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1. Introduction

In the last years the adoption of containers in maritime transport is constantly growing. According to the 
International Development Association (IDA) of World Bank Statistic, between 2000 and 2014, the worldwide 
container traffic has grown from 225 million of Twenty-foot Equivalent Units (TEU) to 680 million TEU, with an 
increase of about 200%. The forecasts suggest a continuous increasing trend of the container traffic, and in 2020 
a worldwide traffic of 1 billion TEU is expected (Drewry Maritime Advisors, 2015). European maritime regions 
are highly active in terms of trade and shipping activities: based on the gross weight of goods transported, the 
29.7% of Short Sea Shipping occurred in the Mediterranean (Amerini, 2010). The main reasons of the maritime 
freight transport growth rely on EU liberalisation of the internal market combined with a declining of the real 
price of maritime transport (from 1998 to 2013 fuel prices increased of 790%, mainly affecting air and road 
transport modalities costs) and with the introduction of new environmental regulation oriented to incentivize 
further emission reductions and energy efficiency in freight transport. Moreover, strong pressure exerted by mass 
media and EU legislation imposed multiple new challenges to business organizations in terms of environmental 
impact and reduction in carbon foot- print (Boenzi et al., 2015; Digiesi et al., 2016; Facchini et al., 2016).

In this scenario and with the actual growing trend, the seaport congestion in Europe is expected to dramatically 
rise; a strong indication of high congestion of the container terminals is given by estimates of capacity utilisation 
of most seaports. The operation conditions of most terminal hub are very close to their capacity limits, this is 
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especially the case of the seaports located in North-European area. In many cases the better solution could be 
the expansion of the seaports capacity in order to increase the operational efficiency of the maritime terminals, 
but in most European seaports this is not possible due to economical and urban planning constraints. Therefore 
inefficiency and congestion are the biggest problems faced nowadays by a terminal hub. Moreover, in last years 
the logistics activities have reached a high degree of complexity, thus requiring a considerable efforts both under 
the technical (Material Handling Equipment - MHE) and the organisational (Material Handling Strategy - MHS) 
perspective in order to ensure a high level of productivity and to satisfy the container shipping customers. 
Recently many scientific studies were devoted to solve the gate congestion problem in container terminals 
focusing on the allocation and scheduling issues.

In Figure 1, a conceptual scheme of a container terminal is depicted. As shown, it is possible to distinguish 
five main areas, in which different operations are performed, namely berth(s), quay, transport, (storage) yard, 
and terminal gates.

Figure 1. Container terminal conceptual scheme.

Traditionally, in scientific studies the main focus was to provide models allowing to optimize the layout 
and/or operations management in each area of the container terminal, in order to jointly increase efficiency and 
reduce costs. Model proposed in the past often were focused only on one single area of container terminals, 
neglecting the strong correlation between activities performed in all areas. Studies focusing on the container 
terminals “seaside” (berths and quay) traditionally focused on Berth Layout (BL), Berth Assignment Problem (BAP), 
Quay Crane Assignment Problem (QCAP), and Quay Crane Scheduling Problem (QCSP). A review of contributions 
appeared in scientific literature between 2004 and 2012 is in Carlo et al. (2015). MHE selection and sizing as well 
as routing and dispatching strategies to be adopted are the most common problems investigated in scientific 
literature dealing with transport area of a container terminal. A review on papers appeared in scientific literature 
on these topics is in Carlo et al. (2014a). Finally, research on container terminal “landside” (storage yard and 
terminal gates) usually are focused on the layout of storage yard, on optimal allocation of container, on MHE 
selection and scheduling, as well as on trucks arrival management systems. A review on scientific studies on 
these topics is in Carlo et al. (2014b). In the reviews above mentioned, Authors noticed that in the past few 
studies were devoted to solve an integrated problems, that is a problem considering at once two or more areas 
of a container terminal. On the contrary, in recent scientific literatures it is quite common to find contributions 
dealing with an integrated problem. Due to the complexity of the models proposed to jointly identify optimal 
allocation and scheduling in two or more areas of a container terminals, Authors adopt simulation or define 
ad hoc search algorithms to reduce the computational time required to find solutions of the proposed models.

