of the cost with no economies of scale) while the constraint (20) reduces 

the price of the transport cost for each additional container moved on a specific link by 

a specific mode. The rest of the constraints are formulated similarly to the MILP 

without economies of scale. 
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4 Solution Techniques

In this chapter, we present the solution techniques used for the two proposed 

mathematical models, the linear and the non-linear.  We apply the models on different 

networks, with different supply and demand, to display their application and 

effectiveness. In this study, an exact solution is applied for the solution of the linear 

model without economies of scale (using the General Algebraic Modeling System, 

GAMS). For the solution of non-linear model with economies of scale, we propose a 

heuristic algorithm. 

 
4.1 Linear Container-Based Model Solution 

 
The linear model proposed for the optimization of the operations of an intermodal 

network is based on optimizing individual container flows without taking into 

consideration the economies of scale. We consider two modes of transportation that can 

be applied to the supply chain network, (i.e., rail, and truck). The transportation and 

emission costs (per unit of transport) for rail is considered to be significantly lower than 

the truck, but the time delay at a rail hub and the rail links is higher. Specifically, the 

external costs of long-range road haulage are two times higher than the rail ones (17). 

The model will seek to find the optimal solution that balances between making on time 

deliveries, minimizing the total cost of transport and minimizing the total emissions 

produced. The base test network we consider consists of three origins (핀 = 1, 2, 3), 

three candidate hub nodes ( 핀 = 1, 2, 3), and ten destinations ( 핀 = 1, ..., 10). 

Additionally, we consider a set of 1000 containers for the base test network. Three 
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additional networks are tested for the linear model without economies of scale. The 

second network that is tested consists of five origins ( 핀 = 1, …, 5), five candidate hub 

nodes (핀  = 1, …, 5), and ten destinations ( 핀 = 1, ..., 10), and the supply remains the 

same with the first case with 1000 containers. The inputs for the actual costs and 

emissions were based on logical patterns that represent the difference in the costs and 

emissions for truck and rail transportation. The problem is solved using the 

optimization software GAMS. This optimization software is deemed the most 

appropriate for the solution of the linear model since it provides an exact solution for 

Mixed Integer Programming (MIP) problems and the planning nature of the model does 

not have any limitation regarding the computation time. 

 

GAMS is a high-level modeling system for mathematical programming and 

optimization. The mains components of GAMS are a language compiler and a stable of 

integrated high-performance solvers. This programming and optimization software is 

designed for complex, large scale modeling applications and helps adapt any 

mathematical model in new situations. GAMS is able to solve linear and mixed integer 

programming models. GAMS provides a syntax that is close to the mathematical 

description of the model. Additionally, the requirements of the software for concise and 

exact specification of entities and relationships, along with the aforementioned easier 

syntax, help any developer understand the elements of the mathematical model. 

Furthermore, GAMS incorporate an integrated development environment (IDE) and is 

connected to a group of third-party optimization solvers. These solvers include CPLEX, 

GUROBI, MOSEK, and XPRESS for Linear Programming (LP), Mixed Integer 

Programming (MIP), Mixed Integer Programs with Quadratic terms in the objective 

function (MIQP), and Quadratically Constrained Program (QCP). Several different 
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solvers are integrated in GAMS, corresponding to different types of problems. The 

solver we use in our case for our MIP problem is CPLEX. CPLEX is a Mixed Integer 

Programming (MIP) package that can provide an exact solution for linear mathematical 

models.  

 
4.2 Non-Linear Model with Economies of Scale Solution – Heuristic 

In this section, we present the heuristic algorithm developed to solved the Mixed Integer 

Nonlinear Programming (MINLP) model. The second model includes economies of 

scale in the total cost of the network, which is its main difference with the linear model. 

The cost of transportation for each link is a variable that depends on the total flow that 

passes through the link. The model that adopts the concept of economies of scale cannot 

have the same solution as the one without economies of scale due to its nonlinearity; 

hence, we propose a heuristic algorithm for that purpose. The goal of this algorithm is 

to find a feasible solution using economies of scale for an intermodal network. The 

inputs for testing the nonlinear model vary in order to test the effectiveness of the 

heuristic in different instances. Specifically, the network size for every instance ranges 

randomly for the origin and hub nodes from 3 to 5 nodes, for the destinations the 

number of nodes ranges randomly from 8 to 15, and the number of containers rangers 

randomly from 1000 to 2000. 

 

First, we set the inputs of the network elements, number of origins (핀 ), hubs (핀 ), 

destinations (핀 ), containers (ℂ) and modes (필), and the values of the factors 𝑎 and 𝑘 

which are used for the calculation of the final cost 𝑡𝑐𝑐  of each link. Solving the linear 

model for the first iteration we find the upper bound for the link flow 𝑣  and for 

the link cost 𝑡𝑐 . By multiplying 𝑡𝑐  with 𝑎 = 1.5, the economies of scale factor 
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which ensures the minimum cost per link. Then using 𝑣  and 𝑡𝑐  we find the 

value of the value 𝐹𝑏𝑜𝑢𝑛𝑑 that is used in the objective function constraint 

(𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 ≤ 𝐹𝑏𝑜𝑢𝑛𝑑) for the next iteration. While 𝑣 
𝒊풕𝒆𝒓 − 𝑣  does 

not converge, the value of 𝐹𝑏𝑜𝑢𝑛𝑑 is updated for each iteration using the new value of 

link flow 𝑣 . The cost of each link 𝑡𝑐 has the value of the link cost of the previous 

iteration 𝑡𝑐 . We solve the linear model with the values of 𝐹𝑏𝑜𝑢𝑛𝑑 and 𝑡𝑐. Then 

the link cost 𝑡𝑐  for each iteration gets the maximum value of (𝑎 𝑡𝑐 , 𝑡𝑐 −

𝑘 𝑥 ) where 𝑘 = 0.5 is the economies of scale factor that adjusts the link cost 

according to the container volumes. Finally, solving ∑ 𝑥 𝑡𝑐 + 𝑑𝑐 + 𝑒𝑐 +

ℎ𝑐ℎ, which is the updated objective function, using the updated link flow and link cost 

values we find the final flow 𝑣  for this iteration. The following table (Table 3) 

illustrates the steps the algorithm follows to find the value for the objective function 

while using economies of scale.  

