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Abstract 

Efficient Container Supply Chain by using  
Empty Container Management Strategy 

 

Yoonjea Jeong 

Department of Industrial Engineering 

The Graduate School 

Seoul National University 

 

Due to a remarkable surge in global trade volumes led by maritime transportation, shipping 

companies should make a great effort in managing their container flows especially in case of 

carrier-owned containers. To do so, they comprehensively implement empty container 

management strategies and accelerate the flows in a cost- and time-efficient manner to 

minimize total relevant costs while serving the maximal level of customers’ demands. 

However, many critical issues in container flows universally exist due to high uncertainty in 

reality and hinder the establishment of an efficient container supply chain.  

In this dissertation, we fully discuss such issues and provide mathematical models along 

with specific solution procedures. Three types of container supply chain are presented in the 

following: (i) a two-way four-echelon container supply chain; (ii) a laden and empty container 

supply chain under decentralized and centralized policies; (iii) a reliable container supply 

chain under disruption. These models explicitly deal with high risks embedded in a container 

supply chain and their computational experiments offer underlying managerial insights for 

the management in shipping companies.  

For (i), we study empty container management strategy in a two-way four-echelon 

container supply chain for bilateral trade between two countries. The strategy reduces high 
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maritime transportation costs and long delivery times due to transshipment. The impact of 

direct shipping is investigated to determine the number of empty containers to be repositioned 

among selected ports, number of leased containers, and route selection to satisfy the demands 

for empty and laden containers for exporters and importers in two regions. A hybrid solution 

procedure based on accelerated particle swarm optimization and heuristic is presented, and 

corresponding results are compared.         

For (ii), we introduce the laden and empty container supply chain model based on three 

scenarios that differ with regard to tardiness in the return of empty containers and the decision 

process for the imposition of fees with the goal of determining optimal devanning times. The 

effectiveness of each type of policy - centralized versus decentralized - is determined through 

computational experiments that produce key performance measures including the on-time 

return ratio. Useful managerial insights on the implementation of these polices are derived 

from the results of sensitivity analyses and comparative studies. 

For (iii), we develop a reliability model based on container network flow while also taking 

into account expected transportation costs, including street-turn and empty container 

repositioning costs, in case of arc- and node-failures. Sensitivity analyses were conducted to 

analyze the impact of disruption on container supply chain networks, and a benchmark model 

was used to determine disruption costs. More importantly, some managerial insights on how 

to establish and maintain a reliable container network flow are also provided. 

 

Keywords: Production planning, Optimization, Industrial engineering 

Student Number: 2014-22649 
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Chapter 1 

 

Introduction  

 

1.1    Empty Container Repositioning Problem  

 

Due to a significant increase in global trade, container transportation earned an attraction from stakeholders in a 

shipping industry. In particular, containerization has substantially contributed to a steady increase in global 

maritime trade volume because it promotes excellence in the safety and efficiency for shipments. The introduction 

of modern containers into freight transportation brought great advantages to the maritime supply chain, such as 

transmodality, that triggered drastic increases in container use. However, at the same time, many issues were 

reported in a container network and brought a serious inefficiency in serving customers’ demands; that is, a huge 

imbalance between inter-continental trades in terms of empty container volumes. For example, East Asia is well 

known for export-oriented countries suffering a shortage of empty containers to fill them while Europe and North 

America are known for import-oriented countries where surplus empty containers are piled up to form a building. 

For this serious imbalance, some effective measures and strategies are required to equalize the volumes between 

these continents; namely, empty container repositioning. Among other empty container management strategies, 

repositioning is considered the most cost-efficient strategy because it can reduce a significant volume of leasing 

containers. A leasing activity is treated as a penalty term in many empty container repositioning literature as it is 

the very last option for a shipping company. Therefore, although empty container repositioning itself is far away 

from generating profits, it is very effective for serving local customers with far less costs.      

   In existing literature, empty container repositioning models were developed with different frameworks and 

perspectives. A container network flow problem was extensively studied in consideration on empty container 

repositioning. The key feature of this type of study is to embrace a balance equation to compute the level of empty 
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containers at ports or regions so that the precise number of empty container to be repositioned can be obtained. 

Such problem could become extremely difficult to be computed within reasonable computation times even under 

a deterministic framework so that heuristic algorithms were usually proposed together. For stochastic frameworks, 

an empty container repositioning problem becomes ever more difficult to handle computational complexity 

especially when robust and stochastic optimization take place.  

To effectively describe empty container repositioning problem, the balance equation for an inventory level of 

empty containers at port p is shown in Figure 1.1. Let 𝑟  be the number of empty containers to be repositioned 

from port p to port 𝑝   in period t, 𝑟   be the incoming number of repositioned containers at port p by 

repositioning time 𝜏  in period t, 𝐼  be inventory level of empty container containers at port p in period t, 𝑧  

be the number of returned containers from consignee j to port p in period t,  𝑞  be the number of empty containers 

to fulfill the demand of shipper i from port p in period t, 𝑏  be the number of containers to be leased at port p in 

period t to prevent shortages. It is noted that we simplified inland transportation times due to the presence of 

repositioning times. Therefore, the balance equation of a port highly depend on each of empty container 

management strategy and play a critical role in determining the optimal volume of repositioning containers.  

 
Figure 1.1 Balance equation for empty container repositioning in port 
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1.2    Reliability Problem  

 

When disruption is taken into account in a network, a reliability issue becomes critical in terms of a supply 

capability and customer’s demand satisfaction. One of the well-known reliability problem is the reliable facility 

location in consideration of the expected failure costs. Suppose a classic uncapacitated fixed-charged location 

problem (UFLP).  This model assumes that all of facilities are fully connected without any arc- or node-failure so 

that its optimal solutions indicate a cost-efficient design of a facility location network. However, in reality, even 

though objective values generated from the UFLP are truly minimized under deterministic situation, this model 

is so vulnerable that additional costs, or disruption costs, significantly increase under disruption. One can argue 

that there is no need to design a reliable facility location network due to very low possibility for disruption to 

occur, but Snyder and Daskin [77] counter-argued that one can design a reliable facility location with relatively 

low additional costs when comparing to optimal facility location. Moreover, they showed that reliability in supply 

capability could be also maintained even under disruption.     

In line with work by Snyder and Daskin [77], reliability is also critical in a shipping industry due to frequent 

disruption in a container shipping industry, such as natural disasters, labor strikes, and failures in equipment. These 

unfavorable events adversely affect operations in a container shipping network, especially in ports. Moreover, 

port disruption has recently received an attention in existing literature. Hence, we can infer that reliability should 

be also taken into account in a tactical level decision especially to design a reliable container shipping network to 

minimize total relevant costs while maintaining a certain level of reliability in supply capability.  
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1.3    Research Motivation and Contributions  

 

The novelty of this dissertation is to deal with critical issues in practice primarily for the empty container 

management strategy. We were motivated by issues associated with direct shipments (without transshipments), 

uncertainty in container returns, and reliability in supply capabilities and provide the corresponding mathematical 

models and quantitative analyses.  

     For a two-way four-echelon container supply chain, according to most of the literature, demands for containers 

by importers and exporters were assumed to be aggregated at ports during transport. However, this assumption is 

unrealistic and especially impractical when planning previously nonexistent bilateral trade routes between 

countries. Therefore, we aimed to optimize the direct shipping line networks for a two-way four-echelon container 

supply chain by incorporating the demands of importers and exporters in two different regions for bilateral trade. 

We assumed that the demands were sufficient in both regions to make direct shipment a feasible option. We 

considered individual demand of exporters and importers in both domestic and overseas regions for the optimal 

selection of number of ports to be used for container transportation. Hence, management of container operations 

can be more practical for newly realized direct shipments. Because it can reduce the imbalance in empty container 

inventories and prompt green and cost-efficient ECR, container reuse was introduced to minimize the overall 

system costs. We also incorporated ship sizing problems for optimal utilization. The advantages of the proposed 

model are as follows: (i) the decision maker finds optimal routes among the ports in two regions, along with the 

hinterlands in domestic and overseas regions to satisfy individual needs of exporters and importers; (ii) allows 

empty container transportation among ports, which leads to a sustainable port operation; (iii) informs the best ship 

size to use for minimizing operational cost; and (iv) minimizes the number of leased containers by utilizing 

available empty containers in the system.  

   For the next chapter, we aim to investigate the laden and empty container supply chain under decentralized 

and centralized policies from the perspective of determining devanning times through three plausible scenarios 
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based on the level of tardiness in returning empty containers. The advantages of the proposed model are as follows: 

(i) the decision makers of a shipping company and a consignee properly manage their own decisions regarding 

the container return process under a high level of uncertainty; (ii) it allows the practical application of decentralized 

and centralized policies to various cases in which the degree of tardiness in returns varies; and (iii) it obtains 

managerial insights by exploring the effects of each policy through sensitivity analyses. 

For a reliable container supply chain, we comprehensively incorporated various types of empty container 

management strategies when designing a reliable container network. Although leasing was not explicitly included 

in our mathematical model, it was replaced by failure cost parameters. Moreover, reliability in the container 

supply chain network was comprehensively taken into account to cope with the cases of disruption that occurred 

in the form of node- and arc-failures in the network. Most existing literature on DM by a shipping company 

focuses on vessel rescheduling for recovery on an operational level. Therefore, we minimize the expected total 

relevant cost under disruption while maintaining a certain level of reliability in empty supply capability without 

a significant increase in cost. 

The main contributions of this dissertation are highlighted as follows: 

 

1. For a two-way four-echelon container supply chain, 

 

 A mathematical model based on direct transportation with bidirectional ways is proposed.  

 Empty container management is comprehensively used to investigate the impact of direct 

shipments  

 An accelerated particle swarm optimization algorithm with heuristics associated with empty 

container repositioning and reducing leasing containers is developed to overcome computational 

complexity.  
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2. For a laden and empty container supply chain,  

 

 A scenario-based model based on a degree of tardiness in container return is developed  

 The impacts of detention tariffs are investigated in the perspective of container return. 

 The implication of centralized and decentralized policies is given to manage the return. 

 Managerial insights are obtained for devanning processes in views of stakeholders. 

 

3. For a reliable container supply chain,  

 

 A reliability model for disruption in a container network is proposed along with a benchmark model 

based on deterministic formulation.  

 To the best of our knowledge, we first formulate the arc- and node-failures in a container shipping 

network with comprehensive application of empty container management strategies including the 

street-turn strategy.  

 We discuss the efficiency and applicability of the reliability model through sensitivity analyses.  
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1.4    Outline of the Dissertation  

 

In this dissertation, we present three different types of container supply chains for the corresponding issue existed 

in the supply chain and lay out three models in each main chapter. In Chapter 2, we address the issue of designing 

a direct shipment network for two regions by providing a two-way four-echelon container supply chain model 

based on a mixed inter programming along with a solution procedure based on an accelerated particle swarm 

optimization with the proposed heuristics. Computational experiments with sensitivity analyses show its efficacy 

of designing a container shipping network for direct shipments. In Chapter 3, we cope with uncertainty in 

container returns by using a scenario-based model based on a varying degree of tardiness in container returns and 

define three scenarios. With the formulation of objective functions for each scenario, we propose optimization 

problems for centralized and decentralized policies. Sensitivity analyses prove that no policy dominates one 

another under a different degree of risk in container return so that each policy could be effective in different 

situation.  In Chapter 4, a reliability model for a container shipping network is developed to deal with disruption 

scenarios. The computation experiments show that a reliable container network design can be cost-efficient in 

case of disruption occurred comparing to optimal container network design without considering disruption 

scenarios.     
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Chapter 2  

 

Two-Way Four-Echelon Container Supply Chain  

 

 

2.1 Problem Description and Literature Review 

 

In 2015, the UNCTAD reported that seaborne trade volume reached more than 10 billion tons, and developing 

countries accounted for 60% and 62% of exports and imports, respectively. These statistics show the potential of 

a continuous increase for trade volume led by developing countries. However, the imbalance in intra-continental 

trade volumes has expanded from year to year. For example, Asia and North America are well-known for export- 

and import-dominated nations that experience a surplus and shortage of empty containers in ports and depots. 

Repositioning empty containers has become one of the most efficient approaches to solve this issue of imbalance. 

Figure 2.1 illustrates global trade balances of goods and services as percentage of overall imbalances in 2018 and 

was imported from a yearly publication produced by UNCTAD in 2020.  

 

 

Figure 2.1 Trade imbalances in global trade market 



 

9 

  To deal with increasing demand for seaborne trade between inter- and intra-continental routes, global shipping 

companies have established fixed routes and operate their vessels on a regular basis. Despite providing shipping 

services covering most of the major seaborne routes, direct shipment for bilateral trade is in high demand, 

especially for developing countries. Such evidences are found in newly established bilateral trade routes between 

developing countries themselves. Business Line announced that the central government of India had initiated the 

first direct container shipping services with Myanmar, Qatar, and Bangladesh in 2014, 2015, and 2016, 

respectively. These bilateral trade routes help India meet the demand of growing trade volume, substantially 

reduce transit times and costs, and provide better quality of services in terms of reliability. JOC reported in 2015 

that China has also started the first direct service to Myanmar to supply fresh agricultural products at low 

transportation costs. Without direct shipment agreements, when sufficient demands arise in specific regions, 

existing shipping services cannot guarantee affordable transportation or quick delivery. For example, because of 

emerging demand, new seaborne routes between India-Thailand and Dubai-UAE are now serviced weekly by 

global shipping companies such that a new port rotation was established according to the large demand serviced 

by nearby ports. In this case, the distances of the routes do not play a key role in determining whether direct 

shipment is recommended or not.  

Because demand is a key factor used to determine the establishment of direct shipments for bilateral trade, 

statistics derived from the UNCTAD showed that there is a huge potential for establishing more direct shipments 

in future. For example, no direct service exists between Brazil and India because the trade volume for this route 

is relatively small compared to other routes. Rather, merchants in Brazil and India ship their containerized cargos 

through South Africa because each route to and from Brazil and India is directly connected to South Africa. As a 

consequence, in 2007, the IMF reported that international transportation costs from India to Brazil and from Brazil 

to India account for 34.36% and 25.81% of respective imports. However, of all the transport costs for the goods 

transported between India and Brazil, 9.09% are spent for shipments through South Africa. This example 

indicates the potential savings through direct routes when sufficiently large demands exist.  



 

10 

Existing literature on important topics that can be helpful in establishing direct shipment for bilateral trade 

include those on service route selection, ship deployment, and empty container repositioning (ECR) used to 

design a maritime supply chain network. ECR may be considered as part of the pricing strategy for shipping such 

that the flow of empty containers can be intentionally reduced by lowering the degree of demand imbalance 

through appropriate pricing. ECR can also be mitigated by horizontal cooperation, such as by slot or container 

exchange, and vertical cooperation, such as through improved visibility of container flows in the maritime supply 

chain. Problems of service network designs and routes may include ECR as a sub-problem because both laden 

and empty containers are moved over the same shipping network. Braekers et al. [8] presented a detailed 

description of ECR models for strategic, tactical, and operational planning levels. Similar recent work was 

published by Khakbaz and Bhattacharjya [36], who reviewed the ECR literature published between 1994 and 

2013 in the fields of engineering, management, transport, and logistics. Song and Dong [80] studied ECR 

problems from the supply chain perspective as well as from the modeling technique viewpoint. Usage of heuristic 

and meta-heuristic algorithms in the solution procedure of ECR problems is used by several studies. Dong and 

Song [21] explored the effectiveness of genetic algorithms in a simulation-based optimization approach for an 

ECR problem of liner shipping systems. The potency of problems with specific heuristic rule-based approaches 

was studied by Song and Dong [82]. Long et al. [52] used the sample average approximation method and 

heuristics based on a progressive hedging strategy to decrease the operational costs in an ECR problem.  

In addition to examining ECR, several researchers have studied the performance of an overall maritme supply 

chain. Shintani et al. [74] constructed a design problem for a container liner shipping network that addresses 

repositioning and leasing of empty containers. They used a genetic algorithm (GA) for implementing a solution 

method for the problem. Moon et al. [62] studied the ECR problem by considering the simultaneous effects of 

leasing and purchasing. They also used a GA to reduce computation times and obtain near-optimal solutions. 

Meng and Wang [57] demonstrated the potential cost savings by incorporating ECR considerations into the 

design process of a liner shipping service network operating in the medium term. They used the CPLEX to find 
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the optimal solutions for medium-sized problem. Maraš et al. [56] investigated the efficiency of MIP heuristics 

with the commercial MIP-solver, CPLEX, for the task of optimizing transport routes for barge container ships to 

maximize profits. Moon et al. [60] used an ECR problem to find the impact of the repositioning costs of foldable 

containers on the use of standard containers. They proposed two heuristics to find the optimal allocation and 

compared the results with the LINGO. Li et al. [47] dealt with empty container reuse problem for green supply 

chain management in the maritime industry. They claimed that empty container reuse strategy requires supply 

chain collaboration, which adds economic value to a shipping supply chain for overall profit maximization. Zheng 

et al. [98] studied the empty container allocation problem by considering the coordination among shipping liners 

and proposed a two-stage optimization method to find the optimal allocation. Although, the authors neglected the 

capacity constraints. Sun et al. [86] proposed an integrated model for multiple factories and a distribution center 

with a due-date-based cut-off rule (DBC). In their model, the production processing time was considered in 

accordance with different types of transportation mode such as inland and maritime. The DBC was used to 

achieve computational efficiency for their exact algorithm used to solve large instances. By presenting a two-

stage optimization method, Zheng et al. [99] formulated an ECR problem to determine the perceived container 

leasing prices for different container types, such as standard and foldable, at different ports. Schepler et al. [73] 

used restrict-and-fixed heuristics to minimize weighted turnaround times in a multi-terminal and multi-modal 

maritime port. 

Theofanis and Boile [88] examined and analyzed empty container logistics at the global, inter-regional, 

regional, and local levels. They discussed key factors affecting empty container logistics management and the 

strategies implemented by ocean carriers and other stakeholders to manage a container fleet better. Caris et al. [10] 

presented an analysis and a comparison of alternative types of container-bundling networks in the ports in the 

Antwerp area. They developed a discrete event simulation model that is used to examine the effects of the 

alternative ways to organize container barge transport. Lin and Tsai [50] studied the ship routing and freight 

assignment problem under daily frequency operation for a shipping liner and claimed that the liner service quality 
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and reliability can be improved with the model they proposed. In daily frequency operation, a liner dispatches 

their largest ships to pick up and deliver goods at mega hubs where demands are highest; meanwhile they send 

feeder ships to handle the demands at smaller ports. It was determined that ship size is one of the essential 

components for designing an efficient shipping-service network (Ng [65]; Monemi and Gelareh [59]; Wang and 

Meng [92]). Recently, Lin and Chang [51] applied a more general model for ship routing and freight assignment 

to a real world case, called the Northern Sea Route, which attracted much attention for ice-free ports. In a similar 

study, Santini et al. [71] used a pick-up and delivery method in a container-liner shipping feeder network. In 

addition, the models of Kelle et al. [35] and Kheljani et al. [38] of total supply chain costs for which both the 

retailer and supplier are taken into account simultaneously. We adopted these ideas about simultaneous cost 

savings from direct shipments and applied them to the hinterland of a port environment because liners, importers, 

and exporters tend to minimize costs in these areas. 

To effectively highlight the contribution of study, we summarize the relevant studies on shipping service 

networks in Table 2.1 based on key features. As can be seen from the table, most existing studies do not consider 

bidirectional transportation between two regions, multiple types of echelons, and comprehensive application of 

ECM strategies. 

Table 2.1 Comparison of this study with shipping service network literature 

 Mathematical 
model 

Problem characteristics 
Bidirectional 
transportation 

Echelon 
type 

ECM type 
used 

Meng and 

Wang [57] 
MIP 

Combined hub-and-

spoke and multi-port- 

calling operations 

− Port ECR 

Shintani et al. 

[74] 
BIP 

Container ship-routing 

and scheduling problems 
− Port ECR, leasing 

An et al. [5] IP 
Inland waterway 

container transportation 
− Port ECR 

Zheng et al. 

[99] 
MINP 

Liner shipping network 

with ECR and foldable 

containers 

− Port  ECR, leasing 
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Polat et al. 

[68] 
MIP 

Liner and feeder 

transportation service 
− Port − 

Gelareh et al. 

[28] 
MIP 

Hub network design in 

competitive environment 
− Port  − 

This study MIP 
Direct shipping container 

network 
√ 

Port, 

importer, 

exporter  

ECR, leasing, 

returning, 

reusing 

‘−’ represents none and ‘√’ represents applied. 

According to most of the literature, demands for containers by importers and exporters were assumed to be 

aggregated at ports during transport. However, this assumption is unrealistic and especially impractical when 

planning previously nonexistent bilateral trade routes between countries. Therefore, for this study, we aimed to 

optimize the direct shipping line networks for a two-way four-echelon container supply chain by incorporating 

the demands of importers and exporters in two different regions for bilateral trade. We assumed that the demands 

were sufficient in both regions to make direct shipment a feasible option. We considered individual demand of 

exporters and importers in both domestic and overseas regions for the optimal selection of number of ports to be 

used for container transportation. Hence, management of container operations can be more practical for newly 

realized direct shipments. Because it can reduce the imbalance in empty container inventories and prompt green 

and cost-efficient ECR, container reuse was introduced to minimize the overall system costs. We also 

incorporated ship sizing problems for optimal utilization.  

Because CPLEX could not provide solutions within reasonable computation times, we designed a solution 

procedure combining a heuristic with an accelerated particle swarm optimization (APSO) for route selection and 

determined the number of empty containers to be repositioned from one port to another. The proposed 

methodology can be used to handle the problem with more participants at each echelon within reasonable 

computation times.  