In Venturini et al. (2017) a multi BAP with optimization of vessels speed is formulated and solved under 
the hypothesis of a collaborative approach among ports in order to minimize energy consumption and total 
operational time. In Agra & Oliveira (2018), authors define a Mixed Integer Programming (MIP) model to solve 
the integrated BAP/QCAP/QCSP problem, and adopt a rolling horizon heuristic approach to find solutions 
allowing to minimize total vessels service completion time.

In most investigations in the landside of container terminals it is assumed that the container positions are fully 
or partly predetermined, in these cases different strategies can be adopted for optimize the containers handling in 
a simulation environment, in order to identify where to place a new or reshuffled container (Dekker et al., 2006). 
Zhang et al. (2003) address the storage space allocation problem in the yard using a rolling-horizon approach. 
The problem is split into two main levels: the first consisting of placing the total number of containers in each 
block at scheduled time period, the second level is focused on identifying the number of containers associated 
with each vessel in order to minimize the total distance due to transport of containers between yard blocks 
and the ship berthing location. The authors deal with four types of containers: inbound containers on vessels, 
inbound containers to be stored in yard blocks, outbound containers, and outbound containers already stored 
in yard blocks. A genetic algorithm (GA) is developed in Bazzazi et al. (2009) to solve the problem related to 
the temporary allocation of inbound/outbound containers in a terminal. In their study the authors implemented 
the GA in order to minimize the storage/retrieval movements required for the allocation of the containers 
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and to identify the best strategy for reducing the operations for the relocation of containers in the Stacking 
Area (SA). In many other investigations, integrated solution addresses the assignment of storage locations to 
containers, which includes the allocation of space for containers moving into and out of the storage yard as 
well as re-handling. Typically, decision support systems recently developed are designed for particular terminal 
layouts, they are based on simulation techniques that assume the truck arrival times or distributions known a 
priori or adopt decision trees as an attempt to support real world decisions (Kim et al., 2000). An interesting 
model was developed by Cheung et al. (2002) for identifying, given the forecasted workload distribution in yard 
blocks for different time periods, an optimal solution allowing to minimize the MHE workload by changing the 
schedule and routes parameters in the yard. In this case, the authors adopted a multiple rubber-tired gantry 
cranes (RTGs) as equipment, the problem is formulated adopting a Mixed Integer Program approach and solved 
by different approximation of the Lagrangian relaxation method. In Froyland et al. (2007), authors present a 
three-stage algorithm, adopting as MHE a multiple semi-automated rail mounted gantry cranes (RMG), finalized 
to manage: the scheduling of cranes, the short-term control of the container stacking, and the allocation of 
delivery locations for trucks and other container handling equipment. The assessment that it carried out shows 
that the heuristic approach, developed by means an computational evaluation, allows to identify an effective 
solution 8% above a lower bound of optimal RMG utilization. More recently, Lin & Chiang (2017) defined a 
heuristic based on decision rules in order to find solution of the Storage Space Allocation Problem (SSAP) in 
the yard area of container terminals. The same problem is faced in the work of Le & Knust (2017), in which 
Authors propose three different models (MIP models) considering stacking constraints and containers arrival 
data uncertainty. A simulation model is developed in Legato & Mazza (2017) in order to identify the optimal 
storage yard configuration in case of the adoption of straddle carriers for the containers handling in the yard 
area. The minimization of container reshuffling is considered in the work of Ku & Arthanari (2016), in which 
the Authors developed a stochastic dynamic programming model with the aim to evaluate the optimal relocation 
of containers in the storage yard. In Kiani et al. (2010), Authors adopt a Taylor II simulation software in order 
to develop a queuing based simulation methodology that may assist the terminal operators in minimizing 
truck congestions. In order to reduce congestions in terminal gates, Phan & Kim (2015) developed a decision 
making model supporting the negotiation process between trucks companies and terminal operators with the 
aim of smoothing trucks arrival in peak hours. The adoption of ICT technologies has been also investigated in 
scientific literature with the aim of reducing operational time at terminal gates and hence congestion. In order 
to improve efficiency in container terminal, ICT and RFID technologies are adopted. Especially in terminal gates, 
these technologies allow speeding-up clearance processes, thus reducing congestion (Kadir, 2017).