 

Step 0: Set iter=1, 𝑡𝑐𝑐 = 𝑡𝑐𝑐 𝑣 = 0 ,  𝑡ℎ𝑟𝑒𝑠ℎ = 10𝑒 − 1 

Step 1: 𝑣 , 𝑡𝑐 ← Solve objective function constraint for upper bound 

( 𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛 ≤ 𝐹𝑏𝑜𝑢𝑛𝑑 )  

Step 2: 𝐹𝑏𝑜𝑢𝑛𝑑 ←  𝑣 , 𝑣 ← 𝑣 , 𝑡𝑐 ← 𝑡𝑐  

Step 3: While 𝑣 
𝒊풕𝒆𝒓 − 𝑣 ≤ 𝑡ℎ𝑟𝑒𝑠ℎ 

Step 4: 𝐹𝑏𝑜𝑢𝑛𝑑 ← 𝑣  

Step 5: 𝑡𝑐 ← 𝑡𝑐  

Step 6: 𝑖𝑡𝑒𝑟 ← Solve model with objective function constraint for (𝐹𝑏𝑜𝑢𝑛𝑑, 𝑡𝑐) 

Step 7: 𝑡𝑐 ← max (𝑎 𝑡𝑐 , 𝑡𝑐 − 𝑘 𝑥 ) 
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Table 3: Economies of scale model - Algorithm

Step 8: 𝑣 ← ∑ 𝑥 𝑡𝑐 + 𝑑𝑐 + 𝑒𝑐 + ℎ𝑐ℎ 

Step 9:  Set iter=iter+1 

Step 10: End While  
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5 Numerical Experiments

This chapter discusses the numerical experiments that were conducted for the testing 

of the proposed model. We consider a network that allows both rail and truck 

connections between the origins and the hubs and between the hubs, and only truck 

connection between the hubs and the destinations. The first network tested consists of 

three origins (핀  = 1, 2, 3), three candidate hub nodes (핀 = 1, 2, 3), ten destinations (핀 = 

1, ..., 10), two modes (rail and truck), and 1000 containers. The second network tested 

consists of five origins (핀  = 1, …, 5), five candidate hub nodes (핀  = 1, …, 5), ten 

destinations (핀  = 1, ..., 10), two modes (rail and truck), and 1000 containers. The 

optimization software GAMS was used for the numerical experiments of the linear 

model without economies of scale, while the heuristic algorithm was used for testing 

the non-linear model with economies of scale. The first section of this chapter shows 

an example of the configuration of an intermodal network chosen by the linear model. 

The second section shows an analytical review of the cost variations according to the 

change in the value relation of transportation and emission costs, as well as rail and 

truck costs. Finally, the effectiveness of the heuristic solution is tested compared to a 

case tested using the linear model. 

 

5.1 Transport and Emission Cost Breakdown 

In this subsection we present a breakdown of the two types of costs endured by a 

logistics company, namely the transport cost and emission costs. We test thirty different 

cases for the linear model that represent different combinations of the rail to truck 
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transport cost ratio (RTTCR) and the transport to emission cost ratio (TECR). The 

values of the RTTCR are 0.5, 0.6, 0.7, 0.8, 0.9, and 1, while the values of TECR are 

0.1, 0.2, 0.3, 0.4, and 0.5. The values of RTTCR and TECR describe the relation 

between the different costs, for example RTTCR = 0.5 means that the rail transport cost 

is half the truck transport cost. The values of RTTCR and TECR were chosen in order 

to check the cost variations and the mode choice patterns in different cases representing 

the costs of each mode, transportation and emissions from the most realistic example 

to the most extreme (RTTCR = 1). Results are presented in Tables 4 through 13. Tables 

4 through 9 show the total (transport, emissions, handling, and delay costs), transport 

and emissions costs respectively. Results in Tables 4, 5, 6, 7, 8, and 9 are shown as 

percentages of the minimum value over the 30 instances for each table respectively. We 

observe that the maximum and minimum costs (total cost, transport and emissions 

costs) are not obtained for the same rail to truck transport cost ratio (RTTCR) and 

transport to emissions cost ratio (TECR). For example, the minimum total cost is 

obtained for RTTCR=0.6 and for TECR=0.1 while the maximum total cost is obtained 

for RTTCR=1 and for TECR=0.5. Maximum and minimum values of the costs in 

Tables 2 through 4 are shown in bold fonts to assist the reader. We also observe that no 

pattern exists when either the RTTCR or the TECR values remains constant. For 

example, and for the total cost case, we observe that for RTTCR=0.5 as TECR changes 

there is a decrease in the total cost then an increase, followed by a decrease. On the 

other hand, for RTTCR=0.9 as TECR changes there is a constant increase of the total 

cost. Similar results can also be seen in tables 3 and 4. These results highlight the 

complex relationships between costs ratios of the different modes and cost ratios 

between transport and emissions costs. It is without doubt that these results depend on 
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the input data, but they do make evident the need of mathematical modeling as a tool 

to identify the optimal mode split and network design. 

 

Total cost (% of minimum total cost over all cases)  
RTTCR/TECR 0.1 0.2 0.3 0.4 0.5 

0.5 135% 120% 129% 179% 164% 

0.6 100% 102% 133% 121% 186% 

0.7 143% 134% 154% 126% 155% 

0.8 145% 120% 131% 160% 191% 

0.9 144% 159% 173% 193% 193% 

1 147% 162% 183% 173% 195% 

Table 4: Total cost (% of minimum total cost over all cases), network: 3 origins, 3 hubs, 10 
destinations 

 
Table 4 shows the variation of the total cost in all thirty cases, with the values of 

RTTCR varying from 0.5 to 1 with step 0.1 and the values of TECR varying from 0.1 

to 0.5 with step 0.1. The network tested in this case is the first network with 3 origins, 

3 hubs, 10 destinations, and 1000 containers. The total cost in this table is the 

cumulative value of the emissions and transportation cost, without taking into 

consideration the material handling cost. The highest value of the total cost is in the 

case of RTTCR = 1 and TECR = 0.5, while the lowest value is in the case of RTTCR 

= 0.6 and TECR = 0.1. 
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Total cost (% of minimum total cost over all cases) 
RTTCR/TECR 0.1 0.2 0.3 0.4 0.5 