The structure of this study is as follows: The mathematical model of an empty container management strategy 

in a two-way four-echelon container supply chain (TFESC) and the problem statement related to it are presented 
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in Section 2.2. In Section 2.3, the APSO and heuristics are introduced as a means to handle the significant 

complexity of the model. In Section 2.4, the performances of the heuristics and sensitivity analyses are shown to 

provide managerial insights. Finally, we draw a summary in Section 2.5. 
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2.2   Mathematical model for the TFESC 

As the demand for Korean commodities through direct cross-border e-commerce transactions with China 

substantially increased, China initiated a shipping service for direct purchases in 2015. Specifically, China opened 

a seaborne route between Qingdao and Inchon because they are in close geographic proximity to each other. This 

service resulted in a 30% lower purchase costs for customers, who had previously relied primarily on air 

transportation for e-commerce transactions. Motivated by this exercise, we developed an optimization model for 

the TFESC considering an ECR problem and container reuse strategies, selection of a seaborne route along with 

routes in domestic and overseas hinterlands, and type of vessel to be used. These factors were chosen to determine 

an efficient direct shipment in terms of operation costs.  

 

2.2.1 Overview and Assumptions  

 

According to Song and Dong [82], empty containers can be presumably repositioned along with laden containers. 

To provide full service, the transportation company is usually accountable for providing the required number of 

empty containers, either owned or leased, to exporters. By repositioning and reusing empty containers at domestic 

and overseas ports, a shipping company can reduce the cost and port congestion because of the empty container 

inventory levels. Figure 2.2 shows the simplified operations associated with laden and empty containers between 

echelons and indicates four echelons: domestic importers and exporters, domestic ports, overseas ports, and 

overseas importers and exporters (Khalifehzadeh et al. [37]; Rafiei et al. [70]). A shipping company is obligated 

to operate container flows among the echelons. According to Talley and Ng [87], determinants of the hinterland 

transport chain choice could be grouped by the objective of the echelon.  
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Figure 2.2 Exmaple of TFESC network 

Figure 2.3 shows the way the entire operation functions in a two-way four-echelon container supply chain; that 

is, demands in domestic and overseas regions are satisfied in the same period simultaneously. In the beginning, 

the company must decide whether to reuse empty containers stocked in a port or lease them from a third party. 

An exporter in one region receives and fills them with ordered items to transport laden containers to an importer 

in another region. All empty containers are stored after use at the port of origin to satisfy demands for the next 

period through use of empty container management strategies. 
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Figure 2.3 Basic operation of TFESC from Domestic to Overseas and vice versa 

The detailed assumptions for the problem are described as follows:  

(i) Laden container flow from domestic exporters (overseas exporters) to overseas importers 

(domestic importers) is considered a single period of operation. The demand of each importer 

must be satisfied, meaning that no shortage is allowed. In practice, Maersk Line operates 

pairwise service routes such as those that are westbound and eastbound. For example, AE6 

routes, from Asia to Europe and vice versa, slightly differ from each other in that they do not 

call on a port in the same sequence in both directions. However, in our model, we assumed 

that, despite the route variations, the departure times start simultaneously.     

(ii) Importers, exporters, and shipping companies constitute a container supply chain alliance. 

Containers can be freely transported among alliance members. All routes in the entire network 

between consecutive echelons are shown in Figure 2.2; no other routes are allowed. Similar to 

the assumption in Li et al. [48], ECR was permitted among collaborative partners. For 



 

18 

connection between ports within the same region, some studies did not consider ECR at a 

regional level (Boile et al. [7]; Mittal et al. [58]). Therefore, isolation between ports at a regional 

level for laden and empty containers can be justified to seek reduction in computational 

complexity.     

(iii) The storage capacity of each port is not considered. The total demands of all importers allied 

with the single company are generally not more than the storage capacity, and the minimization 

of empty-container holding costs is one of optimized objectives. Therefore, the obtained 

solutions can ensure that the total overstock of a port is minimized.  

(iv) The company can lease empty containers and distribute them among exporters. After delivery, 

every importer returns empty containers to ports within the same period. (Song and Dong [82]) 

(v) If there are surplus empty containers after fulfilling a consignment, the company decides 

whether to reposition them to deficit ports elsewhere. By considering the vessel selection 

between domestic and overseas ports, the number of empty containers to be repositioned is 

determined. However, ECR, without an associated delivery, is not allowed. (Dong and Song 

[21]; Song and Dong [82]) 

(vi) Vessel capacity is expressed in twenty-foot equivalent units (TEU) and distinguished into 

different categories according to the number of containers the vessel can carry. The shipping 

company needs to determine the type of a vessel to be deployed for optimal utilization (Hsu 

and Hsieh [30]; Wang et al. [90]). 

(vii) Containers are leased long-term and this term does not expire during the planning horizon 

(Choong et al. [13]; Moon and Hong [61]). 
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2.2.2 Notation and Formulation  

The notation used for developing the TFESC model is presented. We created the sets for each echelon located in 

the both domestic and overseas regions. Cost parameters, including maritime and hinterland transportation, 

leasing, and storage for empty containers, were randomly generated, but the unit transportation cost for any vessel 

did not exceed any in hinterland transportation because of the economies of scale. To find optimal routes for 

shipment and consignment, arc variables connecting consecutive echelons were necessary for the TFESC in this 

study.   

Sets 

𝛶  Domestic importers (index: 𝑖 ), |𝛶 | = 𝐷𝐼 

𝛶  Domestic exporters (index: 𝑖 ), |𝛶 | = 𝐷𝐸 

𝛺  Overseas importers (index: 𝑙 ), |𝛺 | = 𝑂𝐼 

𝛺  Overseas exporters (index: 𝑙 ), |𝛺 | = 𝑂𝐸 

𝛷 Domestic ports (index: 𝑗), |𝛷| = 𝐷𝑃 

𝛹 Overseas ports (index: 𝑘), |𝛹| = 𝑂𝑃 

𝛴 Container vessels (index: 𝑚), |𝛴| = 𝑉 

𝛤 Periods (index: 𝑡), |𝛤| = 𝑇 

 

Parameters 

𝐷𝐷  
Number of laden containers to be transported from domestic exporter 𝑖  to overseas importer 𝑙  

in period 𝑡 

𝐷𝑂  
Number of laden containers to be transported from overseas exporter 𝑙  to domestic importer 𝑖  

in period 𝑡 

𝑐𝑎𝑝  Capacity of vessel type 𝑚 in TEU 

𝑡𝑐  Unit transportation cost for a laden container from domestic port 𝑗 
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(or overseas port 𝑘) to overseas port 𝑘 (or domestic port 𝑗) 

𝑡𝑐  Unit transportation cost for an empty container from domestic port 𝑗 

(or overseas port 𝑘) to overseas port 𝑘 (or domestic port 𝑗) 

ℎ  Unit inventory holding cost for a container at domestic port 𝑗 

ℎ  Unit inventory holding cost for a container at overseas port 𝑘 

𝑏𝑑  Unit leasing cost for a container at domestic port 𝑗 

𝑏𝑜  Unit leasing cost for a container at overseas port 𝑘 

𝑆𝐶  Fixed cost for using vessel type 𝑚 

𝐼𝑁𝑉  Initial inventory of empty containers at domestic port 𝑗 

𝐼𝑁𝑉  Initial inventory of empty containers at overseas port 𝑘 

𝑡𝑐  Unit transportation cost for a container from exporter 𝑖  (or port 𝑗) to  

port 𝑗 (or exporter 𝑖 ) in domestic region 

𝑡𝑐  Unit transportation cost for a container from exporter 𝑙  (or port 𝑘) to  

port 𝑘 (or exporter 𝑙 ) in overseas region 

𝑡𝑐  Unit transportation cost for a container from importer 𝑖 (or port 𝑗) to  

port 𝑗 (or importer𝑖 ) in domestic region 

𝑡𝑐  Unit transportation cost for a container from importer 𝑙 (or port 𝑘) to  

port 𝑘 (or importer 𝑙 ) in overseas region 

Decision Variables 

𝐼𝐷  
Number of empty containers in period 𝑡 at domestic port 𝑗 

after the ship has sailed 

𝐼𝑂  
Number of empty containers in period 𝑡 at overseas port 𝑘 

after the ship has sailed 

𝛼  Number of laden containers to be transported from domestic port 𝑗 to  

overseas port 𝑘 in period 𝑡 

𝛼  Number of empty containers to be transported from domestic port 𝑗 to  
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overseas port 𝑘 in period 𝑡 

𝛽  Number of laden containers to be transported from overseas port 𝑘 to  

domestic port 𝑗 in period 𝑡 

𝛽  Number of empty containers to be transported from overseas port 𝑘 to  

domestic port 𝑗 in period 𝑡 

𝑅𝐷  Number of empty containers to be leased at domestic port 𝑗 in period 𝑡 

𝑅𝑂  Number of empty containers to be leased at overseas port 𝑘 in period 𝑡 

𝜁𝐷  Number of empty containers moved from domestic importer 𝑖  to domestic port 𝑗 in period 𝑡 

𝜁𝑂  Number of empty containers moved from overseas importer 𝑙  to overseas port 𝑘 in period 𝑡 

𝜒𝐷  Number of empty containers moved from domestic port 𝑗 to domestic exporter 𝑖  in period 𝑡 

𝜒𝑂  Number of empty containers moved from overseas port 𝑘 to overseas exporter 𝑙  in period 𝑡 

𝜉𝐷  Number of laden containers moved from domestic port 𝑗 to domestic importer 𝑖  in period 𝑡 

𝜉𝑂  Number of laden containers moved from overseas port 𝑘 to overseas importer 𝑙  in period 𝑡 

𝜏𝐷  Number of laden containers moved from domestic exporter 𝑖  to domestic port 𝑗 in period 𝑡 

𝜏𝑂  Number of laden containers moved from overseas exporter 𝑙  to overseas port 𝑘 in period 𝑡 

𝜗  

𝜗 = 1, if domestic port 𝑗 and overseas port 𝑘 are selected for shipment by domestic 

exporter 𝑖  to overseas importer 𝑙  in period 𝑡;  

𝜗 = 0, otherwise  

𝜇  

𝜇 = 1, if overseas port 𝑘 and domestic port 𝑗 are selected for shipment by overseas 

exporter 𝑙  to domestic importer 𝑖  in period 𝑡;  

𝜇 = 0, otherwise  

𝜆  

𝜆 = 1, if vessel type 𝑚 is used for transportation from domestic port 𝑗 to overseas port 𝑘 in 

period 𝑡;  

𝜆 = 0, otherwise   

𝜐  

𝜐 = 1, if vessel type 𝑚is used for transportation from overseas port 𝑘 to domestic port 𝑗 in 

period 𝑡;  

𝜐 = 0, otherwise   
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In the TFESC, the total relevant costs were composed of leasing, repositioning, storage for empty containers 

at ports, vessel selection, maritime, and hinterland transportation in domestic and overseas regions to be 

minimized. 

 

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝑇𝐶 = 𝑡𝑐 𝛼 + 𝛽 + 𝑡𝑐 𝛼 + 𝛽

∈∈∈

+ 𝑏𝑑 𝑅𝐷

∈∈

+ 𝑏𝑜 𝑅𝑂

∈∈

+ ℎ 𝐼𝐷

∈∈

+ ℎ 𝐼𝑂

∈∈

+ 𝑆𝐶 𝜆 + 𝜐

∈∈∈∈

+ 𝑡𝑐 𝜏𝐷 + 𝜒𝐷

∈∈∈

+ 𝑡𝑐 𝜁𝐷 + 𝜉𝐷

∈∈∈

+ 𝑡𝑐 𝜏𝑂 + 𝜒𝑂

∈∈∈

+ 𝑡𝑐 𝜁𝑂 + 𝜉𝑂

∈∈∈

 

(2.1) 

𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 

𝐼𝐷 = 𝐼𝑁𝑉 − 𝛼

∈

− 𝛼

∈

+ 𝑅𝐷 , ∀𝑗 ∈ 𝐷𝑃 (2.2) 

𝐼𝐷 = 𝐼𝐷 , + 𝛽 ,

∈

+ 𝛽 ,

∈

− 𝛼

∈

− 𝛼

∈

+ 𝑅𝐷 , 

∀𝑡 = 2, ⋯ , 𝑇, 𝑗 ∈ 𝐷𝑃 

(2.3) 

𝐼𝑂 = 𝐼𝑁𝑉 − 𝛽

∈

− 𝛽

∈

+ 𝑅𝑂 , ∀𝑘 ∈ 𝑂𝑃 (2.4) 

𝐼𝑂 = 𝐼𝑂 , + 𝛼 ,

∈

+ 𝛼 ,

∈

− 𝛽

∈

− 𝛽

∈

+ 𝑅𝑂 , 

∀𝑡 = 2, ⋯ , 𝑇, 𝑘 ∈ 𝑂𝑃 

(2.5) 

𝛼 + 𝛼 ≤ 𝑐𝑎𝑝 ∙ 𝜆

∈

, ∀𝑡 ∈ 𝑇, 𝑗 ∈ 𝐷𝑃, 𝑘 ∈ 𝑂𝑃 (2.6) 

𝜆

∈

≤ 𝛼 + 𝛼 , ∀𝑡 ∈ 𝑇, 𝑗 ∈ 𝐷𝑃, 𝑘 ∈ 𝑂𝑃 (2.7) 

𝛽 + 𝛽 ≤ 𝑐𝑎𝑝 ∙ 𝜐

∈

, ∀𝑡 ∈ 𝑇, 𝑗 ∈ 𝐷𝑃, 𝑘 ∈ 𝑂𝑃 (2.8) 

𝜐

∈

≤ 𝛽 + 𝛽 , ∀𝑡 ∈ 𝑇, 𝑗 ∈ 𝐷𝑃, 𝑘 ∈ 𝑂𝑃 (2.9) 
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𝜆

∈

≤ 1, ∀𝑡 ∈ 𝑇, 𝑗 ∈ 𝐷𝑃, 𝑘 ∈ 𝑂𝑃 (2.10) 

𝜐

∈

≤ 1, ∀𝑡 ∈ 𝑇, 𝑗 ∈ 𝐷𝑃, 𝑘 ∈ 𝑂𝑃 (2.11) 

𝛼 = 𝐷𝐷 𝜗

∈∈

, ∀𝑡 ∈ 𝑇, 𝑗 ∈ 𝐷𝑃, 𝑘 ∈ 𝑂𝑃 (2.12) 

𝛼 ≤ 𝑀 𝜗

∈∈

, ∀𝑡 ∈ 𝑇, 𝑗 ∈ 𝐷𝑃, 𝑘 ∈ 𝑂𝑃 (2.13) 

𝛽 = 𝐷𝑂 𝜇

∈∈

, ∀𝑡 ∈ 𝑇, 𝑗 ∈ 𝐷𝑃, 𝑘 ∈ 𝑂𝑃 (2.14) 

𝛽 ≤ 𝑀 𝜇

∈∈

, ∀𝑡 ∈ 𝑇, 𝑗 ∈ 𝐷𝑃, 𝑘 ∈ 𝑂𝑃 (2.15) 

𝜏𝐷 = 𝐷𝐷 𝜗

∈∈

, ∀𝑡 ∈ 𝑇, 𝑖 ∈ 𝐷𝐸, 𝑗 ∈ 𝐷𝑃 (2.16) 

𝜗

∈∈

=
1 𝑖𝑓𝐷𝐷 > 0

0 𝑖𝑓𝐷𝐷 = 0
, ∀𝑡 ∈ 𝑇, 𝑖 ∈ 𝐷𝐸, 𝑙 ∈ 𝑂𝐼 

(2.17) 

𝜏𝑂 = 𝐷𝑂 𝜇

∈∈

, ∀𝑡 ∈ 𝑇, 𝑙 ∈ 𝑂𝐸, 𝑘 ∈ 𝑂𝑃 (2.18) 

𝜇

∈∈

=
1 𝑖𝑓𝐷𝑂 > 0

0 𝑖𝑓𝐷𝑂 = 0
, ∀𝑡 ∈ 𝑇, 𝑙 ∈ 𝑂𝐸, 𝑖 ∈ 𝐷𝐼 

(2.19) 

𝜉𝐷 = 𝐷𝑂 𝜇

∈∈

, ∀𝑡 ∈ 𝑇, 𝑖 ∈ 𝐷𝐼, 𝑗 ∈ 𝐷𝑃 (2.20) 

𝜁𝐷 = 𝜉𝐷 , ∀𝑡 ∈ 𝑇, 𝑖 ∈ 𝐷𝐼, 𝑗 ∈ 𝐷𝑃 (2.21) 

𝜒𝐷 = 𝜏𝐷 , ∀𝑡 ∈ 𝑇, 𝑖 ∈ 𝐷𝐸, 𝑗 ∈ 𝐷𝑃 (2.22) 

𝜉𝑂 = 𝐷𝐷 𝜗

∈∈

, ∀𝑡 ∈ 𝑇, 𝑙 ∈ 𝑂𝐼, 𝑘 ∈ 𝑂𝑃 (2.23) 

𝜁𝑂 = 𝜉𝑂 , ∀𝑡 ∈ 𝑇, 𝑙 ∈ 𝑂𝐼, 𝑘 ∈ 𝑂𝑃 (2.24) 

𝜒𝑂 = 𝜏𝑂 , ∀𝑡 ∈ 𝑇, 𝑙 ∈ 𝑂𝐸, 𝑘 ∈ 𝑂𝑃 (2.25) 

𝛼 , 𝛼 , 𝛽 , 𝛽 , 𝑅𝐷 , 𝑅𝑂 , 𝐼𝐷 , 𝐼𝑂 , 𝜁𝐷 , 

𝜁𝑂 , 𝜒𝐷 , 𝜒𝑂 , 𝜉𝐷 , 𝜉𝑂 , 𝜏𝐷 , 𝜏𝑂 ≥ 0, ∀𝑖 , 𝑖 , 𝑙 , 𝑙 , 𝑗, 𝑘, 𝑡 

(2.26) 

𝜗 , 𝜇 , 𝜆 , 𝜐 ∈ {0,1}, ∀𝑖 , 𝑖 , 𝑙 , 𝑙 , 𝑗, 𝑘, 𝑡 (2.27) 

Total costs including all of ECM strategies are minimized in Objective Function (2.1). Constraints (2.2) and 

(2.3) represent the number of empty containers stored at domestic port 𝑗. This inventory in period 𝑡 depends on 
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the inventory level in the previous period (𝑡 − 1), numbers of laden and repositioned containers shipped from 

overseas ports in the previous period, numbers of laden and repositioned containers transported from domestic 

ports in period 𝑡, and number of leased containers in period 𝑡. Constraint (2.2) trigers leasing containers in the 

begining of planning horizon if demands exceed the intial inventory level at port 𝑗. Similarly, Constraints (2.4) 

and (2.5) represent the balance equation for the empty container inventoy at overseas port 𝑘. Constraint (2.6) 

ensures that the total numbers of laden and empty containers transported from domestic port 𝑗 to overseas port 𝑘 

cannot exceed the capacity of the selected vessel type. Constraint (2.7) allows the selection of a vessel if container 

movement is possible. Constraint (2.8) also guarantees that the total numbers of laden and empty containers from 

overseas port 𝑘 to domestic port 𝑗 cannot exceed the capacity of the selected vessel type. Constraint (2.9) has the 

same meaning for overseas regions as Constraint (2.7) does for domestic regions. Constraints (2.10) and (2.11) 

allow only one vessel to be operated from each port for both regions. Constraints (2.12) and (2.14) ensure the 

number of laden containers to be transported from domestic port 𝑗 (overseas port 𝑘) to overseas port 𝑘 (domestic 

port 𝑗) to satisfy the demands of domestic and overseas exporters 𝑖  and 𝑙 . Constraints (2.13) and (2.15) permit 

the movement of empty containers if laden containers are moved through selected routes. Constraints (2.16) and 

(2.18) also allow the movement from domestic exporter 𝑖  (overseas exporter 𝑙 ) to domestic port 𝑗 (overseas port 

𝑘) to satisfy the demands of the importers of the other regions. Specific routes where four different echelons are 

located can be selected by Constraints (2.17) and (2.19) to satisfy demand for shipments from exporters to 

importers. Constraints (2.20)-(2.25) show the balances of arcs in the network for both regions. Constraints (2.26) 

and (2.27) are non-negativity and binary decisions. The total numbers of binary and continuous decision variables 

in the system can be found by using the following algebraic expressions, 𝑂𝑃 × DP × T × (𝐷𝐸 × 𝑂𝐼 + 𝑂𝐸 ×

𝐷𝐼) + 2 × 𝐷𝑃 × 𝑂𝑃 × 𝑇 × 𝑉  and 2 × 𝐷𝑃 × 𝑇 + 2 × 𝑂𝑃 × 𝑇 + 4 × 𝐷𝑃 × 𝑂𝑃 × 𝑇 + 2 × 𝐷𝑃 × 𝐷𝐼 ×

𝑇 + 2 × 𝑂𝑃 × 𝑂𝐼 × 𝑇 + 2 × 𝐷𝑃 × 𝐷𝐸 × 𝑇 + 2 × 𝑂𝑃 × 𝑂𝐸 × 𝑇, respectively. 
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2.3   Solution Procedure for the TFESC 

Various types of heuristics are widely employed in many fields, including vehicle routing and maritime logistics, 

because of the high computational complexity of the models (Chen et al. [12]; De et al. [15]). According to the 

known literature, a four echelon network for direct shipment has not been extensively studied to date. Thus, a 

comparative study for other heuristics was not involved in the scope of this study, but the performance of our 

heuristics was subject to tests, as discussed in Section 2.4.1.  