Despite many efforts in new forms of technology, work organization or by information systems, in most cases 
the problem of container congestion in terminal hub has not been solved. The lack of a proper manoeuvring 
area, a container stacking area, and an operational area, significantly reduce the average terminal productivity 
(evaluated as the number of container handling per one working hour) and increase the dwell time of vessel 
in seaport. In these cases, the only solution is the increase of the seaport capacity by physically expanding 
existing ones, or by (re)building logistic infrastructures, but this is at considerable cost and effort, that require 
reliable investments evaluation (Ambrosino & Sciomachen, 2017). In order to solve the containers handling 
performance due to a limited terminal area in 2009, Roso introduced a new concept of dry port, as a tool for 
solving the containers congestion problem, rather than a simple area, directly connected to seaport(s), where 
customers could leave or pick up the containers.

Basic functions of the dry port should be able to provide handling services, custom control and a temporary 
area for loading and unloading of containers. In many cases, facilities of the dry port can be extend providing 
further value-added services as full export/import processes and the consolidation activities. In order to identify 
and evaluate the external factors affecting the performance of the seaport and the implementation of the dry 
port, in scientific literature many studies are focused on Politics, Economic, Social, Technology, Environment 
and Legal aspects, according a PESTEL analysis approach. As far as concern politics aspects, it is clear that 
a good relationship and a close cooperation between government and private sector play an important role 
for the development and the implementation of the dry port. In Europe the Public Private Partnership (PPP) 
strategy allows to share obligations, risks, and investments. Consistently with this purpose, the building and 
the operation of most European dry port is based on the involvement of many public and private stakeholder 
(providers, shipping, terminal operators, logistic forwarders, etc.). Under economic perspective, there are many 
valued-added services provided by the dry port (container freight station, container maintenance, consolidation 
and distribution centre, etc.) but above all the implementation of the dry port allows to reduce the traffic 
congestion caused by the increase of flow of containers, improve the storage capacity of the seaport and 
introduce greater flexibility for the freight transhipment between maritime and ground transport. Both aspects 
may contribute to cost reduction, improving at the same time the reliability of the service and offering further 
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value-added services for the users. The social factors are mainly related to the management. Although it does 
not have a direct relationship with the operational process, an efficient strategy oriented to the adoption of an 
aggressive marketing approach would allow attracting new business in the hinterland (Padilha & Ng, 2012). 
Consistently with the improvement of the efficiency of the dry port, new technology devices are required in 
order to optimize the operational performance and support the maintain safety procedures. At this scope an 
electronic gateway linking the trade users from dry port to terminal operators allows to share the information 
that encourage the interaction and the level of collaboration and coordination between different stakeholders 
(Harris et al., 2015). Therefore the ICT systems improve the service in terms of productivity, efficiency, accuracy, 
monitoring and control of processes information. Considering the environmental factors, in many cases the 
lack of dry port requires work to enlarge of the existing maritime terminal. In recent scientific literature, the dry 
port has gained much attention as an effective solution to container terminal congestion. A review of scientific 
contributions appeared in scientific literature between 2007 and 2013 is in (Saglam et al., 2105). The dry port 
location problem has been largely investigated in last years. In Ambrosino & Sciomachen (2014), a MIP model is 
defined in order to solve identify the optimal location of dry port in a multimodal logistic networks. In Nguyen 
& Notteboom (2016), Authors defined a conceptual framework in order to jointly consider multiple criteria in 
the evaluation of dry port location.