0.5 99% 86% 77% 112% 129% 

0.6 100% 78% 99% 119% 92% 

0.7 102% 83% 122% 125% 99% 

0.8 82% 114% 98% 128% 136% 

0.9 103% 96% 100% 127% 115% 

1 105% 128% 127% 134% 146% 

Table 5: Total cost (% of minimum total cost over all cases) network: 5 origins, 5 hubs, 10 destinations 

 

Table 5 depicts the total cost variation in the thirty cases we tested with the different 

combinations of RTTCR and TECR, for the second network with 5 origins, 5 hubs, 10 

destinations and 1000 containers.  The values of RTTC and TECR have the same range 

as the previous table. We notice that the lowest total cost is in the case where RTTCR 

= 0.6 and TECR = 0.1, as well as in the case where RTTCR = 0.9 and TECR = 0.3. The 

highest total cost of this network is in the case where RTTCR = 1 and TECR = 0.5. It 

is important to note that even though the values of the cost range change the highest 

and lowest values are in the same cases for the larger and smaller network tested.   
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Total transport cost (% of minimum transport cost over all cases) 
RTTCR/TECR 0.1 0.2 0.3 0.4 0.5 

0.5 124% 100% 102% 126% 105% 

0.6 107% 102% 108% 107% 149% 

0.7 184% 121% 138% 113% 114% 

0.8 187% 125% 127% 127% 170% 

0.9 158% 192% 167% 183% 158% 

1 190% 198% 208% 152% 171% 

Table 6: Total transport cost (% of minimum transport cost over all cases), network: 3 origins, 3 hubs, 
10 destinations 

 
In Table 6 we notice that the highest and lowest value of the transportation cost are in 

different cases than the total cost. Specifically, the highest value for the transportation 

cost is in the case where RTTCR = 1 and TECR = 0.3. The lowest transportation cost 

value is in the case where RTTCR = 0.5 and TECR = 0.2. The values of RTTR and 

TECR are the same as the previous table for every case tested. 

 

Total transport cost (% of minimum transport cost over all 
cases) 

RTTCR/TECR 0.1 0.2 0.3 0.4 0.5 

0.5 118% 100% 101% 106% 121% 

0.6 144% 111% 112% 121% 109% 

0.7 174% 119% 174% 144% 119% 

0.8 128% 172% 133% 154% 151% 

0.9 166% 140% 137% 154% 138% 

1 173% 195% 181% 197% 191% 

Table 7: Total transport cost (% of minimum transport cost over all cases), network: 5 origins, 5 hubs, 
10 destinations 
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In Table 7 we notice again the cases where the highest and lowest values of the total 

transportation cost exist, but for the network with 5 origins, 5 hubs and 10 destinations. 

All thirty cases combining the different values of RTTCR and TECR are tested, with 

the same values as in the previous tables. The highest value of the transportation cost 

is in the case where RTTCR = 1 and TECR = 0.3, similarly to the smaller network (3 

origins, 3 hubs and 3 destinations). The lowest value of the transportation cost is in the 

case where RTTCR = 0.5 and TECR = 0.3, as seen also in the smaller network tested.  

 

Total emission cost (% of minimum emission cost over all cases) 
RTTCR/TECR 0.1 0.2 0.3 0.4 0.5 

0.5 114% 185% 284% 469% 489% 

0.6 100% 189% 301% 398% 693% 

0.7 171% 224% 385% 419% 532% 

0.8 173% 231% 354% 471% 790% 

0.9 146% 355% 466% 680% 734% 

1 176% 368% 578% 566% 795% 

Table 8: Total emission cost (% of minimum emission cost over all cases), network: 3 origins, 3 hubs, 
10 destinations 

The values of the total emission cost over all the cases that were tested is presented in 

the Table 8. As noted in the previous tables, there is not any particular pattern in the 

transportation and emission cost variation. In this table the highest value of the emission 

cost is in the case of RTTCR = 1 and TECR = 0.5, while the lowest value is in the case 

of RTTCR = 0.6 and TECR = 0.1. 
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Total emission cost (% of minimum emission cost over all cases) 
RTTCR/TECR 0.1 0.2 0.3 0.4 0.5 

0.5 82% 139% 210% 295% 419% 

0.6 100% 154% 233% 336% 378% 

0.7 121% 165% 363% 400% 413% 

0.8 89% 239% 277% 427% 525% 

0.9 115% 195% 286% 428% 481% 

1 120% 270% 377% 547% 663% 

Table 9: Total emission cost (% of minimum emission cost over all cases), network: 5 origins, 5 hubs, 
10 destinations 

 
Repeating the same pattern as the smaller aforementioned network (3 origins, 3 hubs, 

10 destinations), the highest and lowest values of the total emission cost for the larger 

network (5 origins, 5 hubs, 10 destinations) appear in the same combinations of RTTCR 

and TECR, as seen in Table 9. The highest value of emission cost is in the case where 

RTTCR = 1 and TECR = 0.5, while the lowest value of emission cost is in the case 

where RTTCR = 0.6 and TECR = 0.1.  

 

Total Transportation cost over total cost 
RTTCR/TECR 0.1 0.2 0.3 0.4 0.5 

0.5 60% 54% 52% 46% 42% 

0.6 71% 65% 53% 58% 53% 

0.7 84% 59% 59% 59% 48% 

0.8 85% 68% 64% 52% 58% 

0.9 72% 79% 63% 62% 54% 

1 85% 80% 74% 58% 58% 

Table 10: Total transportation cost over total cost, network: 3 origins, 3 hubs, 10 destinations 
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Table 10 indicates the percentage of the transportation cost over the total cost in each 

case, for the smaller network (3 origins, 3 hubs and 10 destinations). The cases tested 

are the same with the ones noted for the previous tables, but in this case, the total cost 

is the value of the objective function that includes all costs (emissions, transportation, 

material handling, and delay cost). The highest percentage of transportation cost over 

the total cost is in the case of RTTCR = 1 and TECR = 0.1, while the lowest is in the 

case RTTCR = 0.5 and TECR = 0.5. 

