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Abstract 

Greater use of multimodal transportation can substantially improve the environmental 

performance of freight transportation. Despite strenuous efforts by public policy-makers to alter 

the freight modal split, most companies still rely heavily on road transportation, and modal shifts 

to rail and water have remained modest at best. In this paper we argue that this is partly the result 

of a failure to take a holistic supply chain view of the modal shift process. Synchromodality 

provides a framework within which shippers can manage their supply chains more flexibly to 

increase the potential for shifting mode.   On the basis of a literature review, we broaden the 

conventional focus of multimodal transportation to give it a supply chain dimension, and propose 

the concept of ‘Synchromodality from a Supply Chain Perspective’ (SSCP). Using a case study we 

show that when the supply chain impacts are taken into account, it is possible to significantly 

increase the share of intermodal rail transportation within a corridor, without necessarily 

increasing total logistics cost or reducing the service level.  In this way the environmental impact 

of freight activities can be significantly reduced. 
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1 Introduction 

Between now and 2050 we will have to reduce our greenhouse gas (GHG) emissions dramatically to keep 

our environment sustainable. According to calculations from the Intergovernmental Panel on Climate 

Change (IPCC) (2014), annual GHG emissions need to be reduced by 40-70% between 2010 and 2050, for 

us to have 50% chance of keeping the increase in average global temperature staying within 2oC by 2100.   

The Paris Accord, agreed at the COP21 conference in December 2015, committed the 195 participating 

countries to keeping this average temperature increase ‘well below 2oC by 2100’, putting added pressure 

on them to cut GHG emissions (European Commission, 2015).  

All industrial sectors except transportation have been steadily reducing their GHG emissions. In the U.S., 

GHG emissions linked to transportation have increased by 17% since 1990 (U.S. Environmental Protection 

Agency, 2014). In the EU-28 (the 28 state members of the European Union), the transportation sector 

increased its relative share in total GHG emissions from 15% to 22% between 1990 and 2013 (EUROSTAT, 

2015a). The freight share of total transportation emissions is expected to rise from 42% in 2010 to 60% in 

2050 (OECD/ITF, 2015), making the freight transportation one of the hardest sectors to decarbonize (Guerin 

et al., 2014). 

Fundamental changes are needed in the transportation sector in order to reverse the growth in GHG 

emissions. According to Schipper et al. (2000) and IPCC (2014), this will involve the application of a broad 

range of measures, falling into four categories: 1) activity (reducing the demand for transportation), 2) 

structure (shifting freight to lower carbon modes), 3) intensity (improving its energy efficiency) and 4) fuel 

(switching to lower carbon energy sources). By far the most frequently mentioned freight decarbonization 

measure in the Intended Nationally Determined Contribution (INDC) documents submitted to COP21 was 

modal shift, i.e. transferring freight to lower carbon transportation modes (Gota, 2016). According to 

European Environment Agency (2013), CO2 emissions per tonne-kilometer from railways and inland 

waterways are about 3.5 and 5.0 times lower than those from road freight transportation. Shifting freight 

from road to these alternative modes can therefore be one of the most important means of decarbonizing 

logistics (Holguin-Veras et al. (2008), Winebrake et al. (2008), McKinnon (2008), Hoen et al. (2013)) 

Modal shift has long been ‘seen by policy makers and politicians as the most promising way of easing the 

environmental and congestion problems associated with goods movement’ (McKinnon, 2015).  There has 

been over 50 years of research on the factors influencing companies’ choice of freight transportation mode 

(e.g. Bayliss and Edwards (1970), Jeffs and Hills (1990)), and the use of public policy to alter the allocation 

of freight between modes.   The case for government intervention has been underpinned by the belief that, 

at a macro-level, the freight modal split is economically and / or environmentally sub-optimal.   This sub-

optimality has resulted partly from a failure to internalize the environmental costs of freight transportation 
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modes, but also from differences in the regulatory and pricing regimes of the various modes and 

deficiencies in corporate modal choice behavior.  Much emphasis has been placed on the relative pricing of 

the alternative modes and numerous attempts have been made to quantify cross-modal price elasticities 

(De Jong et al. (2010), De Jong (2013)).   Comparative freight rates, however, are only one of many factors 

influencing the freight modal split at both micro- and macro-levels.   Other criteria, such as transit time, 

reliability, accessibility, flexibility and security, are also important determinants of modal selection.   

In Europe, strenuous efforts over many years by national governments and the EU to shift freight from road 

to rail and water have been unsuccessful.  Between 1995 and 2013, road’s share of total tonne-kms 

increased, rail’s share declined and that of inland waterways remained fairly stable (Figure 1) (EUROSTAT, 

2015b). A recent report from the European Court of Auditors (2016) confirms that rail’s share of the 

European freight market has declined since 2011 despite the fact that approximately 28 billion Euros of 

financial support was injected into railway projects across the EU over the period 2007-2013. Therefore 

innovations are urgently needed to promote and revive modal shift as a freight policy option. 

 

Figure 1: The freight modal split ratio in EU-28 (EUROSTAT, 2015b) 

One of the reasons for the modal split being so difficult to change is that many stakeholders have not been 

taking adequate account of the overall supply chain impact of multimodal transportation. Trains or barges 

are in general cheaper and greener, but they lack flexibility in delivery quantity, frequency and scheduling. 

As a consequence, logistics managers tend to perceive a straight shift from trucks to trains and barges as 

likely to have a negative impact on the supply chain. More specifically, in the absence of any associated 

adjustment to supply chain processes, a shift from trucks to trains and barges often leads to increases in 

inventory. As rail and inland waterway services are generally slower and less frequent than the equivalent 

road trips, in-transit inventories and stock levels might be higher at both ends of the journey. Trains and 
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barges also require large and stable shipment volumes in order to be cost-efficient, making it difficult for 

them to cater for flows that are subject to widely fluctuating demand. 

The end-to-end impact of the modal shift requires a change in the logistical decision-making process.  

Freight modal choice is, after all, a part of the supply chain strategy and needs to be jointly optimized with 

other supply chain activities, like inventory management and customer service levels. This involves the 

shipper more directly in the process and puts some onus to alter their schedules to accommodate changes 

in transportation mode. 

Some researchers have already analyzed transportation as a part of the supply chain. Woodburn (2003) 

conducted a survey of 137 British shippers and observed that managers’ perception of rail as possibly 

impairing supply chain performance is a barrier to this mode increasing its market share.  Eng-Larsson and 

Kohn (2012) analyzed six case studies and found that shippers make modal shift decisions in a different way 

than Logistics Service Providers (LSPs) because they need to consider trade-offs and synergies across the 

supply chain as a whole. This previous research is mainly qualitative in nature and needs to be 

complemented by quantitative studies and best practices case studies.  