Considering the environmental factors, the implementation of dry port avoids the enlargement of existing 
maritime terminal. The environmental impact caused by these kind of works could be very high; indeed changes 
due to possible interference of the hydrological process to water system could potentially damage the marine 
ecosystem, on the contrary the dry port implements a most eco-friendly infrastructure. As far as concern the 
emission due to containers handling in a congested seaport, previous research conducted by Liao et al. (2009), 
show that in Taiwan the dry port adoption was able to reduce of 60% the emission of the seaport activities. 
Moreover, a similar research conducted in London estimated that the emission due to Freight Construction 
Consolidation was reduced to 25.7% (Zanni & Bristow, 2010). Under legal perspective the implementation of 
the dry port can significantly increase the security service, as an example the case of the Coslada Dry Port in 
Madrid, where an inspection of the containers is regulatory provided.

According to the aspects above mentioned, the dry port represents a good choice allowing to improve the 
handling of containers in seaports and leading to identify more efficient logistics solutions for shippers in the 
seaport’s hinterland.

Consistently with this purpose, in Roso et al. (2009) authors defined three dry port categories: close, mid-range 
and distant, and for each of them define the benefits under the perspectives of the actors involved. In order 
to contribute to the concept of logistics sustainable management, whit the purpose of reducing logistic costs 
and minimizing the environmental impact, Digiesi et al. suggested a model allowing to identify the optimal 
means of transport and the optimal stock level both in case of deterministic product demand and lead time 
(Digiesi et al., 2012), as well as in case of lead time variability (Digiesi et al., 2013) and variable product demand 
(Digiesi et al., 2015).

It is clear that the implementation of the dry port in a container terminal radically changes the traditional 
handling process of the terminal. In most cases the role of the dry port is an effective interface for all the hinterland 
shippers; it allows to transfer the container storage and sorting functions from congested transhipments point 
to inland locations, where more space is available. The connection between seaport and dry port are ensured 
by fast and reliable service (by road or by rail) that allows to consider the inland sites as a real extension of the 
seaport lies in a substantial decrease of the seaport zone congestion (Crainic et al., 2015). If on one hand the 
identification of a dry port leads to many benefits on terminal congestion under economic and environmental 
perspective, on the other hand the transport of the containers from the seaport to the dry port, requires resources, 
generates extra costs, and introduce a further polluting source due to emissions generated by transport means 
adopted for the containers handling outside the seaport.

Therefore, there are issues that require strategical evaluations (e.g. container distribution network, dry port 
localization, etc.), tactical assessments (e.g. scheduling of the train or road containers transfer service, sizing of 
the shuttle fleet, etc.) and operational approaches (e.g. container logistic in seaport and in dry port, identification 
of seaport material handling equipment, etc.). For each case, proper variables and criteria have to be selected, 
and the best strategy under economic and environmental perspectives has to be identified.

Despite the increasing interest in dry-port systems, the literature on freight logistics management shows a lack 
of contributions addressing the optimization problems related to freight distribution processes, at a strategically, 
tactical and operational level. Nowadays most decisions regarding the utilization of dry port area, the kind 
of dry port to be implemented, the handling of containers from seaport to dry port, and many other relevant 
aspects related to the management of dry port and its localization are mainly based on the expert experience. 
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There is a lack in scientific literature on methods and techniques allowing to evaluate the overall economic and 
environmental aspects related to the implementation of a dry port and to the adoption of different container 
handling strategy (inside and outside of the seaport). In previous contributions appeared in scientific literature, 
the dry port location problem is faced independently from the strategy to be adopted in the storage yard of 
the container terminal. In Authors’ perspective, the adoption of a dry port can effectively solve the congestion 
problem of a terminal only if an integrated sustainable solution is identified and adopted. Starting from the 
terminal capacity requirement, the solution has to include the optimal distance of the dry port, the handling 
strategy to be adopted (how many containers to be stored in the sea port yard and in the dry port), the optimal 
stack configuration (in both sea port and dry port), and the MHE to be adopted, since this decision variables are 
not independent, and have to be evaluated as the solution of an integrated problem. Moreover, feasible solutions 
have to be evaluated on both a cost and an environmental perspective, in order to support decision makers in 
achieving priority goals. In Authors knowledge, in existing scientific literature there are no models available to 
solve this integrated problem. The challenge of this study consists of defining a model-based Decision Support 
System (DSS) allowing to optimize the inter-terminal and intra-terminal flows, jointly minimizing the cost and 
the environmental impact (evaluated as Carbon Footprint Index) due to the overall handling of containers (inside 
and outside the seaport). Consistently with the purpose of the paper, the proposed DSS provides, on the basis 
of distance from seaport to dry port and considering the MHE adopted, a proper container handling strategy 
(containers to be stocked in seaport and in dry port as well as the stacks configurations) in order to minimizing 
the overall costs and the carbon footprint of the handling activities.