 
Total transportation cost over total cost 

RTTCR/TECR 0.1 0.2 0.3 0.4 0.5 

0.5 56% 54% 61% 44% 44% 

0.6 67% 67% 53% 48% 55% 

0.7 80% 67% 67% 54% 56% 

0.8 73% 71% 63% 56% 52% 

0.9 75% 68% 64% 57% 178% 

1 77% 71% 67% 69% 61% 

Table 11: Total transportation cost over total cost, network: 5 origins, 5 hubs, 10 destinations 

 
Table 11 shows the percentage of the total transportation cost over the total cost in each 

one of the thirty cases, for the larger network (5 origins, 5 hubs and 10 destinations). 

The thirty cases tested include the same cost variations for TECR and RTTCR as the 

previous tables. Additionally, the total cost in case represents again the value of the 

transportation, emission, handling and delay cost. The highest percentage of 

transportation cost over the total cost is in the case where RTTCR = 0.9 and TECR = 

0.5, while the lowest percentage is in the cases where RTTCR = 0.5 and TECR = 0.4, 

and RTTCR = 0.5 and TECR = 0.5. In this case, we notice that the lowest percentage 
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of transportation cost is in a similar combination of RTTCR and TECR, but the highest 

percentage is not in the same combination of RTTCR and TECR.  

 

Total emission cost over total cost 
RTTCR/TECR 0.1 0.2 0.3 0.4 0.5 

0.5 6% 10% 15% 18% 21% 

0.6 7% 13% 16% 23% 26% 

0.7 8% 11% 17% 23% 24% 

0.8 8% 13% 19% 20% 29% 

0.9 7% 15% 19% 25% 27% 

1 8% 16% 22% 23% 29% 

Table 12: Total emission cost over total cost, network: 3 origins, 3 hubs, 10 destinations 

Table 12, similarly to table 10, shows the values of the total emission cost for each case 

over the total cost, for the smaller network. The highest value of emission cost over the 

total cost is for the case with RTTCR = 0.8 and TECR = 0.5, while the lowest value is 

for the case where RTTCR = 0.5 and TECR = 0.1.  

Total emission cost over total cost 
RTTCR/TECR 0.1 0.2 0.3 0.4 0.5 

0.5 6% 11% 18% 18% 22% 

0.6 7% 13% 16% 19% 28% 

0.7 8% 13% 20% 22% 28% 

0.8 7% 14% 19% 23% 26% 

0.9 8% 14% 19% 23% 28% 

1 8% 14% 20% 28% 31% 

Table 13: Total emission cost over total cost, network: 5 origins, 5 hubs, 10 destinations 
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Table 13 illustrates the percentage of total emission cost over the total cost for all cases, 

for the larger network (5 origins, 5 hubs, 10 destinations). The highest percentage of 

emission cost is in the case where RTTCR = 1 and TECR = 0.5, while the lowest 

percentage is in the case where RTTCR = 0.5 and TECR = 0.1. Even though not both 

of the highest and lowest percentages of emission cost are in the same cases for the 

smaller and larger network, the overall values of Table 12 and 13 are similar. 

 

Overall, the highest and lowest values of transportation, emission and total cost in all 

the tables are similar for the smaller and larger network that were tested using the 

proposed linear model without economies of scale. The similarity in the range of the 

costs was expected since this is a linear model and the size of the network does not 

affect vastly the results. Furthermore, we notice that the emission cost raises as the 

TECR value raises and the transportation cost raises with the raise of the RTTCR value.  

 
5.2 Mode Split Change 

In this subsection we present how the mode choice changes with the change of RTTCR 

and TECT. Results are shown in Figures 10 to 19. We observe that the rail percentage 

is negatively affected by the increase of its relative cost compared to the truck mode 

but positively affected by the increase of the emissions cost to transport cost ratio. 

These general patterns results are to be expected and validate the accuracy of the 

proposed model. Despite this overall pattern there are some declines in the truck mode 

share for RTTCR values between 0.8 and 0.9 and TECT=0.1, and 0.3 and for 

RTTCR=0.5 and TECT=0.3. These results can assist the shipper in predicting the 

various mode changes needed to achieve optimal costs while meeting the delivery time 
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windows for their customers as new pricing for both the transport and emissions are 

being introduced. 

 

Figure 10: Mode Choice Percentage versus RTTCR for TECR = 0.1, network: 3 origins, 3 hubs, 10 
destinations 

 
In Figure 10 we notice the change in mode choice as the rail transportation cost 

increases compared to the truck transportation cost for a constant TECR value. This is 

the mode split for the smaller network with 3 origins, 3 hubs and 10 destinations. The 

value of TECR in this case is 0.1, and RTTCR ranges from 0.5 to 1 with 0.1 step. We 

notice an increase in the truck percentage after an RTTCR of 0.6, followed by a small 

decrease between RTTCR = 0.8 and RTTCR = 0.9, and finally an increase again. The 

rail percentage shows the same patterns but with opposite increase and decrease. 
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Figure 11: Mode Choice Percentage versus RTTCR for TECR = 0.1, network: 5 origins, 5 hubs, 10 
destinations 

In Figure 11 we notice a similar pattern to the mode split for the same values, but for 

the larger network (5 origins, 5 hubs and 10 destinations). In this case, the truck 

percentage seems to drop slightly until the value of RTTCR is 0.8 and then shows a 

constant raise for the rest of the values of RTTCR. The difference of this network with 

the smaller one is that the change of mode happens for a higher RTTCR value. 

 

 

Figure 12: Mode Choice Percentage versus RTTCR for TECR = 0.2, network: 3 origins, 3 hubs, 10 
destinations 
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Figure 12 shows the mode split for a constant TECR = 0.2 and changing RTTCR 

similarly to the previous figure. The pattern we notice in this case is that until the value 

of RTTCR becomes 0.8 the truck percentage is zero as opposed to the full utilization 

of rail. After the value, 0.8 for RTTCR there is an increase in the truck percentage until 

RTTCR has the value of 0.9, where the rail percentage is zero for the rest of the cases. 

 

 

Figure 13: Mode Split Variation with RTTCR and TECR = 0.2, network: 5 origins, 5 hubs, 10 
destinations 

 
Figure 13 illustrates the mode split pattern for TECR = 0.2 and changing RTTCR, for 

the larger network (5 origins, 5 hubs and 10 destinations). The pattern of mode choice 

for this case is formed with an increase in the truck percentage until RTTCR = 0.8, 

followed by a decrease until RTTCR = 0.9, and finally an increase until RTTCR = 1. 