In this paper we aim to fill this research gap and contribute to the existing literature on the following two 

points: First, this study broadens the focus of multimodal research from the transportation system to the 

supply chain. We review the development of multimodal transportation and the recent evolution of the so-

called synchromodality concept. We argue that this concept needs to be more deeply embedded in supply 

chain management and propose the expression ‘Synchromodality from a Supply Chain Perspective’ (SSCP) 

to reflect this. This is discussed in section 2.  Secondly, this study provides a quantitative demonstration 

using a company case study to show how modal shift can be enabled when the supply chain impact is taken 

into account. In section 3 we show that by following a SSCP approach, a company can markedly increase 

the share of intermodal rail transportation within a particular transportation corridor without sacrificing 

either logistical efficiency or service quality. Section 3 also assesses the environmental impact of this modal 

shift using a case study of a company and discusses the role of a carbon tax herein. Section 4 summarizes 

the paper and indicates further SSCP research opportunities. 

2 The Conceptual Framework of SSCP 

Companies adopting a multimodal strategy have to decide the optimum allocation of their freight among 

different modes. The development of intermodal transportation has expanded the range of modal options 

available. By allowing companies to combine different modes in various ways in the course of a single 

journey it has further complicated the modal choice decision. The advent of synchromodality has made this 

decision even more complex, but also increased the potential for companies to make greater use on 
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transportation modes besides road.   The next section reviews the evolution of modal split research from 

multimodality and intermodality to synchromodality. 

2.1 Multimodal, intermodal, and synchromodal transportation 

The general concept of combining the use of several modes for any transportation at strategic, tactical, or 

operational level is generally described as ‘multimodal transportation’. Different modes can be used for 

different types of commodity, movements of distance, and requirements of services. A company’s relative 

dependence on different modes can also vary significantly between countries reflecting, among other 

things, differences in the national freight market, the relative density of modal infrastructures and 

government transportation policy.  Over the years numerous studies have been conducted on the topic and 

detailed literature reviews can be found in articles of McGinnis (1989), Meixell and Norbis (2008), Reis et 

al. (2013), SteadieSeifi et al. (2014), Reis (2015). 

Multimodality should be distinguished from ‘intermodality’. Although there is a lack of consensus on the 

definition of intermodality (Bontekoning et al., 2004), it is widely accepted that it refers to a sequence of 

different transportation modes used on a single journey, and very likely, a unitized module is used along 

this freight journey: for example, a container is ‘pre-hauled’ by truck from the sender to an intermodal 

terminal, trunk-hauled by train or ship to another intermodal terminal, and then ‘post-hauled’ by truck to 

the receiver. The same sealed, modular unit (e.g. a container) travels from origin to destination (Macharis 

and Bontekoning, 2004). Modular consignments are channeled through intermodal terminals where they 

are transshipped between modes in large numbers to exploit the scale economies of rail and water-borne 

transportation (European Commission, 1997). The literature on intermodality has been reviewed by, among 

others, Macharis and Bontekoning (2004), Bontekoning et al. (2004), Crainic and Kim (2007), SteadieSeifi et 

al. (2014), and Reis (2015). 

Recently synchromodality (or ‘synchromodal transportation’) has emerged as the next conceptual 

development linked to multimodal transportation (e.g., Verweij (2011), Roth et al. (2013), Tavasszy et al. 

(2015)). In one of its first explanations, Verweij (2011) characterized synchromodality as the ability to switch 

freely between transportation modes at particular times while a consignment is in transit. For example, a 

container that was originally planned to be shipped via intermodal rail transportation might be switched to 

direct trucking at certain terminals, because of real-time constraints or a desire to improve utilization / cut 

costs. The necessary level of flexibility for switching between different transportation modes requires 

efficient and responsive coordination of the schedules of the available transportation modes. In this way, 

synchromodality offers the potential to switch mode at several nodes on the route, while meeting cost and 

service level requirements.  
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Behdani et al. (2016) and Tavasszy et al. (2015) describe the distinctive feature of synchromodality as 

‘horizontal integration’ of freight transportation planning, which allows for parallel usage of different 

transportation modes from the origin to the destination.  Freight flows on a particular route, possibly 

satisfying the same order, are then split between different modes.   This contrasts with ‘vertical integration’ 

of different modes which is inherent in a door-to-door intermodal movement. Figure 2 illustrates both 

concepts. Intermodal transportation comprises sequential usage of multiple transportation modes. 

synchromodal transportation, on the other hand, permits  their simultaneous usage, and furthermore, one 

of these modes could be an intermodal service. Tavasszy et al., (2015) define synchromodality as 

‘synchronized intermodality’. When Logistics Service Providers (LSPs) implement the horizontal integration 

of different transportation modes and internally synchronize flows, they can do so without consulting 

shippers.  The shippers then make a-modal or ‘modal-free’ bookings, giving LSPs discretion to use multiple 

modes on schedules that meet the shippers’ service level requirement at the agreed costs (Gorris et al., 

2011). 

 

Figure 2: The vertical and horizontal integration of freight transportation planning (Behdani et al. (2016), Tavasszy, et 

al. (2015)) 

Groothedde et al. (2005) show how this ‘horizontal integration’ can be operationalized. In their case study, 

they model parallel usage of two transportation modes: a premium, fast and flexible transportation mode 

(direct trucking), and a relatively inexpensive, slow and inflexible transport mode (intermodal). The two 

transportation modes are synchronized in such a way that the stable part of the freight demand is carried 

by intermodal transportation, and the variable peaks are accommodated by direct trucking.  

2.2 Review of the current literature on synchromodality 

While multimodal and intermodal transportation have been extensively reviewed in the literature, 

synchromodality is relatively new. We therefore reviewed the recent literature on synchromodality to get 

a better understanding of the current state-of-the-art. The keywords ‘synchromodality’ and ‘synchromodal 

transportation’ were inserted into the following databases: Emerald Insight, Google Scholar, IEEE Xplore, 

JSTOR, OECD (Organisation for Economic Co-operation and Development) library, Springer Link and Web of 

Science. In total 24 articles written in English were found that elaborate on the concept of synchromodality: 
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nine journal articles, seven conference proceedings, three book chapters, four white papers and one 

working paper. We are aware that there may exist additional reports or articles in other languages. In Table 

1 we list these 24 articles, together with their definition of the synchromodality concept and its advantages 

as described in their work.  

Several key points emerged from the literature: 

1. Synchromodality research is still in its early stage. The number of publications however is growing 

as shown in Figure 3.  

2. The majority of the studies are exploratory and qualitative in nature, which is not surprising for an 

emerging concept. The first quantitative study was found only in 2015. In 2016 three more 

quantitative studies were published. The emergence of quantitative studies indicates a deepening 

understanding of the concept and growing interest in its implementation. 

3. Until now the synchromodality concept is largely defined in transportation terms and logistics 

service providers (LSPs) are its principal agents. Although in the original proposal of Verweij (2011) 

both the LSPs and the shippers were involved in its implementation, later research has generally 

focused on LSPs only. In the latter case, shippers simply leave the freight mode choice to the LSPs, 

thus making a ‘mode-free’ booking. 

4. The most quoted benefit of synchromodality lies in improved sustainability, both in economic and 

environmental terms. This accrues partly from increased probability of freight modal shift but also 

from greater flexibility in the real-time planning of transportation modes to adapt to variable 

demand. 