The effectiveness of the proposed DSS has tested on numerical experiments based on a full case study. 
Results obtained allow to identify a container handling strategy able to ensure significantly cost and emission 
savings. The proposed DSS can be adopted for identifying and estimating, for each case, the potential benefits 
achieving through the implementation of a dry port. Moreover, the DSS can support the decision makers in 
identifying, case-by-case, the optimal strategy to be adopted in order to ensure a sustainable and cost-effective 
container handling management.

The rest of the paper is structured as follows: in Section 2 the process of loading/unloading is introduced; 
in Section 3 the proposed model is described; results obtained in case of a full scale numerical experiment are 
in Section 4; finally, conclusion of this work are in Section 5.

2. Problem description

The unloading process of containers can be divided into different sub processes: in a first phase, the inbound 
containers have to be taken off the ship by means of a Quay Cranes (QCs). Once the spreader of QCs locks the 
container, it is lifted, moved over the dock, and placed on a truck chassis (trailer) that allows transporting it 
to the quayside. In a second phase (Figure 2) the containers (empty or full) are transferred from quayside to 
a dedicated Stacking Area (SA) by means of one or more Material Handling Equipment (e.g. sidelifts, reach 
stackers, etc.) In a third phase the containers are stored in SA according to different storing modality (stored 
on a chassis or stacked on the ground) and different layouts: area, block and linear stack are the most common 
layouts (Brinkmann, 2011). In most cases the same Material Handling Equipment (MHE) used for the transport 
of containers from the quayside is adopted for the storing activities; alternatively, a dedicated MHE (e.g. yard 

Figure 2. Container handling cycle by means Reach Stackers (RS) and Truck in case of SA inside the seaport (a) and  in case of 
dry port area outside of the seaport (b).
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cranes) can be adopted. Finally, the containers are loaded on trucks in a landside area, by means of the same MHE 
adopted in the earlier phase, and they are transported outside of the seaport. The loading process (outbound 
containers) requires the same activities, starting from the last phase until the first phase.

The identification of a dry port could change the process above described, therefore the outbound and 
inbound containers could be transported directly from seaport to the dry port and vice versa. In both cases it 
is not required the storing of the containers in the SA.

3. The DSS model

The DSS developed is based on a heuristic computational algorithm for non-linear programming that allows 
identifying the number of containers to be stored in the seaport (N1) and in the dry port (N2) for different 
distance values (D) between them allowing to minimize the overall cost (Equation 1) and the Carbon Footprint 
(Equation 5) due to inter- /intra-terminal flows of containers. For this purpose the input parameters required by 
the model are: the overall number (N) and size (dx, dy, dz) of containers to be handled; technical specifications 
of the road/non-road vehicles, the hourly average costs per square meter (excluded management cost) for the 
rental of the areas in- side the seaport and of dry port areas (CPORT, CDP) and the hourly average cost (staff cost, 
taxation, amortization, etc.) due to MHE and trucks (CMHE, CTRK).