The mode choice pattern for this network appears to have many differences with the 

one for the smaller network with the same values of RTTCR and TECR. 
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Figure 14: Mode Choice Percentage versus RTTCR for TECR = 0.3, network: 3 origins, 3 hubs, 10 
destinations 

 
In Figure 14 we can see the mode choice pattern for TECR = 0.3 and changing RTTCR 

from 0.5 to 1 with step 0.1. The figure shows that the leading mode until RTTCR 

becomes 0.8 is rail, with a decrease in the rail percentage after RTTCR = 0.8 for the 

rest of the cases. 

   

 

Figure 15: Mode Split Variation with RTTCR and TECR = 0.3, network: 5 origins, 5 hubs, 10 destinations 
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In Figure 15 the mode choice pattern for TECT = 0.3 for the larger network has the 

same general pattern as the previous cases, with a raise of the truck percentage as the 

value of RTTCR raises. Specifically, in this case the truck percentage is zero until the 

value of RTTCR reaches 0.9, followed by a raise until RTTCR = 1. 

 

 

Figure 16: Mode Choice Percentage versus RTTCR for TECR = 0.4, network: 3 origins, 3 hubs, 10 
destinations 

 

In Figure 16 we notice a different pattern of mode choice for TECR = 0.4. There is a 

slight increase in the rail percentage as the rail cost raises and RTTCR becomes 0.8. 

After the value of RTTCR is 0.8 the rail percentage drops and then again raises from 

RTTCR = 0.9 to RTTCR = 1, but not to the same mode choice percentage that was 

noted for the lower rail costs.  
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Figure 17: Mode Choice Percentage versus RTTCR for TECR = 0.4, network: 5 origins, 5 hubs, 10 
destinations 

 
In Figure 17 the mode choice pattern for TECR = 0.4 and changing RTTCR, for the 

larger network (5 origins, 5 hubs and 10 destinations) is different from the pattern in 

Figure 13 for the smaller network. Specifically, the truck percentage shows an increase 

until RTTCR = 0.8, followed by a small decrease until RTTCR = 0.9, and finally an 

increase until RTTCR = 1. 

 

 

Figure 18: Mode Choice Percentage versus RTTCR for TECR = 0.5, network: 3 origins, 3 hubs, 10 
destinations 

 

0
20
40
60
80

100
120

0.5 0.8 0.9 1

M
od

e 
Ch

oi
ce

 P
er

ce
nt

ag
e 

(%
)

RTTCR

Mode Split
TECR = 0.4

Truck Rail

0

20

40

60

80

100

120

0.5 0.8 0.9 1

M
od

e 
Ch

oi
ce

 P
er

ce
nt

ag
e 

(%
)

RTTCR

Mode Split
TECR = 0.5

Truck Rail



59 
 

In Figure 18 the mode choice percentages form from the highest rail emission cost we 

tested, TECR = 0.5, for the smaller network (3 origins, 3 hubs and 5 destinations). The 

rail percentage drops between the RTTCR values of 0.5 and 0.8, followed by a slight 

raise between RTTCR = 0.8 and RTTCR = 0.9 and then a drop for the rest of the cases. 

 

 

Figure 19: Mode Choice Percentage versus RTTCR for TECR = 0.5, network: 5 origins, 5 hubs, 10 
destinations 

  

Finally, in Figure 19 the percentages of truck and rail choice forms for TECR = 0.5, for 

the larger network tested. The truck percentage appears to have a small raise until the 

value of RTTCR becomes 0.8, followed by a decrease to zero percentage for RTTCR 

= 0.9 and a raise until RTTCR = 1.  
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The results show that the mode choice depends on the size of the network as opposed 

to the cost patterns.  

5.3 Heuristic Solution Testing 

This subsection, we are presenting the results of the nonlinear model with economies 

of scale, in comparison to the results of the linear model. The proposed heuristic 

algorithm helps to get feasible results for the nonlinear model with the use of the linear 

model without economies of scale. The use of the linear model in order to find a solution 

for the nonlinear model helps in having results that show the difference between the 

lower bound of the objective function of the linear model and the updated objective 

function of the model with economies of scale. The main goal of the heuristic is to 

incorporate the economies of scale in the linear model and to indicate the differences 

in the total cost in a network with economies of scale.  

 

The case that was used to test the proposed algorithm is the one where the value of rail 

to cost transportation ratio (RTTCR) is 0.5 and the transportation to emission cost ratio 

(TECR) is 0.1. The inputs for testing the nonlinear model vary in order to test the 

effectiveness of the heuristic in different instances. Specifically, the network size for 

every instance ranges randomly for the origin and hub nodes from 3 to 5 nodes, for the 

destinations the number of nodes ranges randomly from 8 to 15, and the number of 

containers rangers randomly from 1000 to 2000. The values of the economies of scale 

factor for ensuring the minimum cost per link and the economies of scale factor that 

adjusts the link cost according to the container are 𝑎 = 1.5 and 𝑘 = 0.5 respectively.  
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Figure 20: Economies of Scale Cost Improvement 

 

Improvement with economies of scale 

Mean Max Min Median 

22% 48% 5% 18% 

Table 14: Improvement with Economies of Scale 

 
Figure 20 illustrates the results of the nonlinear model using the proposed heuristic 

algorithm. The results show that the total cost improvement for the 50 network 

instances ranges from 5% to 48%. The mean value of the cost improvement is 22% 

while the median is 18%. 
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6 Conclusions and Future Extensions

The constant increase of freight volumes along with the rise of international freight 

transportation, through the last years, have created the necessity for alternative ways of 

transportation. Intermodal transportation seems to be a solution for the problems caused 

by the growing freight volumes, such as raise of emissions and transportation costs. 

Even though the implementation of intermodal transportation seems to be the best 

alternative way of transportation, it is important to explore how the shippers are affected 

by this change and how inclined they are to adopting intermodal transportation. Another 

important fact we have to explore is the change in emission regulations and their effect 

on the transportation cost, considering the increase in freight volumes.  

 

This research proposes two optimization models for the planning of an intermodal 

network, by minimizing both the network cost and the produced emissions. We propose 

a linear model without economies of scale and a nonlinear model that considers the 

economies of scale, solved by the optimization tool GAMS and a heuristic algorithm 

respectively. The network we take into consideration consists of a set of origins (ports), 

a set of hubs (rail terminals or warehouses), and a set of destinations (freight villages). 