 

2.3.1 Pseudo-Function-based Optimization Problem 

The encoding scheme is considered one of the critical factors for successful implementation of any continuous 

meta-heuristic algorithm for optimization problems involving a large number of binary or integer variables. In 

fact, the encoding scheme paves the way for redefining decision variables that enhance the effectiveness of meta-

heuristic algorithms. Researchers have successfully employed several techniques, such as priority-based 

encoding (Lotfi and Tavakkoli-Moghaddam [53]), generic encoding with rounding off, and random-key 

(Hottung and Tierney [29]) techniques for many optimization problems. 

In the proposed four-stage container shipment, repositioning, and leasing problems with multiple periods, two 

5-dimensional binary variables were exclusively responsible for the entire route selection. For maintaining the 

integrity of the original problem, the following notations were used for encoding the original problem to 

implement the APSO and heuristics: 

 

𝜑  Likelihood of selecting domestic port j for shipping containers from domestic to overseas 

regions in period t 

𝜑  Likelihood of selecting overseas port k for shipping containers from domestic to overseas 

regions in period t 
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𝜙  Likelihood of selecting domestic port j for shipping containers from overseas to domestic 

regions in period t 

𝜙  Likelihood of selecting overseas port k for shipping containers from overseas to domestic 

regions in period t 

We initialized these four variables with random numbers generated uniformly in (0,R) where R is any non-

negative real number. Four additional dummy variables corresponded to those variables to store their values 

temporarily for performing further computations. The main objective was to implement the concept of inverse 

transform sampling to the set values of 𝜗  and 𝜇  (Devroye [18]).  Thus, we normalized the dummy 

variables so their sums would be unity to characterize the probability mass functions by using these variables. For 

example, 𝜑 _  corresponding to 𝜑  represents the likelihood that domestic port j is selected in period t from 

all domestic ports conducting overseas transportation and that ∑ 𝜑
_

= 1for all t. Thereafter, each 

dummy variable was converted to describe the cumulative distribution function for the application of inverse 

transform sampling. A detailed explanation for a particular period is as follows:  

If DP = 4, then 𝜑  can be represented as 

 

0.2 0.6 0.5 0.3 

 

Therefore, we store the values of 𝜑  in the dummy variable 𝜑 _  after normalization, such that 

 

0.125 0.375 0.312 0.188 

 

Finally, the 𝜑 _  is obtained as follows:  

 

0.125 0.500 0.812 1.000 
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This normalization process is similar to that of a cumulative distribution function. In this case, random numbers 

u and v are drawn from U(0,1) to obtain 

 

𝜗 =
1 𝑖𝑓𝜑 ( ) < 𝑢 ≤ 𝜑 ∧ 𝜑 ( ) < 𝑣 ≤ 𝜑 ∧ 𝐷𝐷 > 0

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (2.28) 

 

Similarly, we also converted the variable representing the route selection from the overseas to domestic regions 

as follows:  

 

𝜇 =
1 𝑖𝑓𝜙 ( ) < 𝑢 ≤ 𝜙 ∧ 𝜙 ( ) < 𝑣 ≤ 𝜙 ∧ 𝐷𝑂 > 0

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (2.29) 
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2.3.2  Objective Function Evaluation 

After obtaining the values of 𝜗  and 𝜇 , solutions for the decision variables 𝜏𝐷 , 𝜏𝑂 , 𝜁𝐷 ,

𝜁𝑂 , 𝜒𝐷 , 𝜒𝑂 , 𝜉𝐷 , 𝜉𝑂 , 𝛼  and 𝛽  were generated by using Equations (2.12), (2.14), 

(2.16), (2.18), (2.20), and (2.21)-(2.25). These solutions accounted for the number of containers to be transported 

between each echelon. These variables were unaffected by the number of empty containers repositioned. The 

other four dummy variables were also employed as follows: 𝐿 , 𝐿 , 𝐸 , and 𝐸 . 𝐿  and 𝐿  were used to 

count the number of laden containers received at a port at the end of a period; 𝐸 , and 𝐸  were used to count 

the number of empty containers required at a port in a period to satisfy the demands of exporters in domestic and 

overseas regions. These four variables were used in the ECR heuristics and inventory calculations. The variables 

are defined as follows:  

 

𝐸 = 𝛼 , 𝐿 = 𝛼 , 𝐸 = 𝛽 , 𝐿 = 𝛽  (2.30) 

 

𝑆  and 𝑆  represent the available number of empty containers from domestic regions to be repositioned in overseas 

regions, and vice versa, during a period without introducing shortage in the next period, while 𝐵  and 𝐵  represent the 

number of leased containers when ECR does not take place. The variables 𝐼  and 𝐼  were used to store temporarily the 

number of empty containers stored in a port. Thus, the value of 𝑆  is obtained as follows (the procedure for 𝑆  

is omitted because it is analogous to that for 𝑆 ):  

 

𝑆 =
𝐿 + 𝐼 − 𝐸( ), , ∀𝑗 ∧ 𝑡 ≤ 𝑇 − 1 𝑖𝑓𝑓 𝐼 > 0 ∧ 𝐿 + 𝐼 > 𝐸( ), ∧ 𝐿 − 𝐸( ), ≤ 0

𝐼 , ∀𝑗 ∧ 𝑡 ≤ 𝑇 − 1 𝑖𝑓𝑓 𝐼 > 0 ∧ 𝐿 + 𝐼 > 𝐸( ), ∧ 𝐿 − 𝐸( ), > 0
 

𝑤ℎ𝑒𝑟𝑒 𝐼 = 𝐼𝑁𝑉 − 𝐸 , ∀𝑗 ∧ 𝑡 = 1 𝑎𝑛𝑑 𝐼 = 𝐼( ), + 𝐿( ), − 𝐸 , ∀𝑗 ∧ 𝑡 ≠ 1 

(2.31) 
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Leasing of empty containers is done when the following condition is met:  

 

𝐵 = −𝐼 , ∀𝑡, 𝑗 𝑖𝑓𝑓 𝐼 < 0 (2.32) 

 

It is assumed that all the decision variables are initialized at 0 except for 𝜗   and 𝜇  . Next, the 

following iterative algorithm was used to determine the number of empty containers to be moved from domestic 

ports for repositioning in overseas ports and vice versa. 

 

ECR heuristics 

For t = 2 to T: 

   For j in {1,...,DP}: 

      For k in {1,...,OP}: 

         If 𝐵 > 0 AND 𝛼( ), > 0 AND 𝑆( ), > 0: 

            If 𝐵 > 𝑆( ), : 

               𝛼( ), = 𝑆( ),  

               𝐵 = 𝐵 − 𝛼( ),  

               𝑆( ), = 0 

            Else: 

               𝛼( ), = 𝐵  

               𝑆( ), = 𝑆( ), − 𝐵  

               𝐵 = 0 

            End If 

            𝐿( ), = 𝐿( ), + 𝛼( ),  

            𝐸( ), = 𝐸( ), + 𝛼( ),  
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          End If 

       End For 

   End For 

   For k in {1,...,OP}: 

      For j in {1,...,DP}: 

         If 𝐵 > 0 AND 𝛽( ), > 0 AND 𝑆( ), > 0: 

            If 𝐵 > 𝑆( ), : 

               𝛽( ), = 𝑆( ),  

               𝐵 = 𝐵 − 𝛽( ),  

               𝑆( ), = 0 

            Else: 

               𝛽( ), = 𝐵  

               𝑆( ), = 𝑆( ), − 𝐵  

               𝐵 = 0 

            End If 

            𝐿( ), = 𝐿( ), + 𝛽( ),  

            𝐸( ), = 𝐸( ), +𝛽( ),  

         End If 

      End For 

   End For 

End For 

 

Using the above heuristics, the values of 𝛼  and 𝛽  were acquired. The values of 𝐼𝐷  and 𝑅𝐷  were 

calculated to satisfy balance equations (2.2)-(2.5) and non-negativity constraint (2.26). Therefore, 𝜆  and 
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𝜐  are now calculated as follows: 

 

𝜆 =
1 ∀𝑡, 𝑗, 𝑘, 𝑖𝑓𝑓𝐶𝐴𝑃( ) < 𝛽 + 𝛽 ≤ 𝐶𝐴𝑃( ) ∧ 𝛽 + 𝛽 > 0

0 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (2.33) 

 

𝜐 =
1 ∀𝑡, 𝑗, 𝑘, 𝑖𝑓𝑓𝐶𝐴𝑃( ) < 𝛼 + 𝛼 ≤ 𝐶𝐴𝑃( ) ∧ 𝛼 + 𝛼 > 0

0 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (2.34) 
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2.3.3 Heuristics for Reducing the Number of Leased Containers 

The objective for using the heuristics described in this subsection was to improve the solutions of  𝜗  and 

𝜇  , which were decoded from 𝜑  , 𝜑  , 𝜙  , and 𝜙  . Six dummy variables, 𝜑 _  , 𝜑 _  , 𝜙 _  , 𝜙 _  , 

𝜗  , and 𝜇  , were introduced to store the values of 𝜑  , 𝜑  , 𝜙  , 𝜙  , 𝜗   and 𝜇  

respectively. Additional variables, 𝐼𝐷  and 𝐼𝑂 , were used to represent the number of empty containers stored 

at a port at the end of a period. To improve the solution, we identified a port for which the values of 𝐼𝐷  and 

𝐼𝑂  were maximum in period t-1 and then overwrote the values of 𝜑 _  and 𝜙 _  by x, which depends on the 

initial selection of R. In this process, the usage of existing containers in the system was maximized by increasing 

the selection probability of a particular port, which has the maximum number of empty containers after laden 

container shipments were delivered at the end of a period. We stored the value of temporary variables in the 

corresponding original variables only if the solution was improved.  

 

ReduceLease(): Inputs: 𝜑 , 𝜑 , 𝜙 , 𝜙 , 𝐼𝐷 , 𝐼𝑂 , 𝛼 , 𝛽 , 𝛼 , 𝛽 , 𝜗  and 𝜇  

Create temporary variables: 𝜑 , 𝜑 , 𝜙 , 𝜙 , 𝐼𝐷 , 𝐼𝑂 , 𝜗  and 𝜇  

Copy  𝜑 , 𝜑 , 𝜙 , 𝜙 , 𝜗  and 𝜇  in 𝜑 , 𝜑 , 𝜙 , 𝜙 , 𝜗  and 𝜇  

𝐼𝐷 = 𝐼𝐷 + ∑ 𝛽 + ∑ 𝛽  for all t, j 

𝐼𝑂 = 𝐼𝑂 + ∑ 𝛼 + ∑ 𝛼  for all t, k 

For t=T to 2: 

   Get 𝑑  where 𝐼𝐷( ), ≥ 𝐼𝐷( ),  for all j in {1,...,DP} 

   Get 𝑜  where 𝐼𝑂( ), ≥ 𝐼𝑂( ),  for all k in {1,...,OP} 

      If 𝐼𝐷( ), > 0: 

         𝜑 ,
_ = 𝑥 

         𝜙( ),
_ = 𝑥 

      End If 
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      If 𝐼𝑂( ), > 0 

         𝜙 ,
_ = 𝑥 

         𝜑( ),
_ = 𝑥 

      End If 

End For 

   Decode 𝜑 , 𝜑 , 𝜙 , and 𝜙  in 𝜗  and 𝜇  

   If 𝜗  and 𝜇  are better solutions than 𝜗  and 𝜇  

      Copy 𝜗  and 𝜇  in 𝜗  and 𝜇  

   End If 

End Function 
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2.3.4  Accelerated Particle Swarm Optimization  

PSO was developed by Eberhart and Kennedy [22] and has turned out to be one of the most widely used swarm 

intelligence-based algorithms because it is simple and flexible. The PSO algorithm starts with a randomly 

generated swarm with different positions. Position and velocity are iteratively updated according to the changes 

in the fitness function value. In a standard PSO, individual best and global best solutions both are used to increase 

diversity in the solutions. However, the diversity obtained by the standard velocity equation can be simulated by 

employing randomness. APSO (Yang et al. [94]) leverages this fact by discarding the contribution of the 

individual best from the velocity equation and employing a scaled random variable. For this study, we used the 

modified velocity equation of APSO because it involves many binary variables. We hybridized the APSO with 

two heuristics to increase the rate of convergence of the algorithm. 

The following parameters were used for the APSO algorithm. 

 

𝑁 Total number of particles, n =1,2...,N 

𝐼 Maximum number of iteration, i =1,2...,I 

𝑝  Best solution before iteration i 

𝑝  Solution of particle k in iteration i 

𝑣  Velocity of particle n in iteration i 

𝑤 Inertia coefficient, 𝑤∈ (0,1) 

𝜒 Constriction 𝜒 ∈ (0,1) 

 

The velocity and position of particles in iteration i is updated as follows: 

 

𝑣 = 𝑣 𝑤 + 𝑐 𝑢 𝑝 − 𝑝 + 𝑐 𝑛 1 −
𝑖

𝐼
𝜒 (2.35) 
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𝑝 = 𝑝 + 𝑣  (2.36) 

where u and ε are random numbers drawn from a uniform distribution U(0,1) and Gaussian distribution N(0,1), 

respectively. Coefficients 𝑐   and 𝑐   dominate the direction and magnitude of the resultant velocity vector. In 

Equation (2.35), w captures the induced effect of the velocity of a particle in previous iteration whereas 𝑐  and 𝑐  

control the tendency of the particles to follow the leader (𝑝 ) or to proceed towards a random direction. In addition, 

𝑐  and 𝑐 represent the tendency of moving toward a random direction of particles that must be scaled down in 

the end. Therefore, 1 −  is used to reduce the magnitude of the randomness. Furthermore, χ acts as a scaling 

factor for the resultant velocity vector. The detailed description of the pseudo-code of the APSO is as follows: 

 

Function optimize ():  

   For n ∈ {1,2...,N}: 

      Initialize 𝑣  

      Initialize 𝑝 , 𝑝  contains 𝜑 , 𝜑 , 𝜙 , and 𝜙  

      Decode 𝑝  in 𝑟 , 𝑟  contains 𝜗  and 𝜇  

   End For 

      𝑝 = 𝑝  where nth solution is best in {1,2...,N} 

      𝑟 = 𝑟  where nth solution is best in {1,2...,N} 

   For i in {1,2...,I}: 

      For n in {1,2...,N}: 

         Update velocity using Equation (2.35) 

         Update position using Equation (2.36) 

         Decode 𝑝  in 𝑟  

         ReduceLease() 

      End For 

      If the best solution from 𝑟 ∈ {1,2...,N} is better than 𝑟 : 

       𝑝 = 𝑝  

         𝑟 = 𝑟  

      Else: 
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         𝑝 = 𝑝  

         𝑟 = 𝑟  

      End If 

   End For 

   Output 𝑟  

End Function 

 

The velocity and position of particles were first initialized with 0 and uniformly distributed by random numbers 

in interval (0, R), respectively. The velocity and position variables, 𝑣  and 𝑝 , contain copies of 𝜑 , 𝜑 , 𝜙 , 

and 𝜙  that are specific to each. These values were decoded and evaluated to infer the quality of each solution. 

The detailed procedure of this calculation is described in Sections 2.3.1 and 2.3.2. After decoding 𝑝 , the decoded 

solution is stored in 𝑟 . In addition, Reduce Lease heuristics was implemented after we evaluated the solutions of 

each particle during the iteration to accelerate the rate of convergence.  
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2.4   Computational Experiments 

 

We performed a series of numerical experiments of different sizes to evaluate the effectiveness of the solution 

procedure for the TFESC problem by comparing solutions with those of the CPLEX. To ensure an objective 

performance evaluation, all computational experiments were executed with Intel Core i5-4590 CPU with 

3.30GHz processors and 16.0GB RAM and the time limit was set to 14,400 seconds. In experimental settings, 

we used cost parameters derived from Konings [41], Shintani et al. [75], and Moon and Hong [61]. All relevant 

costs, inventory levels, and demand levels for the TFESC are shown in Table 2.2. The transportation costs and 

demands followed a uniform distribution, which was useful for coping with the establishment of new shipping 

service routes, and each port in domestic and overseas regions had 500 empty containers for initial inventory. 

Malinowski et al. [55] studied global supply chain planning by directly considering traveling distances for a vessel.  

In our study, distances between echelons were indirectly considered. Differences between the maximum and 

minimum hinterland and maritime transportation costs can easily capture the distances between two consecutive 

echelons. These cost parameters can be adjusted according to the selection of bilateral trade routes (see also Feng 

et al. [25]). They considered stochastic parameters, including the fixed cost of sending products to buyers that 

follows uniform distributions. Transportation costs for laden containers were 30% higher than those for empty 

containers. For executing the algorithm, we set the values of parameters as follows: 𝑅 = 1, 𝑥 = 1.3, 𝑤 = 0.7,

𝑐 = 1.5, 𝑐 = 2, 𝐼 = 20,000, 𝜒 = 0.7 and 𝑁 = 35. 

Table 2.2 Cost and demand parameters 

 Domestic Overseas 

Long-term leasing cost (US$) 480 480 

Inventory holding cost (US$) 50 50 

Empty container transportation cost from hinterland (port) to 

port (hinterland) in $/unit 
U(170,220) U(180,230) 
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Maritime transportation cost for empty container in $/unit U(120,160) U(120,160) 

Initial inventory level of each port 500 500 

Demand for importers U(40,60) U(20,50) 

 

Moreover, after validating the performance of the proposed solution procedure in terms of computation times 

and gaps, which is equal to × 100 , we implemented sensitivity analyses to acquire useful 

managerial insight on ways to connect and manage the newly established routes. The first experiment was 

conducted with various numbers of echelons and periods. Specifically, we used 60 instances in which the number 

of echelons varied along with the periods, which ranged from 4 to 16, and the importers and exporters for both 

regions numbered between 5 and 30. We proportionally increased the number of each echelon, and the demands 

were randomly generated to ensure the performance of the APSO for each case. More information on echelons 

and periods is given in the Appendix E. 
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2.4.1 Heuristic Performances  

 

Tables 2.3 and 2.4 show the comparison of the CPLEX and APSO with heuristics performance in terms of 

computation times and gaps for solved and unsolved instances. In Table 2.3, one can observe that when 

experiments on relatively small instances were executed, APSO with ECR heuristics could not outperform the 

CPLEX in terms of computation times, but for overall performances, our solution procedure outperformed 

CPLEX in terms of total average computation times. In Table 2.4, one can observe that the average computation 

time of our solution procedure, which was 645 seconds, for the instances where CPLEX could not find solutions 

within the time limit. For the instances that were solved by CPLEX, the average computation time was 551 

seconds. Although the instances in Table 2.4 were not solved within the time limit by CPLEX, the average 

computation time for our algorithm was not noticeably degraded. These findings indicate the robustness of our 

solution procedure using the APSO and the ECR heuristics. In fact, when a bilateral trade network is designed, 

many more members in each echelon than the instances in our experiment are likely to be considered, and this 

experiment proves the effectiveness of the proposed solution procedure to handle large instances within 

reasonable computation times. The optimal solutions found for some instances were excluded from Table 2.3. 

Detailed descriptions of experimental data for Tables 2.3 and 2.4 are presented in Table E.1 in Appendix E.   

 

Table 2.3 Comparison between performances of CPLEX and proposed solution procedure in solved instances 

Instance 
Computation Times (sec) 

*Gap 
CPLEX APSO 

1 17 168 3.17% 

2 18 275 3.39% 

3 36 303 2.73% 

4 922 362 2.00% 

5 83 412 2.10% 

6 94 417 2.06% 

7 80 110 3.91% 
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9 192 330 3.21% 

10 453 470 2.58% 

12 11,216 867 3.19% 

13 13 73 2.98% 

14 16 149 2.94% 

15 25 212 3.00% 

16 90 327 2.78% 

17 68 436 3.77% 

19 48 380 2.00% 

20 58 484 2.31% 

21 70 590 1.99% 

22 152 760 3.08% 

23 32 860 3.24% 

24 272 977 3.73% 

25 585 489 2.72% 

26 486 592 2.26% 

27 186 725 3.21% 

28 1,608 866 2.25% 

29 4,853 1,088 3.29% 

30 891 1,230 3.62% 

31 11 221 3.34% 

32 7,405 324 2.30% 

33 11,349 439 3.00% 

37 101 357 5.36% 

38 1,583 468 4.35% 

39 450 554 3.45% 

43 2,419 681 5.45% 

44 816 925 4.62% 

45 2,947 943 4.17% 

46 2,602 934 3.93% 

47 278 847 4.03% 

49 91 248 4.81% 

51 662 705 6.24% 

52 191 973 6.20% 

53 2,374 1,024 4.57% 

55 214 112 4.99% 

57 1,657 428 5.35% 

58 2,846 640 4.54% 
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Total Average 1,346 551 3.52% 

*Gap = 
𝑨𝑷𝑺𝑶 𝑪𝑷𝑳𝑬𝑿

𝑪𝑷𝑳𝑬𝑿
× 𝟏𝟎𝟎 

 

Table 2.4 Performance of CPLEX and proposed solution procedure in unsolved instances 

Instance 
Computation Times (sec) 

Gap 
CPLEX APSO 

8 — 205 — 

11 — 664 — 

18 — 555 — 

34 — 478 — 

35 — 632 — 

36 — 704 — 

40 — 623 — 

41 — 632 — 

42 — 704 — 

48 — 713 — 

50 — 394 — 

54 — 1,105 — 

56 — 226 — 

59 — 813 — 

60 — 1,229 — 

Total Average Computation Times — 645 — 
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2.4.2 Sensitivity Analysis of Varying Periods  

 

In one sensitivity analysis, we kept the number of participants unchanged while increasing the number of periods 

from four to seven. Other parameters, including demands and costs, were generated in a way similar to the process 

in the previous experiment for which the numbers of echelons and periods varied. Detailed descriptions of 

experimental data for Figures 2.4, 2.5, and 2.6, which show the results of the analysis, are presented in Table E.2 

in the Appendix E. Each experiment presented in these figures featured a fixed number of echelons in increments 

of two for every echelon, except that for domestic and overseas ports, while the period was increased. Comparing 

each experiment as a group, the average number of repositioned containers per period among experiments 

decreased in general while the average number of leased containers per period and the average cost per period 

increased. We inferred that greater demand of importers increased the average number of leased containers and 

the average cost, but more echelons could reduce the average number of repositioned containers. Within each 

experiment, four different periods were used for investigating the effect of empty container management 

strategies. The number of repositioned containers was rapidly expanded while the number of leased containers 

remained almost unchanged. Moreover, the total cost per period slightly decreased.  