3.1. Assumption

The DSS is developed under the following assumption:

1. The MHE considered in the model are: mobile harbor crane for the operations of ship-to-shore; reach stackers (RS) 
for the transport (inside the seas area), the store/retrieval of the containers from the SA and for the operations 
of load/unload; trucks for the transport of containers to the dry port area;

2. The containers, stackable and characterized by the same sizes, are stocked in the SA according to a stacking on 
the ground strategy adopting a “block” lay-out; they are stored in stockpiles of the same height (see Figure 3), 
and each stockpile can be accessed only from the front-side (FS);

3. The time required for re-handling of the containers is not considered;

4. The speed of the RS does not depends on the weight of the container carried; for safety reasons an average 
speed value (for horizontal and lifting movements) equal to 50% of the maximum speed of the RS is assumed;

5. A ‘transit point’ strategy is considered for the dry port, therefore most containers are ‘directly’ picked up from 
customers;

6. In initial conditions, there are not containers stored in the SA or in the dry port;

7. The time required for transporting containers from the SA to the landside area is negligible (in many seaports 
the landside area and SA are integrated);

8. The transport of containers to customers is not considered in the model;

9. The rental cost of the dry port decreases with its distance from the seaport.

Figure 3. Layout of stackable containers, according to xy-axes and yz-axes, considering the picking by front-side (Fs).
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3.2. Cost function

The cost function (Cf) to be minimized is:

 ( )1 1 2 22MHE SA f t TRKCf C T N T k k N T Cµ= ⋅ + + ⋅+ ⋅+ ⋅⋅ ⋅  (1)

where Tf is the average time required for all the operations finalized to docking/undocking of one container 
from the spreader; the parameter μ identifies the ‘containers in dry port rate’: this value is evaluated as the 
ratio of the number of containers to be stored in the dry port on the overall number of containers’ transported; 
this means than the remaining part of the containers transported to the dry port (1-μ), will not be stocked in 
the dry port but they will be directly picked up from customers (according to assumption number 5 in previous 
section). In the numerical simulation presented in section 4, a μ value of 20% is assumed.

As far as concern nx, ny and nz parameters, they represent the number of containers stored in SA according 
to the x, y and z-axis respectively; k1 and k2 are the rental costs of the areas inside the seaport and in the dry 
port and are obtained by means of the following equations:

 1 w PORT x y x yk T C d d n n⋅ ⋅ ⋅ ⋅ ⋅=  (2)

 2 2w DP x yk T C d d N⋅ ⋅ ⋅ ⋅=  (3)

Tw is the average waiting time of the overall containers stocked (in seaport or dry port), Tt is the time required 
for the transport of N2 containers from the seaport to the dry port and TSA is the time required for the handling 
of the containers (lifting up and horizontal movements by the RS) during the storage and their retrieval from 
the SA; TSA can be expressed as:

 
( )( ) ( )11 1

1 1 1

2 2( )
yx znn n

SA x y z
h vi j k

T i d j d i d
v v

−− −

= = =

⋅ +⋅= + ⋅∑ ∑ ∑  (4)

In Equation 1, the value of TSA is doubled since the DSS considers the time required for the storing and 
picking phases of the single container from/to the stockpile.

vh, vv (Equation 4) represents the average travel speed (h as subscript) and lifting speed (v as subscript) of 
the MHE adopted in the seaport. The computational algorithm adopted allows identifying nx, ny, and nz in order 
to optimize the time required by MHE for storing N1 containers in the seaport.

3.3. Carbon footprint evaluation

In order to evaluate the environmental impact related to the handling of the containers in the seaport and 
in the dry port, the CF due to different activities is evaluated. The function to be minimized for this purpose 
is showed in Equation 5.