The goal of the research is to find if there are any patterns in the total cost, emission 

cost, and transportation cost when changing the relative costs of rail, truck, emissions, 

and transportation. The chosen network configuration shows that the combination of 

truck and rail transportation is the most cost and emission effective way of moving 

freight flows. Additionally, we aim to identify the patterns in the mode choice 
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according to change in the cost variation in all the cases tested. The results of the 

numerical experiments show that the change in the cost and emissions for rail and truck 

transportation can affect directly the total transport and emission costs of the freight 

network. Moreover, the mode choice is highly influenced by the rail to truck cost ratio. 

The proposed model can be used for testing different types of intermodal networks, 

finding the most appropriate configuration and testing if the network is compliant to 

emission regulations and the cost restrictions of the shipping company.  

 

While conducting the research for investigating the effects of emission regulations and 

economies of scale in an intermodal network we notice some limitations as well as 

opportunities for future work. One of the limitations of the study lies in the lack of data 

regarding the cost of transportation and the cost of emissions. The lack of real data can 

affect greatly the results of the study since the total cost of the network and the mode 

choice rely directly on the inputs of the model.  

 

Considering the achievements and the limitations of this thesis, we can propose several 

opportunities for future studies. Specifically, the heuristic solution for the nonlinear 

model without economies of scale can be improved with more experiments for different 

types of networks. The proposed heuristic algorithm can be also compared with 

different existing algorithms in order to prove its effectiveness. In addition, the study 

can be further extended in the future by developing solutions for different types of 

networks, with transportation modes with different characteristics (air or water 

transportation). The analysis of the cost variations for different types of carriers or 

different types of vehicles may provide wider view on the problem. Testing various 

types of vehicles with different emission levels could give a wider perspective to the 
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problem. Additionally, more research can be done with an increased size network and 

with adding direct connections from origin to destination. Finally, some of the 

assumptions made in this study can be removed in order to create a more general model. 

An example of an assumption that could change is to allow the direct connections from 

origin to destination to show if the model will choose the hubs instead of the direct 

connections.



65 
 

7 References

1.  Agamez-Arias, A. del M., and J. Moyano-Fuentes. Intermodal Transport in 

Freight Distribution: A Literature Review. Transport Reviews. 6. Volume 37, 

782–807. 

2.  Macharis, C., and Y. M. Bontekoning. Opportunities for OR in Intermodal 

Freight Transport Research: A Review. European Journal of Operational 

Research, Vol. 153, No. 2, 2004, pp. 400–416. https://doi.org/10.1016/S0377-

2217(03)00161-9. 

3.  Crainic, T. G., and T. Bektas. A Brief Overview of Intermodal Transportation. 

No. February 2007, 2007. https://doi.org/10.1201/9780849330537.ch28. 

4.  Association of American railroads. Rail Intermodal Keeps America Moving. 

Association of American railroads, No. April, 2015, pp. 1–5. 

5.  McRitchie, K. J. The Road Less Traveled. Proceedings of the 36th annual 

ACM SIGUCCS conference on User services conference - SIGUCCS ’08, No. 

December, 2008, p. 89. https://doi.org/10.1145/1449956.1449987. 

6.  Gabriel Crainic, T., and T. Bektas. Brief Overview of Intermodal 

Transportation. Logistics Engineering Handbook, No. May, 2010, pp. 28-1-28–

16. https://doi.org/10.1201/9781420004588.ch28. 

7.  Caris, A., C. Macharis, and G. K. Janssens. Decision Support in Intermodal 

Transport: A New Research Agenda. Computers in Industry, Vol. 64, No. 2, 

2013, pp. 105–112. https://doi.org/10.1016/j.compind.2012.12.001. 

 



66 
 

8.  Steadieseifi, M., N. P. Dellaert, W. Nuijten, T. Van Woensel, and R. Raoufi. 

Multimodal Freight Transportation Planning: A Literature Review. European 

Journal of Operational Research, Vol. 233, No. 1, 2014, pp. 1–15. 

https://doi.org/10.1016/j.ejor.2013.06.055. 

9.  Crainic, T. G., and K. H. Kim. Chapter 8 Intermodal Transportation. 

Handbooks in Operations Research and Management Science, Vol. 14, No. C, 

2007, pp. 467–537. https://doi.org/10.1016/S0927-0507(06)14008-6. 

10.  Craig, A. J., E. E. Blanco, and Y. Sheffi. Estimating the CO2 Intensity of 

Intermodal Freight Transportation. Transportation Research Part D: Transport 

and Environment, Vol. 22, 2013, pp. 49–53. 

https://doi.org/10.1016/j.trd.2013.02.016. 

11.  Pienaar, W. J. W. OPPORTUNITIES FOR THE ACHIEVEMENT OF 

ECONOMIES OF SCALE IN FREIGHT TRANSPORT. Vol. 11, No. 1, 2013, 

pp. 161–174. 

12.  Yevdokimov, Y. Measuring Economic Benefits of Intermodal Transportation1 

Measuring Economic Benefits of Intermodal Transportation 1. No. April, 2015. 

13.  Monios, J., and P. I. Incentives. The Economics of Intermodal Freight 

Transport. No. January, 2018. 

14.  Federal Highway Administration/ U.S. Department of Transportation. 

Measuring the Impacts of Freight Transportation Improvements on the 

Economy and Competitiveness. 

https://ops.fhwa.dot.gov/publications/fhwahop15034/ch2.htm. Accessed Oct. 

12, 2019. 

15.  Khaksari, S. The Sustainability of European Transportation through 

Intermodality. Vol. 01, No. 02, 2018, pp. 1–9. 



67 
 

 

16.  Tadic, Snežana Krstic, Mladen Roso, Violeta Brnaj, N. Planning an Intermodal 

Terminal for the Sustainable Transport Networks. Sustainability (Switzerland), 

2019. 

17.  Kreutzberger, E., C. Macharis, L. Vereecken, and J. Woxenius. IS 

INTERMODAL FREIGHT TRANSPORT MORE ENVIRONMENTALLY 

FRIENDLY THAN ALL-ROAD FREIGHT TRANSPORT ? A REVIEW. No. 

7, 2003, pp. 1–22. 