5.  The relationship between synchromodality and the management of supply chain processes, 

particularly the management of inventory, has not yet been discussed in detail in the literature.  
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Figure 3: The number of published articles on synchromodality 
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Table 1 A view of current synchromodality literature 

Author (year) Principal Explanation of Synchromodality Advantages of Synchromodality 

Verweij (2011) LSP and 

shippers 

Optimal operational alignment of shippers and carriers in their choice of transportation modes and 

infrastructure 

A flexible, efficient and sustainable 

transportation strategy  

Lu and Borbon- 

Galvez (2012) 

LSP An efficient, cost-effective and environmental friendly multimodal transportation (MT) strategy The optimal flexibility and sustainability 

Pleszko (2012) LSP Carriage of goods by using favorable and available modes of transportation modes Flexible and sustainable utilization of 

transportation resources 

Roth et al. (2013) LSP MT that switches between different modes within a more timely, efficient and environmentally friendly 

distribution 

Flexible, sustainable transportation process 

with lower cost and higher service level 

PlatformSynchro-

modaliteit (2013) 

LSP MT that seamlessly switches between modes, consolidate consignments and achieve additional efficiency  A sustainable and flexible transportation 

strategy 

SteadieSeifi et al. 

(2014) 

LSP A structured, efficient and synchronized combination of two or more transportation modes A flexible (real-time) transportation process 

Lu (2014) LSP The use of alternative transportation modes in a flexible way, depending on temporary circumstances as well 

as product and supply chain characteristics 

An efficient, sustainable, and reliable 

transportation network 

Oonk (2014) LSP MT that cooperates within transportation chains, aimed at using the right transportation modes at all times Alternatives and options for flexibility and 

responsiveness 

ALICE (2014) LSP and 

shippers 

The service which, through informed and flexible planning, booking and management, allows to make mode 

and routing decisions at the individual shipment level, as late as possible  

An transportation network that reduces 

costs and saves both time and energy 

Hofman (2014) LSP N.A. Real time design and coordination of value 

chains in the transportation system 

Singh (2014) LSP MT that efficiently plan and optimize the utilization of different transportation modes Flexibility in changing different modes, 

emission reduction 

Reis (2015) LSP and 

shippers 

MT that adds adaptive mode choice, based on real time information and situation of the transportation system  Efficient transportation service based on real 

time information 

Van Riessen et al. 

(2015a, b,c) 

LSP MT that optimizes all transportation in an integrally operated network Efficient and sustainable transportation plan 

for all orders 

Singh and Van 

Sinderen (2015) 

LSP MT that allows LSPs to have the freedom in transportation modes to fulfill timing and quality requirements Higher flexibility, lower GHG emissions, and 

lower costs 

Xu et al. (2015) LSP A structured, efficient and synchronized combination of two or more transportation modes Optimized transportation profit 

Tavasszy et al. 

(2015) 

LSP A network of well-synchronized and interconnected transportation modes, which together cater for the 

aggregate transportation demand 

Flexible and sustainable transportation chain 

with higher service 

Putz et al. (2015) LSP MT network the modes are operated in parallel and interconnected with each other Flexible transportation network with 

sustainable use of transportation resources 

DINALOG (2015) LSP A shipper agrees with a LSP on the delivery of products at specified costs, quality, and sustainability but gives 

the LSP the freedom to decide on how to deliver according to these specifications 

Speed, cost reductions and sustainability 

Prandtstetter et 

al.(2016) 

LSP MT consists of at least two modes and supporting real-time switching among those modes based on optimized 

mode choice decisions 

Flexible and environment friendly 

transportation service 

Mes and Iacob 

(2016) 

LSP MT in which the best possible combination of transportation modes is selected for every transportation order Minimization of cost, delay, and emissions 

Zhang and Pel 

(2016) 

LSP The same as DINALOG (2015) Cost and emission reduction without 

sacrificing the service level 

Behdani et al. 

(2016) 

LSP An integrated transportation service by looking at the complementary nature of available transportation 

modes 

Improve service and cost by optimally use of 

all transportation modes 
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2.3 Synchromodality from a supply chain perspective 

While synchromodality adds the synchronization of the transportation modes to the conventional 

intermodality problem, the SSCP concept further extends synchromodality from being a transportation 

concept to a principle impacting more widely on supply chain decision-making. 

Figure 4 illustrates intermodal transportation, synchromodal transportation and SSCP. Synchromodal 

transportation (Figure 4b) extends the one-dimensional freight pathway of intermodal transportation 

(Figure 4a) to a two-dimensional freight flow network involving simultaneous usage of different modal 

pathways in the same corridor. One of these pathways could be intermodal transportation. In SSCP, the 

transportation decision, after all, is only one building block in the overall optimization of a supply chain (see 

Figure 4c). The meaning of ‘synchro’ in synchromodality needs to be broadened from the synchronization 

(and scheduling) of the different transportation modes towards the synchronization (and scheduling) of 

transportation with other supply chain activities such as inventory management and the setting of service 

levels.  

 

Figure 4: A comparison between intermodality, synchromodality, and SSCP 

In Groothedde et al. (2005) the synchronized parallel usage of direct trucking and intermodal transportation 

is discussed, thereby operationalizing synchromodality from an LSP’s perspective. We suggest that, when a 

shipper wants to implement synchromodality, it needs to evaluate the transportation decisions from an 

overall supply chain perspective. For example, intermodal transportation may lack the flexibility to vary 

carrying capacity and may result in unnecessarily high inventory in the supply chain. It also requires a long 

lead time and therefore may not satisfy demand surges at short notice. As a consequence more 

sophisticated supply chain models in which transportation decisions are synchronized with other decisions 

within the supply chain, such as dynamic inventory management and service level controls, are required.  
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The SSCP approach entails a more holistic view of the supply chain incentives that the shippers may have 

when they make synchromodal decisions, instead of simply outsourcing the transportation decision to the 

LSPs and leaving them to optimize the transportation operation.  Even where shippers contract out their 

transportation, they can still exert control over the choice of mode and carrier through a ‘control tower’. 

According to a survey by Boston Consulting Group (2015) with 40 international corporations, up to 59% of 

the surveyed shippers now manage transportation in-house, as they believe that they can have a ‘better 

control of their service levels’. A broader third-party logistics study by CapGemini (2016) reports that 

although shippers in general continue to rely heavily on LSPs, about 35% of them are insourcing more 

control of their logistics activities. The reasons offered for this include misalignment of logistics goals and 

objectives, lack of transparency and effective communications, lack of IT capabilities among LSPs, etc. 

Naturally, LSPs and shippers have different business models and operational strategies. The LSPs that 

explore synchromodality as a business model tend only to consider how it affects their own transportation 

operations. Shippers, on the other hand, are also interested in its wider impacts on endogenous elements 

in the production and distribution systems, such as inventories and production schedules.   As a 

consequence the shipper-based, supply chain perspective on synchromodality is much broader than that of 

an LSP. The differences are summarized in Table 2.  

Table 2: Different perspectives of synchromodality 

 Transportation perspective Supply chain perspective 

Organization Mainly LSPs Shippers 

Scope A transportation network End-to-end supply chain  

Complexity Network extent and intermodal 

connections 

Supply chain trade-offs and synergies  

Objective A flexible transportation network, where 

all transportation modes are efficiently 

utilized and modal shift facilitated 

A synchronized supply chain, where 

inventory-transportation trade-offs 

are recalibrated to exploit multimodal 

flexibility 

Quantitative re-

search method 

Transportation planning algorithms, e.g., 

the multi-objective k-shortest path 

problem used by Mes and Iacob (2016) 

Supply chain optimization, e.g., 

models integrating transportation and 

inventory decisions 

 

Synchromodality from a Supply Chain Perspective is defined as: 

A multimodal strategy that incorporates the flexible choice of freight transportation modes into shippers’ 

management of supply chain processes. 