The findings imply that a long planning horizon has the greatest flexibility for the manager to reposition 

additional empty containers without increasing costs. In this case, more containers were reused from the container 

storage area in a port to satisfy demands within the same region. Moreover, the average number of leased 

containers significantly decreased as the average cost also diminished slightly. Therefore, in a case such as this, a 

long planning horizon not only reduces operational costs, but also promotes a green supply chain by utilizing 

empty container management strategies such as an increase in ECR and reduction in leasing containers. We 

conducted another analysis by changing the numbers of ports and periods and found results similar to those from 

the analysis on various echelons and periods.  
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Figure 2.4 Average number of repositioned containers per period 

 

Figure 2.5 Average number of leased containers per period 
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Figure 2.6 Average cost per period 
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2.4.3 Sensitivity Analysis of Varying Number of Echelons  

In another sensitivity analysis, we kept the number of the domestic and overseas ports unchanged, while the 

number of exporters and importers was increased and the number of periods was changed from four to seven. 

Detailed descriptions of the experimental data, shown as results in for Figures 2.7, 2.8, and 2.9, are presented in 

Table E.3 in the Appendix E. In each experiment, bars with different colors represent ports 1-5 with a fixed 

number of echelons and periods. Comparing each experiment as a group, large reductions in the average number 

of leased containers per period and an average cost per period were observed as a period was increased (see Figure 

2.7). Simultaneously, the average number of repositioned containers per period was expanded (see Figure 2.8). 

Therefore, a relatively long planning horizon in this case contributed to the promotion of green activities and 

significant reduction of average costs. Within each experiment, the average number of repositioned containers 

and the average cost generally fluctuated.  

We inferred that ports in both regions tended to control the sufficient empty container inventories at ports to 

reposition them for satisfying exporter demands within the same region. In the aggregate, repositioning of empty 

containers is considered a beneficial activity as a period is increased because more ports then have the opportunity 

to ship empty containers to exporters easily. Another analysis was also conducted in which the number of 

exporters was decreased to investigate the best way to manage laden container shipments when fewer exporters 

can operate because of unexpected breakdowns or natural disasters that affect transport. 
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Figure 2.7 Average number of leased containers with respect to increasing ports per period 

 

 

Figure 2.8 Average number of repositioned containers with respect to increasing ports per period 
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Figure 2.9 Average cost per period 

 

Despite the existing literature on aggregate demands for importers and ports, we investigated the effects of 

TFESC through experiments from a micro-level perspective for which the demands of importers and exporters 

were treated separately. From this viewpoint, we found that a long-term planning horizon encourages more ECR 

activities, and more ports lead to a use of fewer leased containers. These intuitive analyses validate the proposed 

model and offered meaningful managerial insight on ways to handle empty container flows.     
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2.5   Summary 

 

We developed the TFESC model to design direct shipments for two regions where sufficiently large demands are 

found for bilateral trade. Specifically, we incorporated service-route selection, ship deployment, and ECR; and 

the proposed MIP model shows optimized routes according to the total relevant cost minimization. Through 

sensitivity analyses, we also investigated the effect of establishing new service routes for direct shipment when 

the numbers of echelons and planning periods varied. The results showed that repositioning and reusing activities 

should be encouraged because the average costs did not increase at all. In fact, the average cost per a period 

decreased as the planning horizon expanded. Therefore, a manager should consider the unproductive but green 

activities such as ECR undertaken when new routes are established. 

 The results of another analysis also showed that the average number of leased containers and average cost 

decreased as the number of ports and periods increased. Comparing to the first sensitivity analysis, more ports 

tend to hold higher inventory levels to satisfy the expected demands of exporters during the subsequent period 

and resulted in sharp reductions in leasing containers and average cost. Consequently, a longer planning horizon 

promoted green activities. Therefore, this study presents several useful implications for a manger to use to cope 

with any variations in the number of echelons. Moreover, we successfully applied a two-sided operation in which 

exporters and importers from two regions can satisfy demands for those in the other region. In practice, managing 

empty container flow from both regions is a realistic strategy for dealing with green efforts and sharp reductions 

in the congestion of container traffic at ports. However, most of the literatures investigate only one-sided operation 

when repositioning empty containers. Therefore, more realistic empty container management can be achieved in 

our proposed model.  

We introduced heuristic methods for ECR and improving the solutions by maximizing the existing number of 

empty containers for a port, which simultaneously stores the maximum number of empty containers to encourage 
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ECR and reduces the number of leased containers. We successfully used the APSO with heuristics to test the 

performance in terms of computation times and gaps by comparing it with that of the proposed MIP model. The 

performance of the proposed model was competitive in dealing with large instances according to periods and 

ports. 

  



 

50 

Chapter 3  

 

Laden and Empty Container Supply Chain under Decentralized and 

Centralized Policies 

 

 

3.1   Problem Description and Literature Review 

 

Since the development of containerization, international trade has shown rapid growth. However, total trade 

volumes have shown sharp decreases and subsequent rapid recoveries over the history of the container trade. For 

example, the United Nations Conference on Trade and Development (UNCTAD) reported rapid recoveries in the 

annual growth of total trade after sharp declines in 2010 and 2017 and implied that seaports could suffer from 

severe congestion due to increases in container traffic. An International Association of Ports and Harbors (IAPH) 

report noted that container traffic among the top 20 global ports increased by an average of 137% from 2007 to 

2016. This rapid increase in container traffic seemingly accounts for many of the issues associated with the return 

of empty containers from consignees to the locations designated by shipping companies. 

To maintain an uninterrupted flow of empty containers, the shipping company imposes a detention charge on 

the consignee if the return of a container is overdue (Lee [42]). After the grace period or free time, detention 

charges accumulate until the empty containers are returned by the consignee to the port or depot. The period from 

retrieval of laden containers from the port to the return of empty containers to the same port for reuse is referred 

to as devanning time (Moon et al. [62]). Devanning time can be impacted by detention tariffs imposed by the 

shipping company, especially when a consignee encounters far more strict conditions with regard to the imposition 

of a tariff. According to Yu et al. [95], a port terminal operator also provides prespecified free times to a shipping 

company for inbound containers, which a consignee is responsible for retrieving. A shipping company usually 
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collects the storage fees from a consignee to pay the terminal operator, without any contract between the terminal 

operator and a consignee. This exchange implicitly shows that a shipping company publishes detention tariffs 

based on the container storage pricing contract between the terminal operator and a shipping company. Therefore, 

in this study, we assume that the free times set by a shipping company and a terminal are the same. Devanning 

time also can be impacted by unexpected events such as natural disasters, road traffic, equipment malfunctions, 

labor strikes, and inspection and repair of damaged containers. Thus, uncertainties during the devanning process 

have substantial impact on container return. In addition, significant delays in the return of empty containers can 

affect the shipping company’s planning horizon, particularly when determining whether to lease containers to 

meet the demands of empty containers for new shipments. Therefore, both parties are subject to the following 

crucial decisions with regard to container flow: 

• To adjust free time or to penalize a consignee who fails to return containers within the shipping company’s 

desired time period 

• To manage investment in emptying capabilities to minimize detention charges for the consignee 

Although few quantitative scientific studies on container return timing have been performed, mass media 

reports have identified several causes of delays in the return of empty containers. Pauka [66] reported that sudden 

and frequent re-direction notices for returning empty containers to designated empty container parks without 

extension of the free time caused significant additional costs for consignees. For example, in Sydney, Australia, 

estimated additional costs of $90 to $200 per container were incurred based on the level of tardiness of the return. 

Delays were closely related to insufficient storage space due to the huge increase in seaborne trade volumes and 

resulted in large additional costs being unfairly imposed on consignees. Meanwhile, demurrage and detention 

tariffs levied by global shipping companies are being made more stringent. New tariffs for most service routes 

reduce flexibility in free times for container returns but increase detention charges for all types of containers 

(Aktan [3]). 
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In terms of import, consignees are liable for both demurrage and detention charges when they fail to retrieve 

laden containers from a port and to return empty containers to a port within specified free times. A shipping 

company aims to facilitate the circulation of its containers by levying these penalty costs. In practice, the company 

uses the following two methods for imposing the charges: joint and individual. If the company charges jointly, a 

consignee has the option to allocate the desired number of free times for each charge on condition that the total 

free times of both charges are satisfied; that is, a single free time is given to a consignee. However, in the case of 

individual charging method, a detention period would start immediately after a demurrage period ends. In this 

case, the calculation of each individual charge is conducted in isolation with two separate free times, a more 

popular practice, according to Fazi and Roodbergen [24]. They analyzed the impact of both joint and individual 

free times of demurrage and detention charges on a multimodal planning problem without explicitly considering 

the operation of a consignee. Rather, they instead focused on the routes between seaports and inland terminal with 

two transport modes including barges and trucks to minimize the dwell times of containers at seaports along with 

the time duration of both charges. From this perspective, the consideration of both charges seemed reasonable 

(Light [49]). An opposing study by Yu et al. [96], however, similarly studied detention decisions on empty 

containers to determine optimal free detention time for a shipping company, along with dispatching time of empty 

containers for a hinterland container operator. 

Although this study investigated the impact of different decision variables, it implied that detention charges 

had the most significant relevance to the empty container flow process. For the purposes of this study, which 

focused solely on detention charges, these charges alone appear to be sufficient to study the impact of charges on 

empty returns. 

Because of the uncertainty in container returns due to unforeseen circumstances, the potential for conflicts 

between a shipping company and a consignee remains high under the current situation; that is, the shipping 

company seeks to impose higher detention tariffs against the consignee as a source of profit generation resulting 



 

53 

from port congestion rather than limiting revenues to the shipment of the freight itself in an effort to gain a control 

over empty container flow (Wackett [89]). 

To address these uncertainties in the devanning process, the following scenarios based on the level of tardiness 

of an empty return are introduced to explore the effects of variation in devanning times significantly affected by 

withdrawal rates, free times, and detention charges. 

Scenario 1: Empty containers are returned within the interval of free time and the entire process operates 

on the assumption that additional inventory holding costs for empty containers at the origin accrue during 

the first detention interval. Even though all containers are returned within the free time, this additional cost 

cannot be neglected due to the significant amount of storage costs incurred at a port. 

Scenario 2: Empty containers are partially returned after free time, and then inventory holding costs for 

empty containers at origin are calculated. It is a common practice that detention charges are incurred 

immediately at the beginning of this interval. Nevertheless, the shipping company is still willing to accept 

detention charges for containers not returned on time. Hence, the remaining containers will all be returned 

within the first interval of detention. Thus, operations in this scenario are terminated at the first interval of 

detention in an effort to reduce the charges. 

Scenario 3: When some empty containers are not returned to the origin for a long time period due to the 

unexpected events, a shortage of empty containers at the port of origin may result. The shortage due to late 

returns can be met by leased containers, thus it is worthwhile for the shipping company to consider use of 

leased containers for the next cycle. Higher detention charges are applied after the first interval of detention 

has passed, and time-varying detention charges are prevalent in the industry. The shipping company 

attempts to reduce losses incurred by leasing costs by optimizing the detention charge of the second interval. 
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These scenarios are proposed based on the plausibility derived from the container flow process in Figure 3.1. 

Shintani et al. [74] devised a penalty cost function, composed of storage and short-term leasing costs incurred at 

a port, when they designed a configuration for optimal shipping routes. It is inferred that a detention charge, a 

form of penalty for decreasing the circulation of containers, is used for a leasing activity to ensure that the demand 

in the next cycle can be satisfied. Furthermore, they permitted leasing containers immediately when a shortage 

occurred in the next cycle. 

To the best of our knowledge, the impact of detention charges on maritime logistics has not been extensively 

investigated even though the imposition of such charges on consignees is common practice. Only a few studies 

have examined this topic. For example, Kang et al. [34] studied empty container reuse transportation for both 

imports and exports with a match-back strategy. They examined the incorporation of detention charges in match-

back transportation costs but did not explicitly develop mathematical models. Fransoo and Lee [26] addressed 

issues in detention charges from the perspectives of a shipping company and a consignee and claimed that 

detention charges have a great impact on the return behavior exhibited by container users or consignees. Lee [42] 

used several strategies to optimize a network flow problem for the replenishment of empty containers that 

considered detention charges and free times as parameters but did not explicitly solve for them through their model. 

The problem of empty container repositioning (ECR) is another important topic that has received attention in 

the literature with regard to the return of empty containers. Jeong et al. [33] examined empty container 

management strategies such as ECR, reuse, and leasing for a direct shipping service network between two 

countries by developing a mixed−integer programming model. A number of useful managerial insights can be 

derived from their sensitivity analyses to promote green efforts; that is, ECR and reuse activities were 

simultaneously encouraged while the leasing of new containers for fulfillment of shippers’ empty container 

demands was discouraged. Luo and Chang [54] proposed contract coordination to solve the ECR problem for an 

intermodal transport system when customer demand switching occurred between a dry port and a seaport. They 

showed that both parties could achieve win-win outcomes through the proposed ECR coordination as well as 
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reduced inventory levels. ECR was also applied to the routing of barge container ships by Alfandari et al. [4]. 

They found that the encouragement of ECR activities was useful in optimizing routes and maximizing the barge 

shipping company’s profits by reducing leasing or storage costs for empty containers. An ECR strategy along 

with cooperation scheme can provide enormous benefits for maritime shipping companies with regard to cost 

reduction and green activities. Song and Xu [83] developed an operational activity-based method, and their results 

from two case studies showed that their method is a more accurate estimator of CO2 emissions than the traditional 

method. Thus, an efficient ECR strategy contributes to a reduction in CO2 emissions in shipping service routes. A 

simulation conducted by Irannezhad et al. [31] showed significant reductions in transportation costs and pollutant 

emissions for shipping companies through cooperation scenarios; the researchers claimed that a street-turn, or 

triangulation, strategy could be realized in a real-world case to reduce the movement of empty containers. In 

addition, because foldable containers play a crucial role in ECR strategy due to the advantages of the decreased 

size of folded containers, many studies have reported the potential for cost savings resulting from their use in 

transportation and storage (Moon and Hong [61]; Moon et al. [60]; Myung [64]; Zhang et al. [97]). Zheng et al. 

[99] also studied the impact of foldable containers on ECR activity in an attempt to reduce ECR movements. 

Wang et al. [90] analyzed the effect of foldable container usage with ship type decisions with regard to ECR 

activity and identified the conditions under which a shipping company could use foldable containers effectively. 

In essence, foldable containers could play beneficial role in the management of empty returns. 

A number of studies have been performed on empty container management policies (Song et al. [84]). Li et al. 

[46] studied the empty container allocation problem based on both positive and negative demand for importing 

and exporting empty containers. They showed through a discounted infinite horizon case that two critical points 

play a key role in obtaining the optimal policy; that is, bounds for the imports and exports of empty containers. 

Song and Dong [79] investigated an optimal ECR policy in a dynamic and stochastic environment to minimize 

expected total costs. They presented a three-phase threshold control policy as well as three heuristic repositioning 

policies to provide for optimal selection of a shipping liner. Similar research using a Markov decision process was 
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conducted to identify optimal policies for repositioning containers in a periodic-review shuttle service system 

(Song [81]). To deal with uncertainty in demand and supply, Di Francesco et al. [19] addressed deterministic and 

multi-scenario policies to perform a demand fulfillment evaluation of an ECR problem. The effectiveness of the 

multi-scenario policy was verified with unexpected demands in future periods. Moreover, Chen et al. [11] 

highlighted the importance of supply chain collaboration to gain sustainability with the various research 

methodologies and different supply chain structures. In line with the recent research trend, our focal research 

interest is to improve coordination between a shipping company and a consignee under the uncertain situation of 

container returns. In this study, both upstream and downstream collaborations are highlighted, with particular 

attention given to the role of the customer. 

The structure of a laden and empty container supply chain under decentralized and centralized policies (LESC-

DC) is as follows: A detailed problem description along with underlying assumptions is presented in Section 3.2. 

The mathematical models of each scenario under decentralized and centralized policies are developed in Section 

3.3. In Section 3.4, computational experiments including numerical examples and sensitivity analyses on three 

policies are extensively conducted. A comprehensive view on managerial insight is provided in Section 3.5. A 

summary of this study is given in Section 3.6. 
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3.2   Scenario-based Model for the LESC-DC 

 

This study examines two aspects with regard to the return of empty containers in the LESC-DC: (1) a shipper and 

a port of origin and (2) a consignee and a port of destination. Note, however, that the operation costs of the shipper 

are not explicitly considered here in an effort to simplify our model. The following is a brief description of the 

steps of container flow, as shown in Figure 3.1. The laden containers returned by a shipper are transported to the 

port of destination by a vessel (step 1). It is assumed, for the purpose of this study, that the containers would then 

be transported to a consignee as soon as they are unloaded from a vessel, in order to satisfy the consignee’s 

demands (step 2). After unpacking the containers, the consignee is then obligated to return the empty containers 

within a specified free time period, at which point the containers are stored at a port for the next cycle (step 3). 

In this study, we refer to the time intervals in steps 2 and 3 as devanning time as well as a detention period. As 

these terms share the same process along with the aforementioned uncertainties, they are significantly affected by 

each other. Because the process of detention is completely independent from that of demurrage when penalties 

are calculated individually, the detention charge alone is considered in analyzing the impact on devanning time in 

this study. As more specifically shown in Figure 3.2, significant variation occurs in the return process depending 

on the time when the return process is being initiated under the scenarios we proposed in Section 3.1. In this regard, 

such uncertainty should be taken into account to optimize the process for real-world situations. In this context, a 

shipping company levies detention tariffs after free times on a consignee based on the consignee’s tardiness in 

returning the container and the type of container (standard vs. foldable) to account for the risks involved in late 

returns. A number of variables influence the return of containers by the consignee; that is, the withdrawal rate of 

laden containers can be determined by the consignee’s investment in container handling equipment, the cargo 

handling area, manpower, etc. In this way, a consignee could manage these controllable decisions, especially with 

regard to whether emptying capabilities should be accelerated or decelerated for laden containers. We note in this 

study, however, that uncertainties mentioned in the Introduction still exist and could delay the devanning process. 
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Figure 3.1 Overview of container flow process from shipper to consignee 

 

 

Figure 3.2 Variation in container return 

 

The underlying assumptions for the problem are as follows: 

(i) Laden containers are consumed based on withdrawal rates. 

(ii) Free time for the return of an empty container is set by the agreement made between the shipping company 

and the consignee. It is a common practice in the shipping industry to impose a detention charge against 

the consignee to facilitate the reuse of owned empty containers (De Langen et al. [16]). 

(iii) A stack of foldable empty containers consists of four units (Moon et al. [60]). 
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(iv) Detention charge is discretely imposed based on a level of tardiness in the following manner: 

 

Detention charge =

⎩
⎨

⎧
0 if every container is returned within 𝐿 ∈ (0, 𝐿 ]

𝑝𝑛
if container type j is returned within 𝐿 ∈ (𝐿 , 𝐿 ]

(𝑗 = 𝑠, 𝑓: 𝑤ℎ𝑒𝑟𝑒 𝑠 = 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑, 𝑓 = 𝑓𝑜𝑙𝑑𝑎𝑏𝑙𝑒)

𝑝𝑛 if container type j is not returned within 𝐿

 

 

When the return time reaches L1, the entire operation is terminated for a single cycle. 

(v) All of laden containers unloaded from a vessel are immediately transported to a consignee. 

The following parameters and decision variables are used throughout this study to develop the proposed models: 

 

Indices  

i Scenario based on level of tardiness for return, i = 1,2,3 

j 

Parameters 

Type of container 

nj Number of container type j to be shipped 

As Setup cost of shipping company 

Ar fixed cost of consignee 

hjs Additional handling cost of empty container type j for shipping company 

hjr Inventory holding cost of laden container type j for consignee 

LCj Leasing cost of container type j 

pnj1 Detention charge for container type j incurred during the first interval 

pnj2 Detention charge for container type j incurred during the second interval 

ej Investment effort in withdrawal rate for container type j 

tr Inland transportation cost between consignee and port of destination 

L0 Endpoint of free time for exemption on detention charge 

pi 

 

Probability of scenario i to occur 
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Decision variables 

L1 Endpoint of first interval of detention charge after free time 

wj Withdrawal rate for container type j 

α Fraction of compensation for leasing standard containers 

β 

Cost functions 

Fraction of compensation for leasing foldable containers 

 Cost function of shipping company under scenario i 

 Cost function of consignee under scenario i 
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3.3   Model Development for the LESC-DC 

 

In this section, we formulated each scenario based on the level of tardiness for the return of an empty container 

under centralized and decentralized decision making protocols. Because this study primarily focuses on issues 

regarding the return of empty containers, the decisions of both a shipping company and a consignee in managing 

the return of empty containers are examined. Specifically, a shipping company strives to maintain control over an 

entire container flow by determining the intervals and detention charges, whereas the consignee manages 

withdrawal rates for standard and foldable containers through investment efforts to keep up with due dates. It is 

well known that withdrawal rates of both standard and foldable containers can be differentiated based on the 

higher handling costs for foldable containers. Therefore, the mathematical models are used to show that both 

parties can minimize the total relevant costs in the following scenarios. 