 ( )1 22MHE SA f TRK tCFf CF T N T CF N T⋅ ⋅ ⋅+ ⋅ ⋅= +  (5)

where CF is the average equivalent carbon dioxide per hour emitted by ‘road’ (TRK as subscript) and ‘non-road’ 
(MHE as subscript) vehicles adopted; it is a function of the average fuel consumption (ρMHE and ρTRK) and of 
the average travel speed of the truck transporting the containers from port to dry port (Equations 6 and 7):

 0.1TRK TRK TRKCF v ERρ⋅ ⋅ ⋅=  (6)

 MHE MHECF ERρ ⋅=  (7)

As far as concern the Emission Rate (ER) parameter, its value identifies the amount of the tailpipe emissions 
of CO2 from the burning of a litre of fossil fuel (diesel, petrol or LPG). In most cases the simplest way to calculate 
tailpipe emissions of carbon dioxide is to measure the average hourly fuel consumption of the equipment 
adopted in the container handling cycle.
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3.4. Mathematical model description

The output of the model is achieved by means of the identification of the N1, N2, and D values according 
to the value of the following input variables:

•  Containers data (overall number of containers to be handled and containers’ size);

•  MHE features (technical specification of the MHE adopted i.e. speed, consumption, etc.);

•  Area and MHE running cost (seaport/dry port’s area rental cost, and equipment operative cost);

•  Downtime (average time during which the container is not handled).

The sum of the numbers of containers to be stocked in seaport and in the dry port (N1 and N2, respectively) 
will be equal to the overall number of the containers to be stocked (N).

The mathematical model is based on a heuristic computational algorithm implemented by following instructions:

1. Input data-set;

2. Identify G matrix constituted by Gi-array each of them characterized by possible permutations of integer number 
N1 and N2 on the basis of the overall number of containers to be handled (N):

 

1 2
' '
1 2 ' '' ' ''

1 1 1 2 2 2

'' ''
1 2

      

N N

N N
G with N N N and N N N

N N

 
 
 = ≠ …≠ ≠ …≠ … … 
  

 (8)

where the sum of the parameters in each row (Gi-array) are equal to N.

3. Identify a R matrix constituted by Rj-array each of them characterized by possible permutations of integer number 
nx, ny and nz on the basis of the overall number of containers to be stocked in seaport (N1);

 
'' '

' '' ' '' ' ''

'' ''''

        

x y z

yx z
x x x y y y z z z

x zy

n n n

nn nR withn n n and n n n and n n n

n nn

 
 
 

= ≠ …≠ ≠ …≠ ≠ …≠ 
… …… 
 
  

 (9)

where the product of the parameters in each row (Rj-array) are equal to N1.

4. Evaluate for each Gi and the corresponding Rj identified, Cf (Equation 1) and CFf (Equation 5);

5. Identify and show the minimal value of cost, carbon footprint, and corresponding parameters (output of the 
model) values.

4. Numerical simulation

In order to evaluate the DSS effectiveness, the model has been applied to a full-scale numerical case. The data 
adopted for cost and environmental evaluation are listed in Table 1.

According to the cost evaluation obtained by DSS (see Figure 4), there are three mainly strategies for three 
different range of distance:

•  For D<14 km, the most cost-effective strategy requires that all containers (N=800 units) are stored in the dry 
port, in Figure 4a this strategy is shown as line (0;1) where 0 identify the percentage of the total number of 
containers (N) to be stocked in seaport while 1 identifies the percentage of N containers to be stocked in dry 
port, therefore according this strategy N1=0 and N2=800;
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•  For 14 km≤ D<21 km, the most cost-effective strategy requires that a percentage of 75% of overall container 
are stored in the seaport, and the rest is stored in the dry port (shown in Figure 4a as line with ‘0.75;0.25’ label), 
therefore, N1=600 and N2=200;

•  For D≥21 km, the most cost-effective strategy requires that all containers are stored in the seaport, the cost of 
this strategy not depends by distance from seaport to dry port. Therefore in this case, the trend of the handling 
cost is shown as a line parallel to the x-axes (Figure 4a).