This perspective redefines the modal choice decision and encourages shippers to re-examine their 

transportation strategies from a holistic supply chain perspective. Synchromodality requires the active 

involvement of shippers in modal split decisions to align mode choice with production and inventory 



12 

 

management and to accommodate transportation changes into their end-to-end supply chains. Shipper’s 

responsibility and effort are acknowledged, in order to improve the performance of the supply chain.  

2.4 SSCP and the total logistics costs approach 

Whereas synchromodality allows for parallel usage of different transportation modes from the origin to the 

destination, SSCP aims to determine the optimal allocation of freight between the transportation modes 

that optimizes the total supply chain performance. This is closely related to the literature applying a total 

logistics costs (TLC) approach to optimize freight modal choice and inventory decisions, which is already 

extensively discussed in the literature. The general problem setting is proposed by Baumol and Vinod (1970), 

who develop a total logistics costs model (they define it an ‘inventory-theoretic model’) to analyze the 

trade-off between transportation and inventory costs. When a firm uses a slow rather than a fast 

transportation mode, it will increase the inventory holding costs.  

Baumol and Vinod’s TLC model is extended in various ways, e.g., by considering demand variability (Das, 

1974), inventory backorder costs (Constable and Whybark, 1978), capacity and service level constraints 

(Sheffi et al., 1988), production set-up costs (Blumenfeld et al., 1991), to multi-products with different value 

and transportation schedules (Speranza and Ukovich, 1994), in a multi-echelon inventory setting (Miller and 

Matta, 2003), in a transportation network allowing for freight consolidation in specific nodes in the network 

(De Jong and Ben-Akiva, 2007), lead time variability (Dullaert and Zamparini, 2013), etc. All these models 

aim to support firms’ decisions in freight mode choice and inventory controls. Lloret-Battle and Combes 

(2013) and Combes and Tavasszy (2016) provide empirical justification of the inventory-theoretic model, 

and show that shippers significantly increase their freight mode decisions when incorporating inventory 

controls.  We refer to Winston (1983), Min and Zhou (2002), Meixell and Norbis (2008), and Tavasszy et al. 

(2012) as extensive literature reviews on studies applying a total logistics costs approach.   

Although there is a substantial body of literature on the application of the TLC approach, Groothedde et al. 

(2005) is one of the few studies that incorporates simultaneous usage of more than one transportation 

mode. In their model, the more stable part of the freight demand that can be more accurately predicted is 

allocated to an intermodal transportation service, while the more variable part is delivered  by truck. Our 

research relaxes the limiting assumption made by Groothedde et al. (2005) that only stable, predictable 

flows are shifted to intermodal services.   This should permit greater use of slower, greener intermodal 

services. Rather than restrict the use of these services to a particular category of demand, our model 

allocates freight in relation to TLC measured on a supply chain basis from the shipper’s perspective allowing 

for dynamic inventory management and stochastic customer demand. Application of our model should 

therefore enable shippers to exploit synchromodality more fully and increase their usage of intermodal 

transportation. 
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3 A case study of SSCP 

In this section we present the findings of a real world research project, which examined the potential for 

increasing a large shipper’s relative use of intermodal rail transportation by using SSCP. In order to preserve 

commercial confidentiality, it is not possible to reveal the company data used in this case study. Instead, 

the values declared for key parameters are realistic industry-level figures and not specific to any particular 

company. We show that by applying SSCP with industry level parameters, the company can increase its 

modal split of currently 30% of the freight volume shipped via intermodal rail in one specific corridor, to as 

much as 70% consigned on intermodal rail transportation in the same corridor. The environmental impact 

of this modal shift involves a reduction of CO2 emissions with 30% on this specific transportation lane.  

Whereas the SSCP concept involves the integration of the flexible choice of freight mode into a shipper’s 

supply chain strategy, including transportation, inventory, production, etc., in this case study we restrict to 

the modal split between two transportation modes, intermodal rail and truck, and focus on the essential 

transportation-inventory trade-off in managing supply chains. As flexible mode shifts are practical infeasible 

in this corridor, we did not take that attribute of synchromodality into account.  

3.1 Current baseline situation 

A shipper operates a distribution center (D) in Western Europe, which is replenished from its plant (P). The 

replenishment orders are measured in the standard unit of Full Container Load (FCL). A FCL accounts for 

the volume loaded in a standard 45-foot container. Replenishment order varies over time, and we assume 

that the replenishment order follows a gamma distribution and normalize its mean to be 100. Note, because 

the objective of the firm is to increase the ratio of intermodal rail transportation, the normalization of the 

numbers will not affect the outcome. Due to the nature of the products, replenishment orders are highly 

volatile. Standard deviation is assumed to be 60, indicating that the coefficient of variation of the freight 

volume is 60%.   

The road corridor connecting plant P and distribution center D is 500 kilometers. There is no direct rail 

connection between P and D, but there is an intermodal rail corridor that consists of a rail leg of 500 

kilometers and a road leg of 50 kilometers. The distance of this corridor is larger than 300 kilometers, which 

is long enough to use intermodal rail transportation as suggested by European Commission (2011). 

Intermodal rail transportation has a lower cost than road transportation per unit of delivery. However, 

despite its cost advantage, intermodal rail transportation has inflexibilities in delivery quantity and schedule: 

Because of the rigidity of the train schedule and its transportation capacity, intermodal rail transportation 

requires shippers to commit stable volumes over a long planning horizon. This stability is essential to make 

intermodal rail economically viable. The shipper needs to decide the constant volume consigned on 

intermodal rail transportation on a daily base.  
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For the shipper it is not feasible to put all its freight orders on intermodal rail. Given the rigidity of rail 

transportation, such a level strategy with constant deliveries equal to the average demand each period, 

leads to an unstable inventory process which increases in variability over time (Boute et al. (2007), Boute 

and Van Mieghem (2015)). To limit the resulting inventory increase at the distribution center D, the shipper 

therefore only consigns the stable part of its freight volumes onto intermodal rail, and the volatile part of 

its freight volumes on trucks to satisfy the service levels. The stable part coincides with the lower bound of 

the demand volumes (see Figure 5). The share of freight moved by intermodal rail is thus calculated as:  

𝑇ℎ𝑒 𝑠ℎ𝑎𝑟𝑒 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑚𝑜𝑑𝑎𝑙 𝑟𝑎𝑖𝑙 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 =  𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑟𝑒𝑝𝑙𝑒𝑛𝑖𝑠ℎ𝑚𝑒𝑛𝑡 𝑜𝑟𝑑𝑒𝑟𝑚𝑒𝑎𝑛 𝑟𝑒𝑝𝑙𝑒𝑛𝑖𝑠ℎ𝑚𝑒𝑛𝑡 𝑜𝑟𝑑𝑒𝑟          (1) 

 

Figure 5: The current usage of intermodal rail transportation 

This approach is standard practice in industry (see, e.g., Groothedde et al. (2005)). However, when the 

replenishment orders are volatile, as in Figure 5, the stable part of the replenishment order is often minimal, 

which discourages a high usage of intermodal rail transportation. In our case study, the ratio of intermodal 

rail is about 30% of total freight movement on the particular route, i.e.,   𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑟𝑒𝑝𝑙𝑒𝑛𝑖𝑠ℎ𝑚𝑒𝑛𝑡 𝑜𝑟𝑑𝑒𝑟𝑚𝑒𝑎𝑛 𝑟𝑒𝑝𝑙𝑒𝑛𝑖𝑠ℎ𝑚𝑒𝑛𝑡 𝑜𝑟𝑑𝑒𝑟 = 0.3, 

which indicates that as much as 70% of total volume still needs to be transported via road transportation. 