Scenario 1: 

Under this scenario, all of the containers are returned within the free time, L ∈ (0,L0]. Thus, the expected total 

cost for a consignee and a shipping company is formulated as follows: 

 

(3.1) 

(3.2) 

 

In Equation (3.1), the first term represents the fixed costs incurred for a folding facility. Because all laden 

containers are stored at a consignee’s site and consumed based on withdrawal rates, ws, and wf, a consignee is 
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responsible for the handling costs of standard and foldable containers until they are completely processed, as 

shown in the second and third terms, respectively. The fourth and fifth terms depict investment efforts in 

withdrawal rates for both types of containers by a consignee. It is noted that quadratic forms for investment efforts 

are used in an attempt to realize analytical tractability (Sarkis [72]). Inland transportation costs between a 

consignee and a port are given in the last term. In Equation (3.2), the first term shows setup costs incurred at the 

origin, and the second and third terms indicate additional inventory holding costs for standard and foldable empty 

containers during L1 − L0 after every container is returned within L0. According to Assumption (iii), foldable empty 

containers are stacked in groups of four units to reduce storage, transportation, and handling costs. Thus, the ratio 

1/4 indicates the same size as standard containers in inland transportation and additional inventory holding costs, 

as shown in Equations (3.1) and (3.2). 

Scenario 2: 

In Scenario 2, a fraction of laden containers is not returned until L0 due to an unforeseen events such as peak 

season for the trucking company, a labour strike, etc, but that the containers will be fully returned within L1, as 

shown in Equations (3.3) and (3.4): 

 

(3.3) 

 

(3.4) 

 

Scenario 2 was formulated in the same manner as Scenario 1 except for detention charges payable to the 

shipping company. In Equation (3.3), these detention charges for standard and foldable containers are illustrated 



 

63 

in the seventh and eighth terms, respectively. Although Equation (3.4) shows similar cost terms as Equation (3.2), 

only containers returned until L0 are calculated for inventory holding costs during L1 −L0 as shown in the second 

and last terms. It is common practice for a shipping company not to charge inventory holding costs during the free 

time, due to another exemption on these costs caused by free times set by a port. 

Scenario 3: 

When some containers are not returned to the port of origin for an exceptionally long period, the shipping 

company will be faced with a shortage of empty containers for use in the next cycle. The formulation of each 

party in this scenario is established in the following equations: 

 

 

(3.5) 

 

(3.6) 

 

In Equation (3.5), inland transportation costs differ from those used in the first and second scenarios. For empty 

containers, L1ws and L1wf will be transported back to a port until L1. Leasing costs for standard and foldable 

containers are included in Equation (3.6). The equation highlights that a shipping company can compensate for 

these costs by collecting detention charges incurred during the second interval, pns2 and pnf2, as shown the in fourth 

and last terms. 
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Based on the modeling assumptions, the expected total cost could be divided by L0 and L1, depending on when 

it has been decided to terminate operations in each scenario. If one can recall the cost structure of EOQ or EPQ in 

Operations Management literature, each cost component, including a fixed cost, is divided by the common cycle 

to calculate the total relevant costs per unit time. In this case, L0 and L1 play roles in common cycles based on the 

level of tardiness in container returns. Meanwhile, the handling costs and transportation costs are assumed to be 

variable costs, even though they could be involved in fixed costs. As shown in the cost functions of a consignee 

in Scenarios 1–3, the handling cost terms of standard and foldable containers are affected by withdrawal rates, 

which are controlled by a consignee. In other words, handling costs are computed based on the degree of 

investment efforts in withdrawal rates. Hence, the handling cost terms should remain as variable costs for this 

study. Although transportation costs in Scenarios 1 and 2 could be included in fixed costs, they also are affected 

by decision variables ws and wf  in Scenario 3. 
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3.3.1 Centralized Policy 

 

With centralized policy, both parties come to an agreement to cooperate with each other and function as a single-

decision maker. In this regard, the shipping company and the consignee do not attempt to minimize their expected 

total costs individually, but rather bring out the best benefits for the entire supply chain. Using Equations (3.1) − 

(3.6), the expected total cost of each party can be shown as: 

 

 𝐸(Π ) = 𝑝 𝜋 + 𝑝 𝜋 + 𝑝 𝜋  (3.7) 

 𝐸(Π ) = 𝑝 𝜋 + 𝑝 𝜋 + 𝑝 𝜋  (3.8) 

For simplicity, the expected cost function of centralized policy is given as follows: 

 

E(ΠC)(L1,ws,wf) = E(ΠR) + E(ΠS) 

 

Accordingly, the optimization problem is: 

 

(3.9) 

 

(3.10) 

 

Proposition 3.1 The expected cost function of centralized policy is always convex if Ψ1 ≥ 0. 

 

Proof. See Appendix A. 
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Because the objective function is convex and the corresponding constraints are linear in nature, the implication 

of this proposition proves that the optimal values of decision variables can be obtained if the corresponding 

parameters remain within the boundary of feasibility. 
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3.3.2 Decentralized Policies (Policies I and II) 

 

With regard to the two decentralized policies (Policies I and II), each party is solely interested in minimizing its 

own cost. Therefore, a game theoretical approach is incorporated to obtain solutions. In this sense, Policy I, 

whereby the shipping company imposes detention charges based on the degree of tardiness committed by the 

consignee, is widely practiced. Many companies consider detention charges an important revenue stream and a 

way to retain control over container returns (Storm [85]). Using Equations (3.7) and (3.8), the expected total cost 

of each party under Policy I can be derived as follows: 

 

 

(3.11)

 

Proposition 3.2 The expected cost function of a consignee is always convex with respect to ws and wf, along with 

the expected cost function of a shipping company with respect to L1 if Ψ2 ≥ 0. 

 

Proof. See Appendix B. 

 

For the solution approach for Policy I, we employed the Stackelberg game in which the leader takes action first 

and the follower moves subsequently thereafter to achieve the best benefit for each individual party. Because the 
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detention tariff is always announced by the shipping company, it would act as the leader, whereas the consignee 

affected by the tariff for managing the return plays the follower. Accordingly, the backward induction is used to 

find the best reaction function of a consignee, E(ΠR), with the known strategy of the leader and then acquire the 

best response of the leader through solving E(ΠS). The solutions to Policy II can be obtained through the same 

approach. 

As described in Section 3.3, if some containers are not returned far beyond the current cycle due to extremely 

high uncertainties in the return process, a shipping company has no other option than to lease containers to meet 

its demand for empty containers for use in the next cycle. In this sense, leasing containers may seem promising, 

whereas the practicality of Policy II, where detention charges may partially be used for leased containers, has been 

implicitly shown in existing literature on ECR problems to prevent shortages in supplying containers (Alfandari 

et al. [4]; Luo and Chang [54]; Moon et al. [62]; Moon and Hong [61]). The shipping company would compensate 

for the leasing costs by increasing the detention charge for the second interval; that is, α and β are introduced to 

address such a situation. Therefore, using Equations (3.5) and (3.6), the expected cost function in Scenario 3 is 

reformulated as follows: 

 

 

(3.12) 
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(3.13) 

Therefore, Policy II is formulated with modified Equations (3.12) and (3.13) as follows: 

 

 

   

(3.14)

  

Proposition 3.3 The expected cost function of a consignee is always convex with respect to ws and wf, along with 

the expected cost function of a shipping company with respect to L1, α, and β if Ψ3 > 0. 

 

Proof. See Appendix C. 

 

  



 

70 

3.4 Computational Experiments 

 

To validate the proposed models for centralized policy and Policies I and II, computational experiments including 

a numerical example and sensitivity analysis were conducted to reveal the impact on decision variables and the 

efficiency of the LESCDC. 

3.4.1 Numerical Example 

 

The dataset was generated from literature on the ECR problem and adjusted to our problem setting on the basis 

of daily unit (Konings [41]; Moon and Hong [61]). The expected total costs per unit time for both parties are 

computed. In addition, note that a shipping service route is arbitrarily selected with a certain period of each 

operation. The operation costs of the origin and destination differ with regard to higher price indexes, salaries, etc., 

along with different handling costs for standard and foldable containers. In addition, relevant activities such as 

loading and unloading operations and transportation by a vessel are included in the setup costs of the shipping 

company, while the fixed costs of the consignee include folding facilities for foldable containers. The values of 

the following parameters are derived from the example of hinterland transportation between Busan and Seoul, 

Korea. 

 

p1 = 0.3, p2 = 0.5, p3 = 0.2, tr = $800 per unit, ns = 200 units, nf = 220 units, L0 = 10 days, pns1 = $20 per unit, pnf1 = 

$70 per unit, pns2 = $40 per unit, pnf2 = $100 per unit, es = $100 per unit, ef = $200 per unit, hsr = $7 per unit per 

day hfr = $9 per unit per day, hss = $5 per unit per day, hfs = $7 per unit per day, Ar = $28,000, As = $81,000, LCs = 

$480 per unit, LCf = $960 per unit 
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Under these parameters, the optimal solutions and the expected total costs of centralized policy and Policies I 

and II are shown in Table 3.1. 

 

Table 3.1. Results of numerical example 
Decision type  𝐿∗  𝑤∗ 𝑤∗ 𝛼∗ 𝛽∗ 𝐸(Π∗ ) 𝐸(Π∗) 𝐸(Π∗) 

Centralized  37.02 5.40 5.94 − − $46,549 $2,683 $49,232 

Policy I  16.37 7.84 13.44 − − $56,994 $5,665 $62,659 

Policy II  16.42 9.93 13.40 12.00 0.70 $57,200 $5,296 $62,496 

 

The results show that centralized policy outperformed Policies I and II in terms of 𝐿∗ , 𝑤∗, 𝑤∗, and expected total 

costs. This policy brings a far longer 𝐿∗  and less investment effort in withdrawal rates for both types of containers; 

that is, a consignee can enjoy greater flexibility in returning empty containers at least before L1 with a significant 

reduction in 𝐸(Π∗ ) compared to those of the other policies. In the end, a shipping company can also benefit from 

centralized policy with a reduction in 𝐸(Π∗) by sacrificing its return ratio on time, which will be discussed further 

in the following subsection. Comparing the performance of Policies I and II, 𝐸(Π∗) and L1 for the two policies 

do not differ significantly from each other. However, under Policy II, a shipping company increases pns2 to LCs 

by α∗ to lead a consignee boost up 𝑤∗ while decreasing pnf2 by β∗. As a result, a shipping company reduces its 

expected total costs whereas a consignee bears higher costs in comparison with Policies I and II. 

Sensitivity analyses on decision variables, expected total costs, and return ratios with respect to varying key 

parameters were conducted for a centralized policy and Policies I and II (see Tables D.1 – D.13 in Appendix D). 

Each analysis was conducted with the parameter settings introduced in this section. The return ratios of each type 

of container within L0 and L1 were calculated in the following manner: 
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𝐿 − and 𝐿 − based return ratio =

⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧

𝐿 𝑤

𝑛
for standard containers within 𝐿

𝐿 𝑤

𝑛
for foldable containers within 𝐿

𝐿 𝑤

𝑛
for standard containers within 𝐿

𝐿 𝑤

𝑛
for foldable containers within 𝐿

 

 

 

3.4.2 Sensitivity Analysis of Varying Degree of Risk in Container Return 

 

Extensive sensitivity analyses on the degree of risk in container return were conducted to explore the effect of 

each policy on key performance, as shown in Table D.1 in Appendix D. The centralized policy outperforms the 

other decentralized policies in terms of E(Π). In particular, the long duration of the first interval of detention charge 

enables a consignee to make a significantly smaller investment in ws and wf for itself. Consequently, L0-based 

return ratios for standard and foldable containers appear to be low compared to those under Policies I and II, but 

a centralized policy ensures that every container is returned by L1, as shown in Figure 3.3. With regard to Policy 

I, a consignee is increasingly exposed to a higher risk of late returns in terms of L0- and L1based return ratios when 

p2 and p3 increase. In such circumstances, they drastically decrease ws whereas increasing wf to speed up L1-based 

return ratio for foldable containers minimizes detention charges. Likewise, returning foldable containers has an 

advantage of cost savings in hinterland transport. Furthermore, due to the high return ratios for foldable containers 

in every policy, a consignee could even reduce 𝐸(Π )  while a shipping company must bear more 𝐸(Π ) . 

However, a consignee is encouraged to exploit the return of more standard containers by increasing α, but 

decreasing β under Policy II. 
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Employing the results from this sensitivity analysis, three cases are defined as low, moderate, and high risk in 

container returns for various sensitivity analyses on different key parameters. The probabilities of each case are (i) 

p1 = 0.7, p2 = 0.2, p3 = 0.1, (ii) p1 = 0.3, p2 = 0.6, p3 = 0.1, and (iii) p1 = 0.1, p2 = 0.4, p3 = 0.5. 
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Figure 3.3 L0- and L1-based return ratios with varying p1, p2, and p3 for each policy 

 

3.4.3 Sensitivity Analysis of Increasing 𝑳𝟎 

 

The results of another sensitivity analysis on L0 with three cases are provided in Tables D.2 and D.3 in Appendix 

D. For every policy, a longer L0 reduces 𝐿∗ , 𝐸(Π∗ ), and E(Π*) while increasing 𝐸(Π∗) under all cases. It implies 

a positive impact on the entire supply chain even though a shipping company must bear more 𝐸(Π∗). Figure 3.4 

shows higher L0- and L1-based return ratios with a longer L0 and indicates that a shipping company could gain 

better control over its own containers to ensure its ability to meet upcoming demand by shippers. However, in 

Case 3, Policy I is significantly vulnerable to high risk, with the return ratios for standard containers comparable 

to those of other policies. Moreover, the cost savings from a longer L0 rapidly diminish with higher risk in 

container returns for all policies. As a result, an increase in L0 caused a slight reduction in L1 but gradual increases 
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in both withdrawal rates and total costs. This suggests that a longer free time guarantees cost savings, especially 

for a consignee. In terms of the return ratio, the risk of late returns was substantially reduced in all cases as L0 

increased. 

 

Figure 3.4. L0- and L1-based return ratios with increasing L0 for each policy 
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3.4.4 Sensitivity Analysis of Increasing tr 

 

Sensitivity analysis was also conducted on tr to investigate the impact of increasing tr. Tables D.4 and D.5 in 

Appendix D show that higher tr adversely affects return ratios for standard containers, but the ratio for foldable 

containers increases due to its space savings in hinterland transportation. Unlike Cases 1 and 2, Figure 3.5 

indicates that a shipping company suffers from more 𝐸(Π∗)  under Policy I in Case 3, along with a drastic 

reduction in return ratios for standard containers. 

 

 

Figure 3.5 Optimal expected total costs for a shipping company under Case 3 
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3.4.5     Sensitivity Analysis of Decreasing es and Increasing ef 

 

The results of sensitivity analysis on the discounting effect of es are presented in Tables D6 and D7. Figure 3.6 

illustrates that in Cases 1 and 2, both decentralized policies increase L0-based return ratios for standard containers, 

𝐸(Π∗), and 𝐸(Π∗ ) while significantly decreasing L1-based return ratios for foldable containers. Although one 

might expect that reduction in es could bring cost savings at least for a consignee, decreasing return ratios for 

foldable containers cause higher additional costs in inland transportation. In Case 3, Policy II seems more 

beneficial to both parties in terms of key performances comparing to Policy I. The results of sensitivity analysis 

on the effect of increasing ef in contrast, are presented in Tables D8 and D9. Every policy shows that 𝐸(Π∗) and 

𝐸(Π∗ ) gradually rise with increasing ef but this increase is insensitive to L1 and ws except for Case 3. Figure 3.7 

indicates that under Policies I and II, increasing ef brings a cost savings in 𝐸(Π∗) and 𝐸(Π∗ ) by increasing the 

L0-based return ratio for ns and 𝐿∗ , respectively. This finding indicates the robustness of the proposed policies to 

manage a high level of uncertainty with regard to returns. 

 

Figure 3.6 L0- and L1-based return ratios with decreasing es under Cases 1 and 2 
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3.4.6    Sensitivity Analysis of Discounting 𝒑𝒏𝒇𝟏 and 𝒑𝒏𝒇𝟐 

 

Tables D10 and D11 explore the impacts of pnf1 and pnf2 on optimal solutions, expected total costs, and return 

ratios. Return ratios for both types of decisions were fully investigated when pnf1 and pnf2 were decreased to pns1 

and pns2, respectively. Case 3 is more sensitive to the discounting effect compared to Cases 1 and 2 because L0-

and L1-based return ratio fluctuate in Case 3. In Figure 3.8, both Policies I and II slightly decrease L0-based return 

ratios for foldable containers with the discounting effect but significantly increase them when the degree of risk 

in container return is intensified. Especially under Policy II, L1-based return ratios for foldable containers remain 

high due to the penalization of a consignee for late returns, as shown in 𝛽∗. A consignee could be less motivated 

to return foldable containers on time with discounted pnf1 and pnf2 due to relative high ef  but be better off with the 

high return ratios along with increasing risk in the return. Unlike in Cases 1 and 2, the discounting effect has a 

positive impact on a shipping company by decreasing 𝐸(Π∗) in Case 3, as shown in Table D11. 

 

Figure 3.8 L0- and L1-based return ratios with decreasing pnf1 and pnf2 for each policy 
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3.4.7   Sensitivity Analysis of Different Container Fleet Sizes 

 

Different container fleet sizes are used to explore the effects of each policy and case. Each instance represents 

20%, 40%, 60%, and 80% of 400 total containers, respectively. Tables D12 and D13 show that each party prefers 

specific container fleet sizes in terms of the first interval of detention charge and expected total costs according to 

each case. For Case 1 in Figure 3.9, a shipping company attains the minimum expected total costs at Instances 4, 

2, and 2 for the centralized policy and Policies I and II, respectively, whereas a consignee achieves minimum costs 

at Instances 4, 4, and 3, respectively. 

 

 

Figure 3.7 Optimal expected total costs with increasing ef  under Case 3 

 

These findings show that maximum use of foldable containers does not guarantee minimum costs and high 

return ratios due to the additional handling costs for foldable containers and higher detention charges. Hence, the 

shipping company should carefully consider the usage rate of standard and foldable containers to maintain control 

over empty returns and to minimize the cost. 
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Figure 3.9. Optimal expected total costs for both parties under each case 

 

  



 

81 

3.5 Managerial Insights 

 

In the computational experiments, centralized and decentralized policies often showed significant variation in 

optimal solutions, return ratios until free time and first interval of detention for standard and foldable containers, 

and the expected total costs of each party according to the different degree of risk in container returns represented 

by each case. Throughout the sensitivity analyses, the centralized policy had far higher return ratios both for two-

time intervals, but every container was returned within the first interval of detention. This implies that both parties 

could gain economic benefits for their operations with a longer first interval under full cooperation, whereas 

relatively low return ratios until free time might hinder efficient operations for a shipping company. 

Overall, decentralized policies, Policies I and II, did not reveal a significant difference in the expected total 

costs of each party under low and moderate risks in container returns, but Policy II presented higher return ratios 

for foldable containers than did Policy I. Owing to the decisions on compensating for the loss in profits because 

of leasing containers, a shipping company could manage such decisions by adjusting compensation levels to lease 

containers and not force a consignee to put a large amount of investment effort into withdrawal rates for both 

container types in such a financially burdensome manner. However, Policy II entails a high risk for a consignee 

when return ratios until the first interval of detention for foldable containers becomes extremely low. Moreover, 

both decentralized policies increased the duration of the first interval while decreasing a withdrawal rate for 

foldable containers. This implication shows that a shipping company would be better off by permitting the longer 

detention interval when a consignee has less returning capability for foldable containers. 

In Case 3, it was clearly observed that a shipping company had to bear more expected total costs under Policy 

I than under Policy II because low return ratios until free time for standard containers caused more additional 

handling costs for empty containers during the first interval of detention and frequent leasing activities for standard 

containers. Much like the centralized policy, Policy II guaranteed the same return ratios for both types of 

containers without a significant increase in the expected total cost of a consignee when compared to Policy I. 
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Therefore, a shipping company could gain better control over container returns and facilitate the circulation of its 

own containers even under a high level of uncertainty in the return process. On the other hand, the compensation 

level for leasing foldable containers significantly increases under low and moderate risks when discounting effects 

escalate under Policy II. This implies that a shipping company strives to receive more foldable containers by 

penalizing late returns when a consignee is less motivated to return containers promptly. 

In general, the management of each party could properly manage their key decision-making under a varying 

degree of risk in container returns by selecting the proper return policy. One could prefer the centralized policy, 

due to its lowest expected total costs and its robustness against risk in returns, but this policy also has the lowest 

return ratio until the free time. In other words, a shipping company would encounter more lost opportunities for 

the demand of the next cycle, along with insufficient cost savings, by choosing this policy. In this regard, 

decentralized policies could bring more financial benefits, along with a higher return ratio for both parties; that is, 

a consignee could make fewer investment efforts in withdrawal rates while a shipping company could reduce lost 

opportunities by having more empty containers on hand. Cobb (2016) provided a similar philosophy that a 

sufficient stock of containers could be used for buffer stocks that could help offset used and repairable containers 

with a stochastic returning process. 