18.  Mathisen, T. A., and T. E. S. Hanssen. The Academic Literature on Intermodal 

Freight Transport. Transportation Research Procedia, Vol. 3, No. 2352, 2014, 

pp. 611–620. https://doi.org/10.1016/j.trpro.2014.10.040. 

19.  Jaržemskienė, I. The Evolution of Intermodal Transport Research and Its 

Development Issues. Transport, Vol. 22, No. 4, 2019, pp. 296–306. 

https://doi.org/10.3846/16484142.2007.9638145. 

20.  Steenken, D., S. Voß, and R. Stahlbock. Container Terminal Operation and 

Operations Research - A Classification and Literature Review. Container 

Terminals and Automated Transport Systems: Logistics Control Issues and 

Quantitative Decision Support, No. June 2014, 2005, pp. 3–49. 

https://doi.org/10.1007/3-540-26686-0_1. 

21.  Stahlbock, R., and S. Voß. Operations Research at Container Terminals: A 

Literature Update. OR Spectrum, Vol. 30, No. 1, 2008, pp. 1–52. 

https://doi.org/10.1007/s00291-007-0100-9. 

 

 

 



68 
 

 

22.  Celik, M., S. Cebi, C. Kahraman, and I. D. Er. Application of Axiomatic 

Design and TOPSIS Methodologies under Fuzzy Environment for Proposing 

Competitive Strategies on Turkish Container Ports in Maritime Transportation 

Network. Expert Systems with Applications, Vol. 36, No. 3 PART 1, 2009, pp. 

4541–4557. https://doi.org/10.1016/j.eswa.2008.05.033. 

23.  Ding, J.-F., and C.-C. Chou. An Evaluation Model of Quantitative and 

Qualitative Fuzzy Multi-Criteria Decision-Making Approach for Location 

Selection of Transshipment Ports. Mathematical Problems in Engineering, Vol. 

2013, 2013, pp. 1–12. https://doi.org/10.1155/2013/783105. 

24.  Limbourg, S., and B. Jourquin. Optimal Rail-Road Container Terminal 

Locations on the European Network. Transportation Research Part E: 

Logistics and Transportation Review, Vol. 45, No. 4, 2009, pp. 551–563. 

https://doi.org/10.1016/j.tre.2008.12.003. 

25.  Santos, B. F., S. Limbourg, and J. S. Carreira. The Impact of Transport Policies 

on Railroad Intermodal Freight Competitiveness - The Case of Belgium. 

Transportation Research Part D: Transport and Environment, Vol. 34, 2015, 

pp. 230–244. https://doi.org/10.1016/j.trd.2014.10.015. 

26.  Sarhadi, H., D. M. Tulett, and M. Verma. An Analytical Approach to the 

Protection Planning of a Rail Intermodal Terminal Network. European Journal 

of Operational Research, Vol. 257, No. 2, 2017, pp. 511–525. 

https://doi.org/10.1016/j.ejor.2016.07.036. 

 

 

 



69 
 

27.  Caris, A., S. Limbourg, C. Macharis, T. van Lier, and M. Cools. Integration of 

Inland Waterway Transport in the Intermodal Supply Chain: A Taxonomy of 

Research Challenges. Journal of Transport Geography, Vol. 41, 2014, pp. 

126–136. https://doi.org/10.1016/j.jtrangeo.2014.08.022. 

28.  Wiegmans, B., and R. Konings. Intermodal Inland Waterway Transport: 

Modelling Conditions Influencing Its Cost Competitiveness. Asian Journal of 

Shipping and Logistics, Vol. 31, No. 2, 2015, pp. 273–294. 

https://doi.org/10.1016/j.ajsl.2015.06.006. 

29.  Smid, M., S. Dekker, and B. Wiegmans. Modeling the Cost Sensitivity of 

Intermodal Inland Waterway Terminals: A Scenario Based Approach. 

Transportation Research Part A: Policy and Practice, Vol. 85, 2016, pp. 112–

122. https://doi.org/10.1016/j.tra.2016.01.006. 

30.  Jaržemskis, A., and A. V. Vasiliauskas. Research on Dry Port Concept as 

Intermodal Node. Transport, Vol. 22, No. 3, 2007, pp. 207–213. 

https://doi.org/10.1080/16484142.2007.9638126. 

31.  Roso, V. Evaluation of the Dry Port Concept from an Environmental 

Perspective: A Note. Transportation Research Part D: Transport and 

Environment, Vol. 12, No. 7, 2007, pp. 523–527. 

https://doi.org/10.1016/j.trd.2007.07.001. 

32.  Roso, V. Factors Influencing Implementation of a Dry Port. International 

Journal of Physical Distribution and Logistics Management, Vol. 38, No. 10, 

2008, pp. 782–798. https://doi.org/10.1108/09600030810926493. 

33.  Roso, V., and K. Lumsden. The Dry Port Concept: Moving Seaport Activities 

Inland? Transport and Communications Bulletin for Asia and the Pacific, Vol. 

78, No. 78, 2009, pp. 87–101. 



70 
 

34.  Roso, V. The Emergence and Significance of Dry Ports: The Case of the Port 

of Goteborg. World Review of Intermodal Transportation Research, Vol. 2, 

No. 4, 2009, p. 296. https://doi.org/10.1504/writr.2009.026209. 

 

35.  Notteboom, T., and J. P. Rodrigue. Inland Terminals Within North American 

and European Supply Chains. Transport and Communications Bulletin for Asia 

and the Pacific, 2009. 

36.  Wilmsmeier, G., J. Monios, and B. Lambert. The Directional Development of 

Intermodal Freight Corridors in Relation to Inland Terminals. Journal of 

Transport Geography, Vol. 19, No. 6, 2011, pp. 1379–1386. 

https://doi.org/10.1016/j.jtrangeo.2011.07.010. 

37.  Rodrigue, J. P., and T. Notteboom. Dry Ports in European and North American 

Intermodal Rail Systems: Two of a Kind? Research in Transportation Business 

and Management, Vol. 5, 2012, pp. 4–15. 

https://doi.org/10.1016/j.rtbm.2012.10.003. 

38.  Veenstra, A., R. Zuidwijk, and E. Van Asperen. The Extended Gate Concept 

for Container Terminals: Expanding the Notion of Dry Ports. Maritime 

Economics and Logistics, Vol. 14, No. 1, 2012, pp. 14–32. 

https://doi.org/10.1057/mel.2011.15. 