We acknowledge that in practice, the firm can move the current modal split line slightly above to gain more 

opportunities in intermodal rail transportation. Nevertheless, the intermodal rail ratio remains at roughly 

30%.  
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Obviously this ratio varies widely between companies. The chemical industry for example traditionally faces 

a more stable demand, where the ratio in expression (1) is much higher. This is a major reason why the 

chemical industry has a much higher utilization of intermodal rail, e.g., BASF (2012).  

3.2 Increasing the share of intermodal rail transportation by applying SSCP 

The operational inflexibility of intermodal rail transportation, in terms of volume, delivery frequency and 

schedule, etc., does not fit the volatile nature of freight volume, and hence discourages a high ratio of modal 

split in intermodal rail transportation in the current baseline situation. The SSCP approach allows firms to 

have more flexibility by exploiting a flexible usage of different transportation modes, as well as capturing 

the wider trade-off inside the supply chain.  

The current modal split ratio as described above is based on the assumption learnt from standard industry 

practice (Groothedde et al., 2005) that only the stable part of the replenishment order (defined by its 

minimum) is transported by intermodal rail, because managers tend to perceive that a straight shift from 

trucks to trains and barges is likely to have a negative impact on the supply chain, especially an increase of 

inventory in both ends of the journey. No account is taken of shipper’s total logistics costs.  Instead it is 

presumed that the use of intermodal services will incur higher inventory costs thereby discouraging the use 

of these services by all but stable, predictable flows.  

We argue that a proportion of the less stable flows can also be transported by intermodal rail, if the modal 

split ratio is optimized with respect to the shipper’s transportation and inventory costs. When the 

transportation cost reduction resulting from the increased share of intermodal rail exceeds the 

corresponding inventory costs increase, it makes sense to do so from a total supply chain cost perspective. 

SSCP therefore looks at the synchromodal decision from the total supply chain perspective, rather than only 

looking at it in transportation terms.  

Notation:  𝑡 Time period index, 𝑡 = 1 … 𝑇 𝑐𝑇𝑅  Unit transportation cost via truck transportation 𝑐𝑅𝐴 Unit transportation cost via intermodal rail transportation 𝑒𝑇𝑅 Unit carbon emission from truck transportation 𝑒𝑅𝐴 Unit carbon emission from intermodal rail transportation 𝑙𝑇𝑅 Lead time of truck transportation 𝑙𝑅𝐴 Lead time of intermodal rail ℎ Unit inventory holding cost 𝑘 Unit cost of capital 
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𝑏 Unit inventory backorder cost 𝜉𝑡 Demand in period 𝑡, following an non-negative i.i.d. distribution 𝜇 Mean of demand 𝜉𝑡 𝑥𝑡 Starting inventory position at the beginning of period 𝑡 𝑄 The constant delivery quantity via intermodal rail transportation, decision variable 𝑆 The order-up-to level of the inventory policy, decision variable 𝑧𝑡 The delivery quantity via truck transportation placed in period 𝑡  𝐶𝑡 The total logistics cost including transportation and inventory in period 𝑡 𝐶̅ The average of 𝐶𝑡. This is the objective value to be minimized �̅� The average emissions per period 

Model 

A firm ships its replenishment orders from P to D by a simultaneous usage of two transportation modes: 

intermodal rail, and truck. From a modelling point of view, “intermodal rail” can be read as “rail 

transportation” and this change will not affect the setting and analysis of the model. We use “intermodal 

rail” because in our specific case study, the connection is an intermodal rail instead of a direct train. Similar 

to the standard approach described in Groothedde et al. (2005), our model assumes that intermodal rail 

always delivers a constant shipment quantity 𝑄 from P to D for every period. This quantity 𝑄 is a decision 

variable. Because a constant quantity is shipped and delivered during every period, the lead time of 

intermodal rail transportation can be ignored (Baumol and Vinod, 1970). However, the pipeline inventory 

incurs a financial cost, i.e., the opportunity cost of the capital invested in inventory within the transport 

system.  

Another decision is the volume simultaneously shipped by truck 𝑧𝑡  in period t linked to the inventory 

replenishment policy. The current mainstream freight transportation models linked to inventory 

management are formed on the basis of the classical Economic Order Quantity (EOQ) model (e.g., Combes, 

(2013)). However, EOQ models are built on a strong assumption that the demand of the model is 

deterministic, i.e., the demand remains the same in all periods. In order to analyze the volatile demand, we 

implement the base-stock inventory replenishment policy as suggested widely in the inventory literature, 

e.g., Karlin and Scarf (1958), Zipkin (2000), and Porteus (2002).  

The base-stock policy works as follows: At the beginning of 𝑡 the firm has 𝑥𝑡 inventory in D, then the truck 

transportation delivers 𝑧𝑡−𝑙𝑇𝑅  (Truck transportation has a lead time of 𝑙𝑇𝑅  periods so that the 

replenishment orders from 𝑡 − 𝑙𝑇𝑅 period arrives in period t.) and intermodal rail transportation delivers 𝑄, 

and the firm thus has an inventory level of 𝑥𝑡 + 𝑧𝑡−𝑙𝑇𝑅 + 𝑄. If this level is below the base-stock level 𝑆, then 𝑧𝑡 = (𝑆 − 𝑄 − 𝑧𝑡−𝑙𝑇𝑅 − 𝑥𝑡) units are to be replenished and delivered via truck. Otherwise no delivery is 

made. Hence, 𝑧𝑡 = (𝑆 − 𝑄 − 𝑧𝑡−𝑙𝑇𝑅 − 𝑥𝑡)+
, with ( )+ defined as the positive part of a real-valued function 
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in the brackets. After that, demand 𝜉𝑡 is realized. Note, 𝜉𝑡 is a non-deterministic variable. Because of the 

uncertainty in 𝜉𝑡 , at the end of every period two mismatch-scenarios could happen: 1) If the on-hand 

inventory in D, denoted as 𝑥𝑡 + 𝑧𝑡−𝑙𝑇𝑅 + 𝑄, is larger than 𝜉𝑡, the remaining inventory will be stored to the 

next period at a unit holding cost h. 2) If the on-hand inventory is less than 𝜉𝑡, the unmet demand will be 

back-ordered to the next period with a unit penalty cost b. Denote 𝑐𝑅𝐴 the unit transportation cost with 

intermodal rail and 𝑐𝑇𝑅  the unit transportation cost with truck, the total costs in period t is then:  