The results also proved that foldable containers are very effective in counteracting high risk in container returns 

because of their space-saving qualities in transportation and storage. Another emerging container type, a 

combinable container, was introduced by Shintani et al. [76]. They showed that these types of containers could be 

a useful alternative to deal with the risk of returns; that is, they showed potential cost savings in container fleet 

and empty container repositioning by developing the minimum cost multi-commodity network flow model. 

However, as mentioned in Section 3.4.7, the proper size of the container fleet is essential according to the degree 

of the risk. 
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3.6 Summary 

 

This study developed a scenario-based model for the LESC-DC to determine optimal devanning time, composed 

of shipments between a consignee and a port and an empty return, and investigated the effects of proposed policies 

and container type with regard to the L0- and L1-based return ratios. In essence, this study strives to offer some 

useful strategies and managerial insights for dealing with issues regarding container return under both 

decentralized policies and cooperative efforts. 

A sensitivity analysis on decentralized versus centralized policies processes with respect to varying key 

parameters was conducted to determine how adjustments in key parameters affected return behaviors in terms of 

return ratios within L0 and L1 and to determine the optimal usage rate for foldable containers. Cooperation under 

a centralized policy process results in minimum expected total costs for the entire supply chain. We also 

demonstrated uncertain situations where the probability of triggering late returns was intensified. In this case, a 

shipping company behaves more conservatively on the acceptable interval of detention when the consignee 

increases investment efforts to maximize withdrawal rates so as to minimize detention charges. In addition, 

because maximum use of foldable containers did not attain minimum costs, suitable container fleet should be 

taken in account to satisfy the consignee’s demands. 

Although the centralized policy appeared to be the best implementation for both parties in terms of expected 

total costs, they would need to sacrifice their own interests to accomplish this cooperation scheme; that is, a 

shipping company provides a long duration for the first interval of detention charge along with low return ratios, 

whereas a consignee bears the higher handling cost of laden containers due to low return ratios. Despite the lack 

of a significant difference in expected total costs between Policies I and II, the return ratios for standard and 

foldable containers demonstrated substantial deviation throughout all the sensitivity analyses. This suggests that 

the management should implement each policy carefully to optimize the company’s operations based on the 

degree of risk in container return. 



 

84 

Chapter 4  

 

Reliable Container Supply Chain under Disruption 

 

 

4.1   Problem Description and Literature Review 

 

How to create an efficient container network model is a topic that has earned significant attention in maritime 

logistics literature, and many models have been developed. Most of these models have been based on 

deterministic formulations that fix key parameters to analyze their impact on important performance measures. 

Specifically, researchers who developed these models assumed deterministic demands and lead times in the 

various forms of the container network structure. More importantly, from a modeling aspect, all transportation 

links, or arcs, between consecutive echelons, or nodes, have been assumed to be fully connected, and the cheapest 

path of travel would be selected at all times (the least-cost network model). However, such network designs are 

extremely challenging to put into practice in the real world, due to different forms of uncertainties that exist in 

actual operations. 

According to Qi [69], two types of uncertainty were defined in container shipping networks, namely recurring 

and regular, or rare and irregular uncertainties. The former can be somewhat easily quantified, due to its 

relatively rich historical data and its ease in producing probabilistic models, while the latter is extremely difficult 

to predict or even to put into a framework in which its pattern of raw data can be estimated. This uncertainty is 

referred to as a disruption. Ever since modern forms of shipping containers have been introduced in global trade, 

shipping companies have had difficulty in maintaining reliability in the container supply chain, due to different 

types of disruption caused by natural disasters, labor strikes, and failures in facilities. It is not very surprising, then, 
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that, because of such disruptions, ports are vulnerable and experience reduced productivity and operation 

capability, or sometimes complete shutdown. 

In a general container shipping network structure, key nodes involve ports, inland depots, shippers, and 

consignees and they are consecutively connected. In case of carrier-owned containers (COC), a shipping 

company is fully responsible to coordinate inland and maritime transportation legs in an efficient manner. Hence, 

their focal interest is to minimize total relevant costs while maintaining a certain degree of reliability in the supply 

capability for empty containers to serve their customers by the comprehensive implementation of the empty 

container management strategies (ECM). The ECM typically refers to all necessary activities for reducing empty 

container volumes on hand, such as reusing, returning, repositioning, leasing, and street-turn. These strategies are 

extensively executed in a container supply chain and widely studied in existing literature.          

     Several types of disruption were found in a container network structure and comprehensively discussed by 

Kim et al. [40]. They showed that disruption and resilience in a supply network could be categorized by a network 

structural perspective; namely, arc-, node-, and network-level disruption. Either level completely blocks or 

partially interrupts flow arc capacities in different types of a supply network. This disruption level is not solely 

limited to container shipping network. In line with their work, we defined that disruption could occur in arc- and 

node-levels for empty container repositioning (ECR) and street-turn with given disruption probabilities, 

respectively. We assume that ECR inflow arcs may fail while shipper nodes fail in that all arcs from consignees 

are disrupted for an observed period. Because it is almost impossible to predict the pattern of disruption, we render 

this assumption for simplification of modelling process and will derive the expected cost terms in Section 4.3.2.  

 In this study, we strive to design container shipping networks in a reliable and cost-efficient manner. We also 

strive to explore the trade-off between normal and expected cost terms by comparing a benchmark model and by 

minimizing the expected total relevant costs in disruption scenarios, which are characterized by the numbers of 

nodes and arcs that have failed, which we designate as r. The disruption probabilities of shippers and ports are 

assumed to be independent of each other. Each shipper can be served by two main sources, including multiple 
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consignees and ports in the hinterlands. From these sources, street-turn would be the top priority option for a 

shipping company, primarily due to the shorter travel distances that this strategy leverages (i.e., excluding 

returning costs). Instead of leasing containers whenever needed, ECR would be the cost-efficient and eco-friendly 

practice, because leasing has a high potential risk for inducing unnecessary leftover empty containers within a 

particular region. However, our computational results showed that sometimes inefficient operations are required 

in cases in which the potential for disruption is high. This is because it is necessary, so as to hedge against 

disruption, to increase usages of reusing and returning empty containers, to keep appropriate levels of empty 

containers stored at ports, and to minimize shortages of containers at shippers, or even to reduce ECR activities 

altogether. 

    The container shipping network problem has been extensively studied in existing literature and can be 

categorized by different ECM strategies. The ECR problem also has been extensively studied, with deterministic 

and stochastic perspectives. Shintani et al. [74] designed a container shipping network for incorporating ECR 

activities and integrating two important decisions, including ship and container deployments. Kim et al. [39] 

analyzed repositioning effects in hinterlands and the impact of using foldable containers at an operational level. 

They aggregated both shippers and consignees as a single customer node, including inland depots and seaports, 

and implicitly implemented a street-turn strategy with the top priority option. In this setup, customers were first 

served by empty containers that remained in their nodes and then satisfied the demands of subsequent customers. 

Furthermore, researchers have comprehensively employed state-of-the-art containers, or foldable containers, in 

the ECR problem to maximize savings of both money and space by developing a network flow model with 

aggregating demands at port areas (Myung and Moon [63]; Wang et al. [90]; Myung [64]). Lee et al. [43] 

developed a multi-commodity network model based on a port-oriented network and analyzed the flow of 

containers in Asia-Pacific trade routes. They assumed a deterministic situation in which lead times between ports 

were known in advance. In a stochastic framework, various types of ECR models were also developed based on 

uncertainty in key parameters. Di Francesco et al. [19] proposed a time-extended multi-scenario optimization 
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model in which each scenario was generated based on uncertain parameter types for solving the ECR problem. 

Erera et al. [23] presented a robust optimization model for a dynamic ECR problem with uncertainty in forecasts 

of future supply and demand. This study also provided recovery actions with re-established feasibility in a given 

uncertainty set. Lee and Moon [44] also solved a robust ECR problem with foldable containers under demand 

uncertainty via a robust optimization technique. They showed that their robust formulation could be harnessed as 

a tractable approximation of an intractable multistage stochastic program and proved a cost-saving effect by using 

foldable containers in computational experiments. Other uncertain data also have been considered in ECR 

literature. A two-stage stochastic program was developed by Long et al. [52]. Random demand, supply, ship 

weight, and space capacities all were taken into account in their model, while the sample average approximation 

method was used for a solution approach. To the best of our knowledge, another cost-efficient ECM strategy, 

street-turn, was not extensively studied, and yet we found the few relevant papers that looked at this strategy. 

Deidda et al. [17] studied the street-turn issue inherent in truck routes by applying a network design consisting of 

importers, exporters, and ports, along with an exact algorithm, while Furió et al. [27] optimized empty container 

movements among shippers, consignees, terminals, and depots by using street-turn. Their proposed models were 

embedded in a decision support system, and they conducted case studies with real-world data from Valencia, 

Spain.    

    Unlike with the extensive ongoing research into disruption management (DM) in the airline industry, DM in 

the shipping liner industry recently has started to receive substantial attention in maritime logistics literature. Qi 

[69] introduced several topics related to DM for vessel operations with port disruptions. Common methods for 

managing disruption in the recovery of containers involve speeding up vessels, skipping, and swapping a 

disrupted port (Paul and Maloni [67]; Brouer et al. [9]; Li et al. [45]; Abioye et al. [1]; Abioye et al. [2]). This 

research studied re-optimized or rescheduled ship routes whenever required. Disruption does not just cause 

uncertainty in ports, but also could impact vessels, due to disrupted transportation links. Similar studies into the 

berth allocation problem also found this to be true (Xu et al. [93]). Occasionally, such disruption might even 
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prevent vessels from arriving on time at all ports so that an intentional delay is allowed, with some corresponding 

penalty costs, while restricting delays in a few key ports (Wang and Meng [91]). These works simultaneously 

dealt with uncertainty and disruption at the operational level, but did not thoroughly deal with a tactical level of 

disruption that interrupts container network flows.   

Although DM in container shipping networks has barely been written about in existing literature, DM in classic 

supply chain literature has already attracted a significant amount of attention from many researchers. Ivanov et al. 

[32] comprehensively reviewed disruption recovery in supply chains and categorized papers based on different 

types of frameworks. Some reliability models for an uncapacitated facility location problem (UFLP) were 

proposed by Snyder and Daskin [77]. They showed reliable solutions for the UFLP, in which a facility with less 

disruption costs would first be selected, even though optimal solutions from the UFLP would be improved with 

no disruption. In this way, reliable solutions would be cost-effective if disruption in a certain facility occurred. 

Cui et al. [14] relaxed the assumption of homogenous disruption probabilities used in Snyder and Daskin [77], 

and applied site-dependent assumptions over disruption scenarios while using the continuum approximation 

model for sensitivity analysis. Berman et al. [6] also studied reliability issues in facilities experiencing disruptions 

and showed that facilities in disrupted networks become more centralized and co-located when greater risks for 

disruption prevail. Overall, we share a similar philosophy with these works, but to implement ECM strategies, 

we concentrate our research on container supply chains that feature their own constraints. For example, instead 

of designating r as standing for closer facilities, we characterized r as the number of facilities that failed for every 

outcome of disruption scenarios in terms of arc- and node-failures.  

To effectively highlight the contribution of study, we summarize the relevant studies on maritime logistics 

under uncertainty or disruption in Table 4.1 based on key features. As can be seen from the table, most existing 

studies do not consider reliability under disruption in the DM along with comprehensive application of ECM 

strategies. 
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Table 4.5 Comparison of this study with DM literature 

 Modelling perspective Problem characteristics Disruption ECM type used 

Di Francesco et 

al. [19] 

Deterministic single-

scenario along with multi-

scenario formulation 

ECR problem with 

uncertain parameter 
− ECR 

Long et al. [52] 
two-stage stochastic 

program 

Random demand, supply, 

and ship capacity 
− ECR, leasing 

Erera et al. [23] Robust optimization 
Dynamic ECR problem 

using time-space networks 
− ECR 

Brouer et al. [9] Deterministic 

Vessel schedule recover 

problem with bunker 

consumption 

√ − 

Xu et al. [93] Robust optimization 

Robust berth allocation 

problem  with uncertain 

arrival and handling times 

− − 

Li et al. [45] 
Multi-stage stochastic 

control 

Real-time schedule 

recovery for linter shipping 
√ − 

This study Reliability 
Reliable container network 

flow under disruption 
√ 

ECR, street-turn, 

returning, reusing 

‘−’ represents none and ‘√’ represents applied. 

 

The structure of the reliable container network flow model (RCNF) is organized as follows. In Section 4.2, the 

problem statement of the RCNF model is described in detail and its mathematical model is given. Thereafter, 

disruption used in this model is defined and derivations of expected cost terms in our objective function are fully 

shown in Section 4.3. In Section 4.4, computational experiments, including sensitivity analyses on variation in 

key parameters, are conducted to offer managerial insights. Eventually, the summary of this study is drawn in 

Section 4.5. 
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4.2   Mathematical Model for the RCNF 

 

In this section, we introduce the RCNF model that minimizes the total relevant cost composed of reusing and 

returning containers and the expected street-turn of containers, along with the corresponding arc failure costs and 

expected ECR costs, along with corresponding arc failure costs. Each shipper could be disrupted with a given 

identical probability, and multiple shippers may fail simultaneously. Another disruption occurs in repositioning 

arcs between ports with a given probability. In other words, the disruption we deal with in this study indicates a 

complete arc failure (a zero flow capacity in disrupted arcs). However, arcs between ports and shippers are set as 

infallible, because they are considered to be a basic function that serves customer demands in hinterland 

operations. Street-turn failure may be attributed to various types of disruptions, such as disruptions in 

administration, natural disasters, traffic congestion, and other factors, while repositioning failure is frequently 

connected to port disruptions, such as failures by quay cranes in loading and unloading, operations that fail to 

reach their full capacity, or by complete system failures (Di Francesco et al. [20]). Other underlying assumptions 

are provided as follows:  

(i) Every hinterland operation, such as reusing, returning, and street-turn of containers, is 

completed within a single period, whereas ECR could take more than or equal to a single 

period, denoted by 𝑡   

(ii) The specific destination of laden containers after serving demands for shippers is not taken into 

account to seek reduction in computational complexity. Furthermore, the focal interest of this 

study is to serve demand requests arising from empty container transportation.   

(iii) We relax a strict assumption that every container must be returned to a port after unpacking 

items from laden containers (Song and Dong [82]; Jeong et al. [33]). In this study, consignees 

either become the suppliers of empty containers to shippers or return them to ports after use.  
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(iv) All nodes are connected among consecutive echelons within the same region p and ports are 

also linked by ECR through a container supply chain alliance (Li et al. [47]). However, the 

repositioning of empty containers would not be allowed if disruption occurs with s.  

(v) The storage capacity of a port in each region is implicitly relaxed in this study because the 

minimization of inventory holding costs for empty containers at ports is one of the optimized 

objectives (Jeong et al. [33]).  

(vi) Every container is expressed in a twenty-foot unit (TEU).  

(vii) Container leasing is not explicitly considered, but shortage is allowed throughout the planning 

horizon T.  

(viii) Disruption probabilities, q and s, are site-independent.    

To briefly explain the operation of normal container network flow, each shipper 𝑗 ∈ 𝐽 in region 𝑝 has an empty 

container demand 𝐷  and each consignee 𝑖 ∈ 𝐼 can either supply or return empty containers 𝐿  to 𝑗 or to each 

port 𝑝 ∈ 𝑃  after use, respectively. Returned containers can be reused to serve 𝐷   during planning horizon T. 

Each shipper is assigned to a possible number of non-disruptive candidate suppliers and a port within the same 

region. If region 𝑝  significantly suffers from a shortage of empty containers against shippers, then the 𝑝 region’s 

surplus of empty containers could transport a proper repositioning quantity by transportation time 𝑡 . Otherwise, 

the shipping company would not have any other options to satisfy demands, aside from leasing containers by 𝑏 . 

In this study, we do not explicitly lease containers when shippers struggle with shortages within a certain period; 

rather, such a scenario is assumed to be a lost-sale opportunity, 𝑝 . This cost could significantly vary, based on 

revenues that a shipping company could have earned for the travel distance to a destination in which shippers 

send their shipments after packing empty containers.   
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The notation used for the RCNF model is summarized below. Sets for each echelon are considered as nodes in 

a container network, along with multi-periods. Relevant cost parameters, including repositioning and hinterland 

transportation costs, storage costs, and penalty costs, would be randomly generated, as would supply and demand. 

To design a reliable container network flow, arc variables for ECM strategies are required, along with indicator 

variables for storage.   

 

Sets   

𝐼 : consignees  

𝐽 : shippers  

𝑇 : periods  

𝑃 : ports  

Parameters 

𝑐  : inland transportation cost from port p to shipper j  

𝑐  : inland transportation cost directly from consignee i to shipper j within region of port p 

𝑐  : inland transportation cost from consignee i to port p 

𝑐  : repositioning cost from port p to another port p’ 

ℎ  : storage cost at port p 

𝑝  : penalty cost payable to shipper j by shipping company in region of port p   

𝐷  : demand of empty containers for shipper j in period t within region of port p  

𝐿  : supply of laden containers from consignee i in period t within region of port p after use 

𝐼𝑁𝑉  : initial inventory of empty containers at port p   

𝑏  : failure cost for street turn and repositioning based on leasing activity within region of port p 

𝑡  : vessel transportation time from port p to port 𝑝  

𝑞 : disruption probability for street turn (0 < 𝑞 < 1)     
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𝑠: disruption probability for repositioning (0 < 𝑠 < 1) 

Decision variables  

𝑞  : number of empty containers transported from port p to shipper j in period t  

𝑦  : number of empty containers directly transported from consignee i to shipper j  

in period t within region of port p  

𝑧  : number of empty containers transported from consignee i to port p in period t after use 

𝑟  : number of repositioned containers from port p to another port p in period t   

𝐼𝐸  : number of empty containers stored at port p in period t 

𝛿  : degree of shortage for shipper j in period t at region of port p  

    

With the given notations, we develop a mathematical model based on a container network flow by using 

normal and expected cost terms in objective function and the corresponding constraints by characterizing a 

container network work flow.    

 

Minimize E[𝑇𝑅𝐶] = 𝑛𝑜𝑟𝑚𝑎𝑙 𝑐𝑜𝑠𝑡 + 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑐𝑜𝑠𝑡 

where 𝑛𝑜𝑟𝑚𝑎𝑙 𝑐𝑜𝑠𝑡 = 𝑟𝑒𝑢𝑠𝑖𝑛𝑔 + 𝑟𝑒𝑡𝑢𝑟𝑛𝑖𝑛𝑔 + 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 + 𝑠ℎ𝑜𝑟𝑡𝑎𝑔𝑒 𝑐𝑜𝑠𝑡 

             𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑐𝑜𝑠𝑡 = 𝑠𝑡𝑟𝑒𝑒𝑡 𝑡𝑢𝑟𝑛 + 𝐸𝑅𝐶 + 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑐𝑜𝑠𝑡  

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 

𝐼𝐸 = 𝐼𝑁𝑉 + 𝑧
∈

− 𝑞
∈

− 𝑟
∈ , , 𝑡

𝑝𝑝′≤ 𝑇
, ∀𝑝 ∈ 𝑃 (4.1) 

𝐼𝐸 = 𝐼𝐸 + 𝑧
∈

− 𝑞
∈

− 𝑟
∈ , , 𝑡

𝑝𝑝′≤ 𝑇
 

    + 𝑟
, 𝑡

𝑝′𝑝∈ , , 𝑡
𝑝𝑝′

, ∀𝑡 = 2, ⋯ , |𝑇|, 𝑝 ∈ 𝑃 
(4.2) 

𝑦 ≤ 𝐿𝑖𝑡
𝑝

, ∀𝑖 ∈ 𝐼, 𝑗 ∈ 𝐽, 𝑡 ∈ 𝑇, 𝑝 ∈ 𝑃 (4.3) 

𝑦
∈

+ 𝑞 ≤ 𝐷𝑗𝑡
𝑝

 (4.4) 
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𝛿 = 𝐷 − ∑ 𝑦∈ + 𝑞 , ∀𝑗 ∈ 𝐽, 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇 (4.5) 

𝐿 − 𝑦
∈

= 𝑧 , ∀𝑖 ∈ 𝐼, 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇 (4.6) 

𝑞 , 𝑦 , 𝑧 , 𝛿 , 𝑟 , 𝐼𝐸 ∈ ℤ , ∀𝑖 ∈ 𝐼, 𝑗 ∈ 𝐽, 𝑝 ∈ 𝑃, 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇 (4.7) 

 

The total relevant costs were minimized to obtain reliable solutions. The binomial coefficients in Section 4.3.2 

can be transformed into an extended version by using factorial terms so as to accomplish the successful 

implementation of commercial optimization software. Constraints (4.1) and (4.2) represent the number of empty 

containers stored at port p for each period. This inventory in period t depends on the inventory level from the 

previous period t-1 and the numbers of empty containers to be repositioned from port p in period t which will 

arrive at port 𝑝  after t+𝑡 . Constraint (4.3) represents the maximum supply capacity for street-turn, which is 

equivalent to the number of laden containers received by the consignee i. Constraints (4.4) and (4.5) together 

ensure the demand fulfillment for shippers either from multiple consignees or from a port within the same region, 

and allow for the shortage of demand by shippers. Given the nature of the minimization problem, one would 

strive to incur fewer shortages unless supply capacity from consignees and ports becomes completely absent for 

a particular period. If full supply capacity is not utilized for street-turn, empty container leftovers would be 

returned to port p. Constraint (4.7) shows non-negativity and integer decisions. 
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4.3   Reliability Model under Disruption 

 

In this section, we characterize the pattern of disruption occurred in street-turn and ERC implementation. 