39.  Racunica, I., and L. Wynter. Optimal Location of Intermodal Freight Hubs. 

Transportation Research Part B: Methodological, Vol. 39, No. 5, 2005, pp. 

453–477. https://doi.org/10.1016/j.trb.2004.07.001. 

 

 

 



71 
 

40.  Sirikijpanichkul, A., and L. Ferreira. Modeling Intermodal Freight Hub 

Location Decisions. Conference Proceedings - IEEE International Conference 

on Systems, Man and Cybernetics, Vol. 1, 2007, pp. 896–900. 

https://doi.org/10.1109/ICSMC.2006.384503. 

41.  Woxenius, J. Generic Framework for Transport Network Designs: Applications 

and Treatment in Intermodal Freight Transport Literature. Transport Reviews. 

6. Volume 27, 733–749. 

42.  Ishfaq, R., and C. R. Sox. Hub Location-Allocation in Intermodal Logistic 

Networks. European Journal of Operational Research, Vol. 210, No. 2, 2011, 

pp. 213–230. https://doi.org/10.1016/j.ejor.2010.09.017. 

43.  Ishfaq, R., and C. R. Sox. Design of Intermodal Logistics Networks with Hub 

Delays. European Journal of Operational Research, Vol. 220, No. 3, 2012, pp. 

629–641. https://doi.org/10.1016/j.ejor.2012.03.010. 

44.  Nabais, J. L., R. R. Negenborn, R. B. Carmona Benítez, and M. Ayala Botto. 

Achieving Transport Modal Split Targets at Intermodal Freight Hubs Using a 

Model Predictive Approach. Transportation Research Part C: Emerging 

Technologies, Vol. 60, 2015, pp. 278–297. 

https://doi.org/10.1016/j.trc.2015.09.001. 

45.  Serper, E. Z., and S. A. Alumur. The Design of Capacitated Intermodal Hub 

Networks with Different Vehicle Types. Transportation Research Part B: 

Methodological, Vol. 86, 2016, pp. 51–65. 

https://doi.org/10.1016/j.trb.2016.01.011. 

 

 

 



72 
 

46.  Southworth, F., and B. E. Peterson. Intermodal and International Freight 

Network Modeling. Transportation Research Part C: Emerging Technologies, 

Vol. 8, No. 1–6, 2000, pp. 147–166. https://doi.org/10.1016/S0968-

090X(00)00004-8. 

47.  Arnold, P., D. Peeters, and I. Thomas. Modelling a Rail/Road Intermodal 

Transportation System. Transportation Research Part E: Logistics and 

Transportation Review, Vol. 40, No. 3, 2004, pp. 255–270. 

https://doi.org/10.1016/j.tre.2003.08.005. 

48.  Sörensen, K., C. Vanovermeire, and S. Busschaert. Efficient Metaheuristics to 

Solve the Intermodal Terminal Location Problem. Computers and Operations 

Research, Vol. 39, No. 9, 2012, pp. 2079–2090. 

https://doi.org/10.1016/j.cor.2011.10.005. 

49.  Lin, C. C., Y. I. Chiang, and S. W. Lin. Efficient Model and Heuristic for the 

Intermodal Terminal Location Problem. Computers and Operations Research, 

Vol. 51, 2014, pp. 41–51. https://doi.org/10.1016/j.cor.2014.05.004. 

50.  Xie, Y., W. Lu, W. Wang, and L. Quadrifoglio. A Multimodal Location and 

Routing Model for Hazardous Materials Transportation. Journal of Hazardous 

Materials, Vol. 227–228, 2012, pp. 135–141. 

https://doi.org/10.1016/j.jhazmat.2012.05.028. 

51.  Sörensen, K., and C. Vanovermeire. Bi-Objective Optimization of the 

Intermodal Terminal Location Problem as a Policy-Support Tool. Computers in 

Industry, Vol. 64, No. 2, 2013, pp. 128–135. 

https://doi.org/10.1016/j.compind.2012.10.012. 

 

 



73 
 

52.  Bouchery, Y., and J. Fransoo. Cost, Carbon Emissions and Modal Shift in 

Intermodal Network Design Decisions. International Journal of Production 

Economics, Vol. 164, 2015, pp. 388–399. 

https://doi.org/10.1016/j.ijpe.2014.11.017. 

53.  Demir, E., W. Burgholzer, M. Hrušovský, E. Arıkan, W. Jammernegg, and T. 

Van Woensel. A Green Intermodal Service Network Design Problem with 

Travel Time Uncertainty. Transportation Research Part B: Methodological, 

Vol. 93, 2016, pp. 789–807. https://doi.org/10.1016/j.trb.2015.09.007. 

54.  Ghane-Ezabadi, M., and H. A. Vergara. Decomposition Approach for 

Integrated Intermodal Logistics Network Design. Transportation Research 

Part E: Logistics and Transportation Review, Vol. 89, 2016, pp. 53–69. 

https://doi.org/10.1016/j.tre.2016.02.009. 

55.  Dulebenets, M. A., E. E. Ozguven, R. Moses, and M. B. Ulak. Intermodal 

Freight Network Design for Transport of Perishable Products. Open Journal of 

Optimization, 2016, pp. 120–139. 

56.  Mostert, M., A. Caris, and S. Limbourg. Intermodal Network Design: A Three-

Mode Bi-Objective Model Applied to the Case of Belgium. Flexible Services 

and Manufacturing Journal, Vol. 30, No. 3, 2018, pp. 397–420. 

https://doi.org/10.1007/s10696-016-9275-1. 

57.  Sirikijpanichkul, A., and L. Ferreira. Multi-Objective Evaluation of Intermodal 

Freight Terminal Location Decisions. Proceedings of the 27th Conference of 

Australian Institute of Transport Research (CAITR), No. December, 2005, pp. 

7–9. 

 

 



74 
 

58.  Kayikci, Y. A Conceptual Model for Intermodal Freight Logistics Centre 

Location Decisions. Procedia - Social and Behavioral Sciences, Vol. 2, No. 3, 

2010, pp. 6297–6311. https://doi.org/10.1016/j.sbspro.2010.04.039. 

 

 

 

 

 