 𝐶𝑡 = 𝑐𝑅𝐴𝑄 + 𝑐𝑇𝑅𝑧𝑡−𝑙𝑇𝑅 + ℎ(𝑥𝑡 + 𝑄 + 𝑧𝑡−𝑙𝑇𝑅 − 𝜉𝑡)+ + 𝑏(𝜉𝑡 − 𝑥𝑡 − 𝑄 − 𝑧𝑡−𝑙𝑇𝑅)+ + 𝑘(𝑙𝑅𝐴𝑄 +𝑧𝑡−1 + ⋯ + 𝑧𝑡−𝑙𝑇𝑅)                                                                 (2)     

where 𝑐𝑅𝐴𝑄 represents the transportation cost of the freight volume received by intermodal rail, 𝑐𝑇𝑅𝑧𝑡−𝑙𝑇𝑅  

the transportation cost of the volume received by truck, ℎ(𝑥𝑡 + 𝑄 + 𝑧𝑡−𝑙𝑇𝑅 − 𝜉𝑡)+
 the inventory holding 

cost in period 𝑡 , 𝑏(𝜉𝑡 − 𝑥𝑡 − 𝑄 − 𝑧𝑡−𝑙𝑇𝑅)+
 the inventory backorder cost which is incurred in case the 

demand exceeds the total supply, and 𝑘(𝑙𝑅𝐴𝑄 + 𝑧𝑡−1 + ⋯ + 𝑧𝑡−𝑙𝑇𝑅) the cost of capital linked to the in-

pipeline inventory on both transportation modes at a rate of 𝑘. Although we acknowledge that the cost 

structure of an intermodal rail operator is typically lumpy (we refer to European Intermodal Association 

(2012) for the detailed cost structure of rail operation), we use a linear approximation because the cost 

structure for a shipper, i.e., the transportation cost paid by the shipper to the carrier, is close to a linear 

function. 

The decision variables are 𝑄 and 𝑆 and the objective is to minimize the average total logistics costs per 

period, including transportation (intermodal rail + truck) and inventory mismatch (holding + backorder) 

costs:  

𝐶̅ = 1𝑇 ∑ 𝐶𝑡𝑇𝑡=1                        (3) 

Parameters 

The inventory holding cost from the firm’s perspective does not only consist of warehouse storage and 

handling cost, but also includes the cost of capital linked to the inventory. It is usually assumed that, the 

annual rate of cost of capital is 10% and the annual inventory holding cost of a product is equivalent to 25% 

of its value. The average value of the cargo in a FCL is assumed to be 100,000 EUR. The average cost of 

capital per day: 𝑘 = 100,000 × 10%365 = 27 , and the average inventory holding cost per FCL per day is 

therefore calculated as: ℎ = 100,000 × 25%365 = 68 . The inventory backorder penalty cost b can be 

calculated indirectly via the customer service level, which is set to be 95% in the industry. In a base-stock 

inventory setting, the customer service level is given by the critical fractile b/(b+h)  (Zipkin, (2000), page 

215). As a result, we obtain 𝑏 = 1292. To transport one FCL from P to D via road transportation costs 600 
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EUR, i.e., 𝑐𝑇𝑅 = 600, and to transport the same FCL via intermodal rail costs 𝑐𝑅𝐴 = 550. The lead time of 

road transportation is one day, i.e., 𝑙𝑇𝑅 = 1, and the lead time of intermodal rail is two days, i.e., 𝑙𝑅𝐴 = 2.  

The following table summarizes the parameters values: 

Parameter Description Value Unit 𝜇 Mean of demand 100 Full container load (FCL) 𝜎 Standard deviation of demand 60 FCL 𝑐𝑇𝑅  Unit transportation cost by truck 600 EUR per FCL 𝑐𝑅𝐴 Unit transportation cost by intermodal rail 550 EUR per FCL 𝑙𝑇𝑅 Lead time of truck  1 Day 𝑙𝑅𝐴 Lead time of intermodal rail 2 Day ℎ Unit inventory holding cost per period 68 EUR per FCL per day 𝑘 Unit cost of capital per period 27 EUR per FCL per day 𝑏 Unit inventory backorder cost per period 1292 EUR per FCL per day 

 

Results 

Although the problem structure is straightforward, the model is unfortunately analytically intractable. The 

characterization of the inventory process as a result of the dual sourcing inventory policy (a simultaneous 

usage of both transportation modes) makes it impossible to solve the model analytically: because the 

intermodal rail transportation always delivers a constant quantity into the distribution center, it is possible 

that it delivers more than needed and shoots the inventory over the base stock control level, and this 

excessive inventory cannot be obtained in explicit form. We refer to Rosenshine and Obee (1976), Allon and 

Van Mieghem (2010), and Janakiraman et al. (2015) for more detailed analysis on the characterizations of 

the inventory process.  To the best of our knowledge, Combes (2011) and Dong et al. (2017) are the only 

studies that solve similar transportation problems with inventory considerations. However, they both use 

an approximation approach and do not show the optimal solutions. Our simulation approach is 

straightforward and obtains optimal solutions.  

We solve the model optimally via simulation-based optimization through a search for all possible 

combinations of 𝑄  and 𝑆  over a simulation time horizon 𝑇 . Because both 𝑄  and 𝑆  are integers, the 

computing effort is moderate.  

The ratio 𝑄 𝜇⁄  represents the share of the intermodal rail transportation. As described in section 3.1, the 

company currently operates with intermodal rail share of 30%, given by expression (1). The firm wants to 

reduce the environmental impact by shifting more volume from trucks to intermodal rail (i.e., increasing 

the value of 𝑄), without increasing its total supply chains costs. We examine how the expected total cost 
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per period behaves as a function of the intermodal rail share, i.e., we observe how 𝐶̅ changes when 𝑄 varies 

from its lower-bound zero (intermodal rail share of 0%) to its upper-bound2 𝜇 (100% intermodal rail share), 

and depict the results in Figure 6. The solid curve represents 𝐶̅, the expected total logistics cost per period, 

and the two dotted curves represent the breakdown of the total cost 𝐶̅ into transportation and inventory 

costs. For confidentiality reasons the exact numbers in the y-axis are not reported. In fact, we are interested 

in increasing the share of intermodal rail transportation and the exact value of 𝐶̅ is out of scope of this 

research. Figure 6 shows that as the intermodal rail share goes up, the total transportation cost goes down 

linearly, but inventory cost increases in a convex manner. Specifically, when the share of the intermodal rail 

approaches to 100% (point F), almost all volumes are transported via intermodal rail, the SSCP model loses 

all flexibility, resulting in excessive inventory holding costs. As a comparison, at point E the firm has all 

volume transported via road and the inventory is minimized. 