Although we defined that disruption is hardly predictable for estimating its pattern, q and s may be assessed based 

on historical data such as weather-related disruption. However, they should be subjectively assessed for disruption 

caused by manmade disruption (i.e., labor strike or malfunction). Most importantly, disruption is statistically 

independent from facility to facility and from region to region as shown in Assumption (viii) (Snyder and Shen 

[78]). Hence, we also assume that q and s follow a two-state Markov process. 

 

4.3.1   Designing the Patterns of q and s 

 

Each arc (𝑖, 𝑗)  has the identical probability q of disruption, resulting in arc failure to implement street-turn 

between consignee i and shipper j. Figure 4.1 illustrates the possible disruption scenario of street-turn 

implementation. Let r be the number of nodes failed; that is, all or none of the arcs stay connected. When 𝑟 = 0, 

|𝐽|, only a single outcome, or scenario, is plausible. When 𝑟 ≥ 1, multiple outcomes could be generated, based 

on the size of |𝐽|. Depending on the size of r, the probability of each disruption scenario is generalized with 

𝑞 (1 − 𝑞)| |  . Similarly, each repositioning arc (𝑝, 𝑝 )  also has the identical probability s of disruption, 

resulting in another arc failure between the responsible ports. Suppose that empty containers are repositioned by 

bi-directional arcs, as shown in Figure 4.2. For ease of graphical representation, this example shows four ports 

starting from full connection (𝑟 = 0 ) until one very last connection (𝑟 = 3 ). Unlike hinterland operations, 

maritime transportation takes 𝑡 . We assume that the inflow of repositioning empty containers is disrupted in 

each period and that the corresponding arc fails. In this sense, one can generalize the probability of a disruption 
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scenario in seaborne routes with 𝑠 (1 − 𝑠)| | , as illustrated in the figure. Maritime disruption may affect 

container flow in the network even more adversely, due to significant reductions in supply capacities at ports.   

 

 

Figure 4.1 Disruption scenario in a hinterland network for 𝟎 ≤ 𝒓 ≤ |𝑱| 

 

 

Figure 4.2 Disruption scenario in a maritime network for 𝟎 ≤ 𝒓 ≤ 𝟒 

 

(Example 1) Suppose, for this example, a container shipping network with |𝐼| = |𝐽| = |𝑃| = |𝑇| = 3,  and 

suppose that shipping costs between i and j depend on their distances, and the hinterland transportation costs from 

or to p are higher than street-turn costs, because ports are usually located relatively farther apart than their 

customers are. Figure 4.3 illustrates that each network is designed based on the non-disruptive and the RCNF 

models, and we will show how the RCNF model could be effective in terms of cost-saving and reliability under 

a disruption scenario. If Shipper 3 is disrupted in the non-disruptive model (𝑟 = 1 ), an additional cost for 
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disrupted arcs (2,3)  and (1,3)  would be $480 ∗ (23 + 7) = $14,400,  whereas an additional cost in the 

RCNF is $480 ∗ 8 = $3,840 for leasing activities used as a penalty, so that the non-disruptive model bears an 

additional cost of $10,560, ($14,400 − $3840). Note that (𝑝, 3) in both models is assumed be non-failed in 

this study. In contrast, when no disruption occurs in either model, the RCNF model bears an additional cost of 

$5,970, ($150 ∗ 23 + $120 ∗ 7 − $120 ∗ 8 − $250 ∗ 38)  to satisfy the demand of Shipper 3 by using a 

cost-inefficient route(𝑝, 3). Overall, the non-disruptive and the RCNF models incurred costs of $20,170 and 

$23,070 for Period 3. This example indicates that reliable solutions could maintain a similar level of reliability 

without significant increases in costs, compared to optimal solutions.  

 

 

Figure 4.3 (a) optimal solutions (left); and (b) reliable solutions (right) for Example 1 
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4.3.2   Objective Function for the RCNF Model 

 

The RCNF model minimizes normal operation costs, including reusing, returning, storage, shortage, and expected 

transportation costs, as well as street-turn and ECR. By using Figures 4.1 and 4.2, the following proposition could 

be provided.  

 

Proposition 4.1 If arcs (𝑖, 𝑗)  and (𝑝, 𝑝 )  are assumed to have potential node- and arc-failures with site-

independent disruption probabilities (Assumption (viii)), 0 < 𝑞 < 1  and 0 < 𝑠 < 1 , the expected cost terms 

follow the binomial coefficients for every r.  

 

For Proposition 4.1, we will show how to derive the expected street-turn and repositioning costs, along with 

the corresponding failure costs. Suppose |𝐼| = |𝐽| = 5  for all 𝑡  and 𝑝 . The street-turn cost terms can be 

represented in a tableau form as follows: 

 

𝑐 𝑦 ≈

⎣
⎢
⎢
⎢
⎢
⎡
𝑐 𝑦 𝑐 𝑦  𝑐 𝑦 𝑐 𝑦 𝑐 𝑦

𝑐 𝑦 𝑐 𝑦 𝑐 𝑦 𝑐 𝑦 𝑐 𝑦

𝑐 𝑦 𝑐 𝑦 𝑐 𝑦 𝑐 𝑦 𝑐 𝑦

𝑐 𝑦 𝑐 𝑦 𝑐 𝑦 𝑐 𝑦 𝑐 𝑦

𝑐 𝑦 𝑐 𝑦 𝑐 𝑦 𝑐 𝑦 𝑐 𝑦 ⎦
⎥
⎥
⎥
⎥
⎤

 (4.8) 

 

For better representation, let 𝐴   for 𝑖 = 1, ⋯ , 5  be the ith column of the extended equation. When nodes 

between the consecutive echelons are fully connected (𝑟 = 0) , the following expected cost is shown in a 

simplified form:  

 

𝐸 ∑ 𝐴 𝑟 = 0 = (1 − 𝑞) [𝐴 + 𝐴 + 𝐴 + 𝐴 + 𝐴 ] 
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As shown in Figure 4.1, multiple outcomes of a disruption scenario could be obtained for 1 ≤ 𝑟 < |𝐽| −

1, ∀𝑟 ∈ 𝑍 . In a rigorous mathematical sense, five possible outcomes are taken into account for 𝑟 = 1, and the 

common coefficient of 𝐴  can be achieved as follows:   

 

𝐸 ∑ 𝐴 𝑟 = 1 = 𝑞 (1 − 𝑞)

⎣
⎢
⎢
⎢
⎡
𝐴 𝐴 𝐴 𝐴 ∙
𝐴 𝐴 𝐴 ∙ 𝐴
𝐴 𝐴 ∙ 𝐴 𝐴
𝐴 ∙ 𝐴 𝐴 𝐴
∙ 𝐴 𝐴 𝐴 𝐴 ⎦

⎥
⎥
⎥
⎤

= 𝑞 (1 − 𝑞) [4𝐴 + 4𝐴 + 4𝐴 + 4𝐴 + 4𝐴 ]

= 4𝑞 (1 − 𝑞) [𝐴 + 𝐴 + 𝐴 + 𝐴 + 𝐴 ]

 (4.9) 

 

It is noted that each row of the matrix indicates a possible disruption scenario with a single facility failure, 

resulting in every arc being disconnected from a shipper j, by multiple consignees i. For 𝑟 = 2, ten possible 

disruption scenarios are generated with the given probability.  

 

𝐸 ∑ 𝐴 𝑟 = 2 = 𝑞 (1 − 𝑞)

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡
𝐴 𝐴 𝐴 ∙ ∙
𝐴 𝐴 ∙ ∙ 𝐴
𝐴 ∙ ∙ 𝐴 𝐴
∙ ∙ 𝐴 𝐴 𝐴
∙ 𝐴 𝐴 𝐴 ∙
∙ 𝐴 𝐴 ∙ 𝐴

𝐴 𝐴 ∙ 𝐴 ∙
𝐴 ∙ 𝐴 𝐴 ∙
𝐴 ∙ 𝐴 ∙ 𝐴
∙ 𝐴 ∙ 𝐴 𝐴 ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

= 6𝑞 (1 − 𝑞) [𝐴 + 𝐴 + 𝐴 + 𝐴 + 𝐴 ]

 (4.10) 

 

In this way, expected street-turn costs are derived for 𝑟 = 3 and 4. 

 

𝐸 ∑ 𝐴 𝑟 = 3 = 4𝑞 (1 − 𝑞) [𝐴 + 𝐴 + 𝐴 + 𝐴 + 𝐴 ] 

 

𝐸 ∑ 𝐴 𝑟 = 4 = 𝑞 (1 − 𝑞) [𝐴 + 𝐴 + 𝐴 + 𝐴 + 𝐴 ] 
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By observing the pattern of change in common coefficients, one can easily see that they follow a binomial 

coefficient.  

 

𝐶
| |

 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑖𝑛𝑡𝑒𝑔𝑒𝑟𝑠 𝑟: 0 ≤ 𝑟 ≤ |𝐽| − 1, |𝐽| = 5 =
4

0
,

4

1
,

4

2
,

4

3
,

4

4
 (4.11) 

 

Following all given steps, one can generalize the expected street-turn cost term for every region p and period t 

in the following:  

 

𝐸 ∑ 𝐴
| |

0 ≤ 𝑟 ≤ |𝐽| − 1  

= 𝐶
| |

𝑞 (1 − 𝑞)(| | )
| |

𝑐 𝑦
∈∈∈∈

 
(4.12) 

 

For 𝑟 ≥ 1, arc failure costs also should be taken into account, denoted by 𝑏  and it is assumed that reusing arc 

(𝑝, 𝑗)  experiences non-failure. When every street-turn arc (𝑖, 𝑗)  is disrupted and port p suffers from a severe 

shortage of empty containers, a shipping company has only the sole option of leasing deficit containers. Hence, 

𝑏  is levied based on a unit cost of leasing. Because we do not explicitly lease containers in this study, expected 

failure costs are supplemented along with expected street-turn costs. To do so, we will use the same example of 

deriving the expected street-turn costs. Suppose 𝐴  for 𝑖 = 1, ⋯ ,5 is the ith column of 𝐴  for expected failure 

costs. For simplification,      

 

𝐸 ∑ 𝐴 𝑟 = 1 = 𝑞 (1 − 𝑞)

⎣
⎢
⎢
⎢
⎢
⎡

∙ ∙ ∙ ∙ 𝐴

∙ ∙ ∙ 𝐴 ∙

∙ ∙ 𝐴 ∙ ∙

∙ 𝐴 ∙ ∙ ∙

𝐴 ∙ ∙ ∙ ∙ ⎦
⎥
⎥
⎥
⎥
⎤

= 𝑞 (1 − 𝑞) [𝐴 + 𝐴 + 𝐴 + 𝐴 + 𝐴 ]

 (4.13) 
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This highlights that 𝐴  is a complement of 𝐴 . We can easily derive the coefficients of 𝐴  by using a similar 

procedure for 1 ≤ 𝑟 ≤ |𝐽|. Unlike the upper bound of the expected street-turn costs, represented by |𝐽| − 1, 

complete failure, up to |𝐽|, should be taken into account for the upper bound of r. Hence, the common coefficients 

of 𝐴  could be obtained by using a total combination of possible outcomes:   

 

𝐶
| |

− 𝐶
| |

 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑖𝑛𝑡𝑒𝑔𝑒𝑟𝑠 𝑟: 1 ≤ 𝑟 ≤ |𝐽|  (4.14) 

 

Therefore, the expected failure cost term against street-turn is derived as follows:  

 

𝐸 ∑ 𝐴
| |

1 ≤ 𝑟 ≤ |𝐽|  

= 𝐶
| |

− 𝐶
| |

𝑞 (1 − 𝑞)(| | )
| |

𝑏 𝑦
∈∈∈∈

 
(4.15) 

 

The repositioning of arc (𝑝, 𝑝 ) can be disrupted in a similar way to street-turn in the hinterlands. However, 

empty containers should be repositioned from one port to another port where empty containers are in high demand. 

In light of this constraint, the repositioning cost term can be presented as a tableau form in the following: 

 

𝑐 𝑟
,

≈

⎣
⎢
⎢
⎢
⎡

∙ 𝑐 𝑟  𝑐 𝑟 𝑐 𝑟 𝑐 𝑟
𝑐 𝑟 ∙ 𝑐 𝑟 𝑐 𝑟 𝑐 𝑟
𝑐 𝑟 𝑐 𝑟 ∙ 𝑐 𝑟 𝑐 𝑟
𝑐 𝑟 𝑐 𝑟 𝑐 𝑟 ∙ 𝑐 𝑟
𝑐 𝑟 𝑐 𝑟 𝑐 𝑟 𝑐 𝑟 ∙ ⎦

⎥
⎥
⎥
⎤

 (4.16) 

 

It is noted that we do not reposition empty containers from the port of origin to the same port. By using a 

substitute, 𝐵  for 𝑖 = 1, ⋯ ,5, common coefficients are achieved in an analogous manner from expected street-

turn costs, and the expected repositioning costs are derived with a repositioning disruption probability, s, as 

follows:  

 

𝐸 ∑ 𝐵
| |

0 ≤ 𝑟 ≤ |𝑃| − 1  

= 𝐶
| |

𝑠 (1 − 𝑠)(| | )
| |

𝑐 𝑟
∈∈∈

 
(4.17) 
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It is noted that the undisruptive probability, (1 − 𝑠)(| | ),  shows that a port must reposition empty 

containers to another port, excluding the origin of departure port. Likewise, the expected failure cost of 

repositioning can be shown by using a complement of 𝐵 , 𝐵 :  

 

𝐸 ∑ 𝐵
| |

1 ≤ 𝑟 ≤ |𝑃|  

= 𝐶
| |

− 𝐶
| |

𝑠 (1 − 𝑠)(| | )
| |

𝑐 𝑟
∈∈∈

 
(4.18) 

 

In the end, our objective function involves undisruptive operation costs, including reusing, returning, storage, 

shortage, and disruptive operation costs comprising street-turn and repositioning, represented by expected values. 

Our expected total relevant costs cover most of the ECM in the RCNF model.    

The binomial coefficients from Proposition 1 can be also transformed into an extended version by using 

factorial terms so as to accomplish the successful implementation of commercial optimization software.   

 

Minimize E[𝑇𝑅𝐶] 

where E[𝑇𝑅𝐶] = 𝑐 𝑞
∈∈∈

 

            +
(|𝐽| − 1)!

𝑟! (|𝐽| − 1 − 𝑟)!
𝑞 (1 − 𝑞)(| | )

| |

𝑐 𝑦
∈∈∈∈

 

            +
(|𝐽|)!

𝑟! (|𝐽| − 𝑟)!
−

(|𝐽| − 1)!

𝑟! (|𝐽| − 1 − 𝑟)!
𝑞 (1 − 𝑞)(| | )

| |

𝑏 𝑦
∈∈∈∈

 

            + 𝑐 𝑧
∈∈∈

 

            +
(|𝑃| − 1)!

𝑟! (|𝑃| − 1 − 𝑟)!
𝑠 (1 − 𝑠)(| | )

| |

𝑐 𝑟
∈∈∈

 

            +
(|𝑃|)!

𝑟! (|𝑃| − 𝑟)!
−

(|𝑃| − 1)!

𝑟! (|𝑃| − 1 − 𝑟)!
𝑠 (1 − 𝑠)(| | )

| |

𝑏 𝑟
∈∈∈

 

            + ℎ 𝐼𝐸
∈∈

+ 𝑝 𝛿
∈∈∈

 

(4.19) 

subject to (4.1) ⋯ (4.7) 
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4.4   Computational Experiments  

 

We carried out a series of numerical experiments of different s and q inputs to evaluate the impact of each 

disruption scenario for the RCNF problem by comparing solutions for the non-disruptive model. In the objective 

function of this model, expected street-turn and repositioning costs are relaxed to deterministic costs, as shown 

below. 

 

Minimize 𝑇𝑅𝐶 

where TRC = 𝑐 𝑞
∈∈∈

+ 𝑐 𝑦
∈∈∈∈

 

                      + 𝑐 𝑧
∈∈∈

+ 𝑐 𝑟
∈∈∈

 

                      + ℎ 𝐼𝐸
∈∈

+ 𝑝 𝛿
∈∈∈

 

(4.20) 

subject to (4.1) ⋯ (4.7) 

 

With this deterministic objective function and the corresponding constraints, the best case scenario driven by 

this model can be used to compute disruption costs (in percentages) by using the gap between objective values 

from the RCNF model, 𝑍 ,  and the best case scenario, 𝑍  . In this way, one can estimate the scale of 

potential disruption costs and use them as a benchmark model for each disruption scenario.  

 

Gap (%) =
𝑍 − 𝑍

𝑍
× 100 

  

   We tested 16 instances with varying s and q inputs to investigate the impact of these values on disruption costs, 

where 𝑠, 𝑞 ∈ {0.05,0.35,0.65,0.95}. For the experimental settings, the following set parameters were given: 

|𝐼| = |𝐽| = |𝑇| = 50; |𝑃| = 10. Each period represented four days. In Table 4.2, cost, demand, and supply 
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parameters are randomly generated by following uniform distribution. We also separated import-oriented and 

export-oriented regions by assigning transportation time, 𝑡 = 4; namely, regions 𝑝 = 1, ⋯ ,5 have a deficit 

of empty containers, and regions 𝑝 = 6, ⋯ ,10  have a surplus by assigning different levels of demand and 

supply. In this way, we can emulate the imbalance of empty containers between inter-continental trade routes. 

To ensure an objective performance evaluation, all computational experiments were conducted with an Intel 

core™ i3-4160 computer with 3.60 GHz processors and 4.00 GB RAM. 

 

Table 4.2 Cost, demand, and supply parameters 

Returning cost in $/unit U(200,300) 

Street-turn cost in $/unit U(100,300) 

Reusing cost in $/unit U(200,300) 

Initial inventory level of port p in $/unit U(150,200) 

Storage cost of port p in $/unit U(50,70) 

Penalty cost in $/unit U(300,450) 

Failure cost in $/unit U(470,490) 

Demand for shipper j U(5,15) 

Supply from consignee i U(1,11) 

    

From Table 4.3, it is observed that disruption costs in terms of the gap (percentage) between 𝑍  and 𝑍  

both significantly increased when degrees of s and q consistently rose. Especially for 𝑠 = 0.95, disruption costs 

surged, compared to other values of s. This implies that disruption costs are far more sensitive to failure in ECR 

than to failure in street-turn situations. In other words, it would be more hazardous to plan for positioning a higher 

quantity of empty containers under the imbalance of empty containers scenario. Furthermore, for 𝑞 = 0.95 under 

any s setup, it was found that there was a far lower quantity of street-turn situations and a higher quantity of 

situations involving reuse and return of empty containers. It was noted, then, that street-turn is a cost-efficient 

practice because it only requires a single unit cost, 𝑐 , compared to the container reuse setup, 𝑐 + 𝑐 , to serve 

any 𝐷  . However, optimal solutions in the test instances showed significant variation, while expected total 
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relevant costs increased in a great number of test instances. We will provide an in-depth analysis on reliability in 

optimal solutions in the next sensitivity analysis.       

 

Table 4.3 Results of RCNF and non-disruptive models 

s q 𝑍  ($) 𝑍  ($) Gap 

0.05 

0.05 111,387,581 

107,445,453 

3.67% 

0.35 128,073,161 19.20% 

0.65 144,741,248 34.71% 

0.95 161,157,773 49.99% 

0.35 

0.05 122,091,582 13.63% 

0.35 138,777,167 29.16% 

0.65 155,445,257 44.67% 

0.95 171,861,840 59.95% 

0.65 

0.05 151,104,502 40.63% 

0.35 167,789,989 56.16% 

0.65 184,457,895 71.68% 

0.95 200,874,283 86.95% 

0.95 

0.05 528,112,171 391.52% 

0.35 544,797,657 407.05% 

0.65 561,465,563 422.56% 

0.95 577,881,951 437.84% 
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4.4.1   Sensitivity Analysis of Expected Failure Costs  

 

Let us now consider |𝐼| = |𝐽| = 30, |𝑇| = 20 ; |𝑃| = 10 , 𝑏 ~𝑈(1400,1500) , and more variation 

between 𝐷   and 𝐿   for triggering more ECR activities during the planning horizon. Figure 4.4 shows 

variation in the total numbers of empty containers used by street-turn, reusing, and returning, and expected 

street-turn and failure costs for 𝑠 = 0.45 . Prior to 𝑠 < 0.45  and 𝑞 < 0.20 , optimal solutions are almost 

insensitive to change in s and q, and thereafter vary until 𝑠 = 0.60  and 𝑞 = 0.40 . Moreover, values of 

optimal solutions in the non-disruptive model do not greatly differ from those of the RNCF model before 0.45 

and 𝑞 < 0.20. Hence, we concluded that the model is reluctant to change to reliable solutions until passing 

some thresholds of s and q; that is, it requires a certain amount of expected failure costs impacting optimal 

solutions, as illustrated in the left of Figure 4.4. It is better for shipping companies to rely less on street-turn 

situations and more on reuse of empty containers, along with other returning scenarios, but in doing so 

companies might be burdened with additional disruption costs, compared to the minimum total costs achieved 

by using the non-disruptive model. Incurring such costs would not be worth the investment in the absence of 

disruption, but instead would help to maintain reliability in the supply of empty containers while incurring 

relatively low expected total relevant costs in the event of disruptions. In the end, relying on the street-turn 

would not be useful at all for 𝑞 > 0.40. 
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Figure 4.4 Expected street-turn and failure costs along with 𝒚𝒊𝒋𝒕

𝒑 *, 𝒒𝒑𝒋𝒕
*, and 𝒛𝒊𝒑𝒕

* when fixing 𝒔 = 𝟎. 𝟒𝟓 

 

In fixing 𝑠 = 0.20, we also conducted a sensitivity analysis on increasing q. We conducted this analysis to 

explore the impact on expected street-turn and failure costs, repositioning costs, storage costs, and shortage 

costs, as shown in Figure 4.5. It is clearly observed from this figure that a substantial increase in storage was 

found when repositioning activities decreased to almost zero for 𝑠 > 0.55  to preserve reliability in the 

container network flow. In this experiment, repositioning empty containers directly resulted in an increase in 

shortages. Therefore, one could claim that container flow is more adversely affected by repositioning than by 

street-turn. To prepare for such disruption, shipping companies would be better off repositioning more 

containers within ports, where a high possibility of disruption is often detected, to facilitate empty container 

flow within a container shipping network. In addition, when both street-turn and repositioning quantities 

dropped to zero, no further change in optimal solutions was made. 
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Figure 4.5 Expected repositioning and failure costs along with 𝒓𝒑𝒑 𝒕
*, 𝑰𝑬𝒕

𝒑*, and 𝜹𝒋𝒕
𝒑 * when fixing 𝒒 = 𝟎. 𝟐𝟎 
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4.4.2   Sensitivity Analysis of Different Network Structures 

 

Another sensitivity analysis was conducted to investigate the effect of the varying numbers of I and J and to 

discover the trend of key performance measures. We fixed 𝑞 = 0.30 and s= 0.50 where reliable solutions 

were found compared to those of the non-disruptive model, and we created 10 datasets based on the number 

of each echelon in Table 4.4. Cost parameters follow Table 4.2, but 𝐷  and 𝐿  follow 𝑈(5,15) and 𝑈(0,10), 

respectively.     

 

Table 4.4 Datasets based on the number of each echelon 

 𝐼 𝐽 𝑃 𝑇 
c_dataset 1 5 

30 

10 20 

c_dataset 2 10 
c_dataset 3 15 
c_dataset 4 20 
c_dataset 5 25 
s_dataset 1 

30 

5 
s_dataset 2 10 
s_dataset 3 15 
s_dataset 4 20 
s_dataset 5 25 

  

Figure 4.6 indicates disruption costs in terms of gaps in percentages when they are compared to those of the 

non-disruptive model, and an opposite trend was demonstrated when both sizes of datasets increased by five. 

One may believe that this gap is attributable to the sizes of 𝐷  and 𝐿 , due to the different number of nodes. 

However, a clear pattern of change in each node was produced; that is, although disruption costs in changes of 

consignee nodes were very high in comparison to the non-disruptive scenario, they tended to decrease as the 

node size increased. On the other hand, despite low disruption costs, these costs from shipper-oriented dataset 

tended to increase. Hence, higher disruption costs would be a burden in an imbalanced network structure, 

|𝐼| < |𝐽|, and vice versa. This implication shows that such a network is either vulnerable to disruption or 

prevents disruption, especially in the street-turn strategy.     
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Figure 4.6. Disruption costs in terms of gaps (%)  

 

Using the same datasets from Table 4.4, we calculated the implementation of key ECM strategies in a similar 

way to that in which we calculated gaps for disruption costs to verify certain trends for imbalanced networks 

(see Figure 4.7). First, two datasets for both echelons were omitted, because some optimal solutions were zero. 

Both types of datasets reduced the use of street-turn situations, whereas higher use of street-turn and 

repositioning situations were found in cases in which consignee nodes were changed. In particular, 

repositioning activities were almost insensitive to changes in node sizes for shippers. This implication shows 

that a consignee-oriented network utilizes more ECM strategies than a shipper-oriented network. It gives a tip 

to shipping company managers that container network flows could be smoothed by employing more ECM 

activities in a consignee-oriented network.  
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Figure 4.7 Usage gaps for street-turn and repositioning (%) 
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4.4.3   Sensitivity Analysis of Demand-Supply Variation 

 

In this subsection, we demonstrate how to affect expected total relevant costs by applying different scales of 

the demand-supply variation, denoted by ∆ . This value is calculated in the following manner: 

 

∆ = 𝐸 𝐷 − 𝐸 𝐿  for 𝐸 𝐷 > 𝐸 𝐿   

 

We noted that the value of ∆  indicated an average degree of imbalance of empty containers held between 

each region. We tested 27 instances with varying key parameters and a different degree of average imbalance, 

generated from 𝑞, 𝑠 ∈ {0.1,0.2, ⋯ 0.9} and ∆ ∈ {5,10,20}. The greater the ∆ , the more the imbalance 

intensified. The optimal cost generated from the non-disruptive model was used as a benchmark, and 

disruption costs were expressed in gaps (percentages). Figure 4.8 shows that fewer disruption costs were 

incurred as ∆  increased within the same group of 𝑞 and 𝑠, and that the costs belonging to the same group 

substantially increased until 𝑞 = 𝑠 = 0.50. Thereafter, increases of the costs became steady for 𝑞, 𝑠 > 0.5. 

This graph illustrates that container network flow could be more vulnerable to disruption, even in lower 

degrees of imbalance. In other words, an increase in ECM strategies triggered by an increase in ∆  did not 

disturb container flow, and helped maintain reliability over disruption.   
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Figure 4.8 Disruption costs in gaps (%) based on different degrees of ∆𝑫𝑺 

 

However, a higher average degree of imbalance caused an elevated risk in implementing ECM 

strategies. In Figure 4.9, although the expected failure costs of ECR for three levels of ∆  reached almost 

zero for 𝑞, 𝑠 ≥ 0.60, the growth rates of higher ∆  showed an increasingly steep slope until 𝑞, 𝑠 = 0.50. 

Therefore, it is implied that a larger imbalance between empty container demand and supply is accompanied 

by a greater risk in ECR. Our findings also highlighted that no failure costs would be incurred after 𝑞, 𝑠 >

0.70, due to the absence of repositioning activities.  
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Figure 4.9 Expected repositioning failure costs based on DS variability 
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4.4.4   Managerial Insights 

 

In general, our computational experiments showed significant variation in disruption costs (percentage), 

expected cost terms, and optimal solutions with a different degree of risk in disruption on the basis of 

comparison with the benchmark model, which is assumed to be the best scenario without characterizing the 

nature of disruption in its deterministic formulation. With our sensitivity analyses, we showed that disruption 

costs might rise significantly if no appropriate action were to be taken by management. We showed that 

because node- and arc-failures severely impede the flow of empty containers supplied by two main sources, 

one can pinpoint each region where disruption is more often reported and frequently reposition empty 

containers, whenever needed, to ensure a certain level of reliability. We also showed that no remarkable 

difference existed between the benchmark and RCNF models in terms of expected total relevant costs and 

total volumes of ECM strategies used in computational experiments. This remained the case until certain levels 

of disruption probabilities were met. This finding implies that managers of shipping companies should 

carefully implement reliable strategies by conducting in-depth investigations of disruptions that occur in 

regions where their interests lie. 
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4.5   Summary  

 

This study developed a reliability model for the RCNF problem to design reliable container shipping networks 

by using various ECM strategies, such as ECR, reusing, returning, storage, and implicitly leasing empty 

containers. We also explored the impact of disruption on shipping container network design by comparing 

models with the benchmark model, which was based on a deterministic formulation that did not take into 

account disruption occurrences. Sensitivity analyses on disruption costs were defined in Section 4.3, and 

expected cost terms, including expected failure costs for street-turn and ECR situations, were studied. This 

study also investigated optimal solutions for the RCNF model with respect to varying key parameters, such as 

disruption probabilities and size of echelons. We also showed uncertain situations in which the disruption 

probability of inducing node- and arc-failures was escalated to provide some managerial insights and 

implications. That is, we showed that reliable solutions did not remarkably differ from those of the benchmark 

model until a certain degree of risk from disruption was reached; and we showed that expected total relevant 

costs stayed constant after a certain level, as well (see Figures 4.4, 4.5, and 4.8). Despite the fact that the 

shipping container supply chain is vulnerable to disruption that causes damage to supply arcs, our model offers 

proactive measures to cope with disruptions that are triggered by natural disasters, labor strikes, failures in 

facilities, administrative interruptions, and other unforeseen circumstances. Our model does this by designing 

a more reliable shipping container network with ECM strategies.  
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Chapter 5  

 

Conclusions and Future Research  

 

 

In this dissertation, we addressed three types of issues in a container supply chain; namely, direct shipping network 

design, high uncertainty in container returns, and reliability in a container shipping network. To explicitly address 

these issues, we developed the corresponding mathematical models for a two-way four-echelon container supply 

chain, a laden and empty container supply chain under decentralized and centralized policies, and a reliable 

container supply chain under disruption and our quantitative analyses showed that such inefficiencies could be 

resolved out through our models.     

Nevertheless, we acknowledge some limitations of Chapter 2: (i) For travel times in seaborne routes, 

movement between domestic and overseas hinterlands was considered as a unit period, and container handling 

time was neglected; (ii) empty containers were always returned from the importers to a port before satisfying the 

demands for the next period; and (iii) connection between ports situated in the same region was also neglected. 

This chapter primarily focused on empty container management strategies for direct shipment between two 

countries. In the future, we can extend this research by considering the impact of empty container transportation 

among ports in domestic or overseas regions or among exporters and importers in hinterlands within the same 

region. We can apply street turn strategy, in which importers have the option to send empty containers directly to 

exporters instead of returning them to intermediate ports. Therefore, an interesting extension of the work might 

be a study on the impact of lateral transshipments of empty containers between exporters and importers in both 

domestic and overseas regions. Also, an investigation into use of different types of containers, such as those that 

are foldable, of a quarter of height comparing to standard one, might yield interesting results. Future research 
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might be done to consider additional aspects of port collaboration from the perspective of a green maritime supply 

chain. 

For Chapter 3, we should concern the following limitations of this chapter: (i) we have to propose the 

coordination mechanism to remove a conflict between the shipping company and the consignee; (ii) it is necessary 

to analyze investment efforts by considering impacts of labor, technology, space, etc;and (iii) this simplified 

scenario-based study was conducted using an analytical approach. With regard to the third point, we could 

consider a more general examination of the problem by developing integer programming models. In the future, 

this research could be extended by studying the impact of free time as a decision variable with the various types 

of containers, such as 20ft standard containers and other special types of containers. Another penalty cost, the 

demurrage charge, could be considered in the analysis of the impact on container flows. This analysis could 

include the combined free times for demurrage and detention charges, and could take into account more 

components of withdrawal rates to analyze the impact of investment efforts. Furthermore, this model could be 

extended by considering detention charges as profit generators in an effort to achieve parity between a shipping 

company and a consignee in consideration of the ownership of a container; namely, shipper-owned containers 

(SOCs) and carrier-owned containers (COCs). For SOCs, a consignee is no longer obligated to pay detention and 

demurrage charges, while COCs play the same role as containers shown in this chapter. 

    Amid all these findings, however, we admit the following limitations of Chapter 4: (i) we need to relax the hard 

assumption to consider another disruption in port-handling capacities, such as outages of quay-cranes, as well as 

arc flow capacity between each echelon, instead of complete closure; (ii) because the RCNF model is another 

form of a stochastic program, known for having a high computational complexity, it would be better to develop 

heuristic algorithms to cope with large-scale instances, which are frequently encountered in practice; (iii) a port 

storage capacity should also be taken into account, because it is closely related to the profit generation of a 

shipping company. The more empty containers that occupy storage areas at a port, the less opportunity there is to 

handle laden containers. This contradicts our claim that more repositioned containers are helpful in combatting 
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frequent disruptions. Hence, establishing a trade-off between the occupation of empty and laden containers is 

another important aspect for the disruption management. On the other hand, one can also design reliable container 

networks based on a hub-and-spoke system in which trans-continental shipments take place in some important 

hub ports. Such a system is widely known to the empty container repositioning problem and could benefit from 

an increase in reliability. Moreover, various types of shipping containers bring advantages in cost and space 

savings in the overall shipping system, among them foldable and combinable containers. These containers are 

very effective in reducing the volume of empty containers required, and can contribute to better forestallments of 

disruptions. 
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A   Proof of Proposition 3.1 

 

The optimal solutions for the centralized policy in Equation (3.10) is obtained by solving 
( )

= 0, 
( )

=

0, and 
( )

= 0 simultaneously. On simplification, following equations are obtained: 

 

 

(A1) 

 

(A2) 

 

 

(A3) 

 

 

Solving Equations (A1) and (A2), one can obtain 

 

 

(A4) 
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Substituting ws and wf to Equation (A3), one can obtain sixth order polynomial equation to obtain L1. We 

computed Hessian matrix (HT ) to verify the convexity of expected cost function in centralized policy as follows: 

 

 

(A5) 

 

The values of principal minors are 𝐻 = ; 𝐻 = ; and 𝐻 = − Ψ , respectively. Therefore, 

cost function for a shipping company is convex if Ψ1 > 0, where 

 

 

(A6) 

 

In addition, the handling cost terms of standard containers in Equation (3.1) are derived as follows: 

 

 

(A7) 
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After applying the sums of arithmetic progression and squares of arithmetic progression, one can obtain 

 

 
(A8) 

 

The handling cost for foldable containers could be derived in the same manner as well as in other scenarios. 
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B   Proof of Proposition 3.2 

 

The optimal solutions for a consignee’s optimization problem are obtained by solving 

( )
= 0 and 

( )
= 0simultaneously. On simplification, Equations (B1) and (B2) are obtained as follows:

  

 

(B1) 

 

(B2) 

 

Because the equations are linear in nature, the solutions are obtained as follows: 

 

 

(B3) 

 

The expected cost function of a consignee is convex because 
( )

= > 0  and

 

 

Substituting ws and wf, the expected cost function of a consignee can be obtained as follows: 

 

 
(B4) 
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 Therefore, the optimal values of L1 are obtained by solving 
( )

= 0, i.e. 

 

 

 

One can apply Ferrari’s method to solve bi-quadratic equation to obtain the optimal values of L1. Note that  

( )
=  , therefore the expected cost function of the consignee is also convex if 
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C   Proof of Proposition 3.3 

 

Similar to Proposition 2, first we need to find ws and wf. After substitution, one finds the cost function of shipping 

company as a function of L1, α, and β. Therefore, the optimal values are obtained by solving = 0 , 

= 0, and = 0. 

Solving first two equation one can obtain, 

 

 

(C1) 

 

By substituting α and β in the equation below, one can obtain L1 

 

 (C2) 
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Therefore, we compute Hessian matrix (HT ) to verify convexity as follows: 

 

 

(C3) 

 

 The values of principal minors are 𝐻 = > 0; 𝐻 = > 0; and  𝐻 =

Ψ , respectively. Therefore, cost function for a shipping company is convex if Ψ3 > 0, where 
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D   Sensitivity Analyses for Results  
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E   Data for Sensitivity Analyses 

 

Table E.1 Data of Tables 2.3 and 2.4  

Instance 
 Domestic importer Overseas exporter  Domestic port Overseas port 

𝛤 𝛶  𝛶  𝛺  𝛺   𝛷 𝛹 

1 

6 

9 10 8 17  

2 2 

2 11 12 10 15  

3 13 14 12 13  

4 15 16 14 11  

5 17 18 16 9  

6 19 20 18 7  

         

7 

12 

5 4 5 6  

2 2 

8 7 6 7 8  

9 9 8 9 10  

10 11 10 11 12  

11 13 12 13 14  

12 15 14 15 16  

         

13 

8 

5 4 5 6  

2 2 

14 7 6 7 8  

15 9 8 9 10  

16 11 10 11 12  

17 13 12 13 14  

18 15 14 15 16  

         

19 

4 

20 15 15 20  

2 2 

20 22 17 17 22  

21 24 19 19 24  

22 26 21 21 26  

23 28 23 23 28  

24 30 25 25 30  

         

25 

5 

20 15 15 20  

2 2 

26 22 17 17 22  

27 24 19 19 24  

28 26 21 21 26  

29 28 23 23 28  
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30 30 25 25 30  

         

31 

10 

9 10 9 10  

2 2 

32 11 12 11 12  

33 13 14 13 14  

34 15 16 15 16  

35 17 18 17 18  

36 19 20 19 20  

         

37 

10 

9 10 8 17  

2 3 

38 11 12 10 15  

39 13 14 12 13  

40 15 16 14 11  

41 17 18 16 9  

42 19 20 18 7  

         

43 

16 

9 8 17 15  

2 3 

44 11 10 15 13  

45 13 12 13 11  

46 15 14 11 9  

47 17 16 9 7  

48 19 18 7 5  

         

49 

12 

5 4 5 6  

3 3 

50 7 6 7 8  

51 9 8 9 10  

52 11 10 11 12  

53 13 12 13 14  

54 15 14 15 16  

         

55 

8 

5 4 5 6  

3 3 

56 7 6 7 8  

57 9 8 9 10  

58 11 10 11 12  

59 13 12 13 14  

60 15 14 15 16  
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Table E.2 Data of Figures 2.4, 2.5, and 2.6 

Experiment 
 Domestic importer Overseas exporter  Domestic port Overseas port 

𝛤 𝛶  𝛶  𝛺  𝛺   𝛷 𝛹 

1 

4 

20 15 15 20 

 

2 2 
5  

6  

7  

         

2 

4 

22 17 17 22 

 

2 2 
5  

6  

7  

         

3 

4 

24 19 19 24 

 

2 2 
5  

6  

7  

         

4 

4 

26 21 21 26 

 

2 2 
5  

6  

7  

         

5 

4 

28 23 23 28 

 

2 2 
5  

6  

7  
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Table E3 Data of Figures 2.7, 2.8, and 2.9 

 Domestic importer Overseas exporter  Domestic port Overseas port 

𝛤 𝛶  𝛶  𝛺  𝛺   𝛷 𝛹 

4 

8 10 8 10 

 

1 1 
5  

6  

7  

        

4 

8 10 8 10 

 

2 2 
5  

6  

7  

        

4 

8 10 8 10 

 

3 3 
5  

6  

7  

        

4 

8 10 8 10 

 

4 4 
5  

6  

7  

        

4 

8 10 8 10 

 

5 5 
5  

6  

7  
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국문초록 

 

 

 

해상 수송이 주도함으로써 전 세계 무역량이 급증하기 때문에 회사 소유 컨테이너는 컨테이너 

흐름을 관리하는 데 많은 노력을 기울여야 한다. 이를 위해 공 컨테이너 관리 전략을 포괄적으로 

구현하고 효율적인 수송 비용 및 시간 절감 방식으로 컨테이너 흐름을 원활히 하여 관련 총비용을 

최소화하는 동시에 고객의 수요를 최대한 충족하게 된다. 그러나 현실에서는 높은 불확실성 

때문에 컨테이너 흐름에 대한 많은 주요한 이슈가 보편적으로 존재하고 효율적인 컨테이너 

공급망 구축을 방해한다. 

본 논문에서는 이러한 이슈에 대해 전반적으로 논의하고 적절한 해법과 함께 수리 모형을 

제공한다. 이를 위해 세 가지 유형의 컨테이너 공급망을 다룬다. 먼저 (i) 양방향 네 단계 컨테이너 

공급망, (ii) 분권화 및 중앙 집중화 정책에 따른 적∙공 컨테이너 공급망; 그리고 (iii) disruption 상황 

속에서 신뢰성을 고려하는 컨테이너 공급망이다. 본 논문에서 제시한 세 가지 모형은 컨테이너 

공급망에 내재 된 높은 위험을 직접 다루며 계산 실험은 해운 회사의 경영진이나 관계자를 위해 

주요한 관리 인사이트를 제공한다.  

(i)의 경우, 두 지역 간 양자 무역을 위한 양방향 네 단계 컨테이너 공급망에서 공 컨테이너 관리 

전략을 연구한다. 이 전략은 환적으로 인한 높은 해상 운송 비용과 긴 배송 시간을 줄일 수 있다. 

또한, 직항 수송의 영향을 조사하여 선택된 항구 중 재배치 할 공 컨테이너 수, 임대 컨테이너 수, 
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두 지역의 수출업자와 수입업자의 적∙공 컨테이너 대한 수요를 만족하기 위한 경로 선택을 

결정하게 된다. APSO 및 휴리스틱을 기반으로 하는 하이브리드 해법을 제시하며 비교 실험을 

하였다. 

(ii)의 경우 최적 devanning time 결정을 목표로 공 컨테이너의 반환 지연과 해당 수수료 부과 결정 

프로세스와 관련하여 서로 다른 세 가지 시나리오를 기반으로 적∙공 컨테이너 공급망 모형을 

제시한다. 각 유형의 정책적(분권화 및 중앙 집중화) 효과는 정시 반환율을 포함한 주요 성능 

측정을 고려하는 계산 실험을 통해 결정된다. 이러한 정책 실행에 대한 유용한 관리 인사이트는 

민감도 분석 및 비교 연구의 결과에서 도출한다. 

(iii)의 경우, 본 논문은 컨테이너 네트워크 흐름을 기반으로 하는 신뢰성 모형을 개발하는 동시에 

아크 및 노드 failure 가 있을 때 street-turn 및 공 컨테이너 재배치 비용을 포함한 기대 총 비용을 

구한다. 중단이 컨테이너 공급망 네트워크에 미치는 영향을 분석하기 위해 민감도 분석을 

수행했으며 disruption 비용을 결정하기 위해 벤치마크 모형을 활용한다. 더불어 신뢰성을 고려한 

컨테이너 네트워크 흐름을 구축하고 신뢰성을 유지하는 방법에 대한 관리적 인사이트도 제공한다. 
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