 

Figure 6: The expected total logistics cost per period and the share of intermodal rail by applying SSCP 

In Figure 6, point A represents the current baseline situation, where about 30% of the volume is shipped by 

intermodal rail in the specific corridor from P to D. When optimizing the modal split taking its impact on 

both transportation and inventory costs into account, we find that the total logistics cost can be further 

reduced by increasing the intermodal rail share to point B, where about 70% of the freight is shipped using 

intermodal rail on this specific intermodal rail corridor. This is a considerably higher modal share than in 

                                                           
2 𝑄 should not exceed 𝜇, otherwise the expected supply will be larger than the expected demand and the 

inventory will continuously build up. 
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the current situation and is achieved without increasing the total logistics costs or reducing the customer 

service level. The move from point A to point B represents a redefinition of the synchromodality problem.  

Point A corresponds to the current practice of modal split as defined among others by Groothedde et al. 

(2005), in which the firm optimizes its mode choice as a pure transportation problem, and ships the stable 

predictable flow using intermodal rail and accommodates the unpredictable flow by direct trucking.  Using 

this approach intermodal rail is assigned 30% of the freight.  Moving the optimum to Point B effectively 

extends the boundary of the optimization problem into the supply chain realm.  This can raise the 

intermodal rail share to 70% and shows how combined modelling transport and inventory variables allows 

synchromodality to achieve a more radical reallocation of freight between modes.  Point A can be 

considered a sub-optimal modal split based on transportation parameters only while point B a new global 

supply chain optimum. 

From point A to B, the firm obtains more transportation cost savings than extra inventory cost spending. 

From point B to point F, the total logistics costs increase mainly due to an excessive increase in inventory 

holding costs. Point C is another interesting point. It represents a cost indifference point where the shipper 

remains at the same total logistics cost as its current situation, which is represented by point A. It indicates 

that the company could theoretically shift about 90% of its volume on a particular corridor onto intermodal 

rail, without compromising total logistics costs. Although this would indicate a major reduction in its 

environmental impact, this point will in practice be hard to attain because, without external stimulations 

from governmental policy or customer requirements, most firms will prioritize costs over emissions, and 

therefore stay at Point B. Still, Point C indicates that SSCP still offers further theoretical potential for 

environmental improvement at a supply chain level. 

3.3 The environmental impact of SSCP 

In this section we illustrate the environmental impact of SSCP by analyzing the corresponding savings in 

carbon dioxide (CO2). We use the standard emission factor from European Environment Agency (2013): 

road transportation discharges in average 75 grams CO2 per tonne-kilometer (TKM), and rail transportation 

in average 21 grams CO2 per TKM. An FCL has an average payload of 24 tons so that to ship one FCL from P 

to D (distance of 500kms) by road transportation emits on average  75 × 24 × 500 = 900,000 grams, or 

0.9 tons of CO2. We obtain 𝑒𝑇𝑅 = 0.9. The intermodal journey has a rail trunk haul of about 500 kilometers 

with combined road feeder distances of 50 kilometers. To transport one FCL from P to D using the 

intermodal service emits (75 × 24 × 50) + (21 × 24 × 500) = 342,000 grams, or 0.342 tons of CO2. We 

set 𝑒𝑅𝐴 = 0.342. The average CO2 emission per period is then presented as:  

�̅� = 1𝑇 ∑ (𝑒𝑅𝐴𝑄 + 𝑒𝑇𝑅𝑧𝑡−𝑙𝑇𝑅)𝑇𝑡=1 .                                                                   (4) 
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We do not consider GHG emissions caused by holding inventory.  According to the World Economic Forum 

(2009), ‘logistics buildings’ , comprising freight terminals, warehouses and depots, account for 

approximately 10% of total GHG emissions from logistics.  The storage-related emissions would represent 

only a fraction of this 10% and be relatively fixed in the short- to medium-term regardless of the amount of 

inventory. A further reason for excluding inventory-related emissions from the analysis is that the products 

did not require temperature control.  No refrigerant gases were emitted from this supply chain nor CO2 

emissions associated with the cooling of warehousing or vehicles.  

Because the unit emission from intermodal rail transportation is smaller than that from road transportation, 

i.e., 𝑒𝑅𝐴 < 𝑒𝑇𝑅, to shift freight from road to intermodal rail transportation linearly decreases total emission �̅�. In theory the firm could minimize �̅�  in (4) by maximizing 𝑄, i.e., consigning all freight to intermodal rail 

transportation. This is not a feasible solution, however, because the firm would then incur a significant 

increase in inventory costs as shown in point F in Figure 6.  

We illustrate in Figure 7 the trade-off between total logistics costs and emissions when the firm increases 

its dependence on intermodal transportation. The current situation is denoted as Point A as the basis for 

comparison (30% intermodal rail share). Point E indicates total reliance on road transportation, which cause 

emissions and costs to be, respectively, 9% and 5% higher than at present. Point F corresponds to a scenario 

Figure 7: the costs and emissions trade-off curve Figure 7: The costs and emissions trade-off curve 
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in which the share in intermodal rail transportation approaches to 100%. Although F is the ‘greenest’ 

solution in this plot with about 45% CO2 emission savings compared to the baseline situation, it would 

inflate total logistics costs by roughly 40% as a result of higher inventories accumulating in the distribution 

center. Points B and C remain the same as in Figure 6. At point C, the firm is able to save about 40% of total 

CO2 emission without incurring extra costs. The most realistic result of SSCP is point B, where the firm could 

obtain logistics cost savings of about 6% as well as emissions savings of about 30%, compared to the current 

situation at point A.  This would represent a win-win option yielding economic and environmental benefit.  

Hoen et al. (2013) have discussed a trade-off between cost and emissions. They find that ‘intermodal 

transport, which is typically less carbon emitting, is more expensive (in terms of total logistic cost) than road 

transport for 63% of the customer lanes’. On the basis of this observation, they demonstrate that firms in 

general need to trade higher cost for an emission reduction. In contrast to their study, our model assumes 

that the greener intermodal alternative is also cheaper compared to road transportation (see, e.g., 

EUROSTAT(2015b); Floden and Williamsson (2015)). Greater use of intermodal transportation can therefore 

lead to both cost and emission reductions.  

Currently the firm regards the choice of transportation mode as purely a transportation problem and hence 

stays at point A. The analysis indicates that by applying SSCP and optimizing modal choice at a supply chain 

rather than transportation level, the firm is able to further exploit both the economic and environmental 

benefits of intermodal rail transportation.  From points B to F, the firm would have to trade-off higher 

logistics costs for emission reductions.  It would have to be incentivized to make such a trade-off by 

exogenous pressures, such as the imposition of a carbon tax, greater willingness of customers to pay for a 

lower carbon products or steep increases in fossil fuel prices.   

The introduction of a carbon tax would encourage companies to shift freight to lower carbon modes. We 

have used our SSCP model to assess the impact on carbon emissions and logistics costs of setting carbon 

taxes at different levels.  

Denoting 𝛽 as the carbon tax per ton, the firm needs to minimize the total costs of transportation, inventory, 

and carbon tax payments. The total costs per period in the presence of a carbon tax is then:  

𝐶�̂� = 𝑐𝑅𝐴𝑄 + 𝑐𝑇𝑅𝑧𝑡 + ℎ(𝑥𝑡 + 𝑄 + 𝑧𝑡−𝑙𝑇𝑅 − 𝜉𝑡)+ + 𝑏(𝜉𝑡 − 𝑥𝑡 − 𝑄 − 𝑧𝑡−𝑙𝑇𝑅)+ + +𝑘(𝑙𝑅𝐴𝑄 + 𝑧𝑡−1 + ⋯ +𝑧𝑡−𝑙𝑇𝑅) + 𝛽(𝑒𝑅𝐴𝑄 + 𝑒𝑇𝑅𝑧𝑡−𝑙𝑇𝑅)         (5) 

The objective is to minimize the average of 𝐶�̂� . 
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We follow Fahimnia et al. (2015) and set the value of 𝛽 to 0, 21, 42, 104 and 208 EUR3 per ton.   The resulting 

cost and emission trade-off curves are plotted in Figure 8.  

The curve with 𝛽 = 0, i.e., no carbon tax, is equivalent to the single curve shown in Figure 7. However, now 

the benchmark is changed from point A to B, because the impact of the carbon tax is evaluated against the 

optimum. When the value of 𝛽 increases, the trade-off curve moves to the right, indicating that the total 

costs are inflated by the addition of the carbon tax payments.  

 

Figure 8: The costs and emissions trade-off curves with various carbon tax rate β 

Point B in Figure 8 minimizes the average total costs (𝐶�̂�) when there is no carbon tax, and point H minimizes 

the total costs in the high carbon tax scenario of 𝛽 = 208 EUR per ton. In the high carbon tax scenario 

(point H), the firm needs to trade 17% more total logistics cost for 9% less emissions. The cost increase is 

significantly larger than the emission reduction. In the absence of carbon tax, the use of SSCP allows the 

firm to optimize synchromodality in a broader supply chain context and obtain a 42% emission reduction 

(from A to B). However, when the supply chain of the firm is optimized by using SSCP (at point B), the 

incremental effect of a carbon tax on CO2 emission reductions is relatively small (only 9% represented by 

the move from B to H). This suggests that the application of SSCP has the potential to substantially reduce 

                                                           
3 The prices are originally quoted in USD in Fahimnia et al. (2015), and in our case study changed into EUR 

on the basis of the exchange rate on July, 1st, 2015: 1 USD = 0.9054 EUR. 
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CO2 emissions (from point A to B) through optimization of the firm’s ‘internal’ supply chain, whereas the 

‘external’ interventions such as a carbon tax imposed by the government have only a minor incremental 

effect (moving from point B to H), unless they are set at very high levels. 

3.4   Discussion 

Although this case study is analyzed on the basis of one set of industry-level parameters, several general 

insights can be found to support firms to reduce their environmental impact in freight movement. This case 

study shows that when current standard practice in industry is applied, with only the stable freight volumes 

transported by intermodal rail transportation (Groothedde et al., 2005), the share of intermodal rail is only 

moderate in case freight volumes are highly volatile. In order to increase the ratio in intermodal rail 

transportation, more flexibility can be introduced into the freight system by the following two aspects: i) 

the simultaneous usage of two transportation modes and, ii) the incorporation of the consequential 

transportation-inventory trade-off of the supply chain. These two aspects are the major features that we 

exploit in our SSCP concept discussed in Section 2. By following the SSCP approach, we show that it is 

possible to substantially reduce the total logistics costs and emissions at the same time.  

We are aware that the case study does not fully reflect all attributes of SSCP as discussed in Section 2. 

Additionally, synchromodality allows to switch freely between transportation modes at particular times 

while a consignment is in transit (Verweij, 2011). In the case study presented in this paper, freight can 

practically not be shifted from road to intermodal rail during the journey, and vice versa. The lack of this 

flexibility might prevent our models from obtaining even higher costs savings and emission reductions. 

Nevertheless, even without this extra flexibility, our model has already demonstrated substantial 

improvement of the economic and environmental impact of the transportation system.  

As this case study is specific to one shipper, it would clearly be unwise to apply the same modal split ratios 

for any practical scenarios. Whereas our results are illustrative for our company case study, they should not 

necessarily be representative of all industries as a whole. Depending on the company’s freight volume 

volatility, unit transportation cost of intermodal rail versus road, and the cost of holding excess inventories, 

the optimal modal split ratio and its corresponding cost savings and emission reductions may be different.  

We have subjected our results to a sensitivity analysis to test its robustness in different environments.   In 

the current case study, intermodal rail costs about eight percent less per unit than trucking and captures 

about 70% of the freight. If the cost differential between both transport modes goes down, intermodal rail’s 

share will be reduced. However, even if intermodal rail is only one percent cheaper than trucking, it retains 

around 60% of the traffic. We also tested the impact of the demand variability: when the demand is more 

volatile, trucking services that can handle variable delivery quantities will be favored. A numerical test 

shows that when the demand standard deviation increases from 60 to 200, the optimal modal share for 
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intermodal rail drops from 70% to about 30%. Although this is a substantial reduction, 30% is still 

significantly higher than the baseline share, where the lower-bound of the demand and the corresponding 

modal split were close to zero.  

Finally, when the shipper applies our concept of SSCP, the LSP will have a different use of its transportation 

modes, and most likely more freight shipped via (intermodal) rail and less volume via road transportation. 

This is not per se negative for the LSP, even on the contrary. By increasing the volume in its rail freight 

transportation, it could enable a higher asset utilization of its rail infrastructure. However, that relies on 

many assumptions – a detailed quantification of its impact is therefore beyond the scope of this paper, but 

it is an interesting future research avenue. 

4 Conclusion 

Despite the efforts of policy-makers, particularly in Europe, to shift freight traffic from road to rail and 

waterborne transportation, the road-rail modal split has changed little over the past two decades. 

Innovations are urgently required in order to promote a substantial modal shift to alternative, more-

environmental modes. This paper suggests that Synchromodality from a Supply Chain Perspective (SSCP) is 

such an innovation. It extends the original concept of synchromodality into the wider realm of supply chain 

management and shows how by adjusting their ‘internal’ inventory management shippers can more 

effectively exploit the greater modal flexibility which the ‘external’ synchromodality offers.  A case study 

has been used to illustrate this approach and shown how a shipper can increase the modal share of 

intermodal rail and road from 30% to 70% in one intermodal rail corridor, resulting in a 6% total logistics 

cost saving and 30% emissions saving.  

This study shows how the scope of the conventional multimodal transportation can be enlarged by including 

inventory management into the modelling of freight modal options. Further extensions of this work could 

incorporate other supply chain decisions relating production scheduling and service level constraints, or 

across the bounds of a single company’s supply chain to a wider network involving more parties, e.g., under 

vertical collaboration, shippers and LSPs could coordinate their separate synchromodality decisions and 

achieve win-win solutions. The growth of horizontal collaboration among groups of companies is ‘bundling’ 

freight along particular corridors to more viable train loads (Sanchez-Rodrigues et al., 2015). If these 

companies collectively apply the SSCP principle, the potential impact of synchromodality on the freight 

modal split would be substantially reinforced.  For example, if one shipper had a slump in demand, the 

others might still have sufficient volume to maintain adequate capacity utilization of the train. The 

aggregated demand of all the collaborating shippers drives a pooling effect and therefore reduces the risk 

to system viability posed by the variability of any single shipper’s freight demand. This stabilization of total 
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demand should further increase of intermodal rail’s share and improve the environmental impact of freight 

transportation. 
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