As far as concern the CF, the model identifies different optimal strategies in different distance ranges:

•  For D<10 km the strategy characterized by the lowest CF requires that the same number of containers is stored 
in the seaport and in the dry port, therefore: N1 = 400 and N2 = 400, in Figure 4b this strategy is shown as line 
(0.5;0.5) where the percentage of N containers to be stocked in seaport and in dry port is the same;

•  For 10 km≤ D< 17 km the strategy characterized by the lowest CF requires that a percentage of 75% of all the 
containers is stored inside the seaport, and the rest in the dry port, in the examined case N1=600 and N2=200;

•  For D ≥ 17 km, the most eco-friendly strategy requires that all containers are stored in the seaport.

On the basis of both evaluations, the model suggests the adoption of dry port located at distance (D) of less 
then 17 km. In this case there are different handling cost-effective strategies allow ensuring a lower environmental 
impact if compared to scenario characterized by the lack of the dry port. This is not true for dry port located at 
a distance of between 17 and 21 km in which the strategy suggested by the model is most cost-effective but 
not ensuring the lower environmental impact. As concern the identification of the dry port located at distance 

Figure 4. Evaluation of costs (a) and Carbon Footprint (b) adopting different strategies for the allocation of the containers in the 
seaport and in the dry port (in brackets N1 and N2 shown as percentages) by varying the distance of the dry port.

Table 1. Input and decision variables of DSS.

I/O variables Class Parameters Value

I Containers  
Data

N=800 [units]

dx=6 [m]; dy=2.4 [m]; dz=2.9 [m]

I MHE features vh=6.39 [m/s] ≈ 23 [km/h]a; vv=0.35 [m/s]a

vTRK=50 [km/h]

ρMHE=15 [l/h]b ρTRK=30 [l/100km]b

I Area and MHE  
running costs

CMHE=170 [€/h]; CTRK=65 [€/h*u]

CPORT=0.17 [€/h*m2]; CDP=0.009 [€/h*m2]c

I Downtime Tf=0.033 [h/unit] ≈ 120 [s/unit]; TW=24 [h]

O Decision variables N1 =nx *ny * nz [unit]; N2 [unit]; D [km]
aMax travel and lifting speed of the RS adopted for containers handling, inside the seaport; bAverage consumption for the RS and for truck; cMinimum cost estimated for a 
dry port area localized at distance of 25 km form seaport.
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5. Conclusion

The application of DSS to a full-scale numerical case show the model capabilities in identifying the optimal 
logistic strategies ensuring a low CF and in optimizing the cost due to containers handling in SA and transport 
activities. Results show how it is possible to identify different strategies (with or without a dry port identification) 
allowing to obtain an eco-friendly solution reducing, at same time, the costs for a given number of containers 
to be handled.

The main limit of the proposed model is related to the number of solutions suggested; in many cases there 
is not one unique solution, but there are, in the same conditions, two solutions: one that allows to optimize 
costs and another ensuring the minimization of the CF. Therefore the model has to be further developed in 
order to include more optimization criteria in its objective function. This will lead to apply it to more complex 
scenarios, thus ensuring greater flexibility and increasing the number of the industrial environments to be applied.

Future developments of the model presented can be oriented to evaluate further equipment related to the 
container handling management intra-/inter- terminal hub. In this case indeed, only one transport means is 
considered for the containers handling outside the seaport, this represents a constraint for a comprehensive 
assessment of the dry port implementation. Similar considerations concern the MHE adopted inside the seaport: 
in the DSS presented, only the performance of the reach stacker are considered for the handling of containers; 
by considering other MHEs will allow to evaluate the average picking and storage time due to adoption of one 
or more ‘non-road’ vehicles (e.g. rubber tyred crane, straddle carrier, etc.). Furthermore, in order to improve 
and extend the field of the application of the DSS, the evaluation of the KPIs related to the dwell time and the 

greater or equal to 21 km the model not recommends the adoption of dry port both under the economical 
than then environmental perspective. In this case the cost and the carbon footprint due to container handling 
activities in a ‘congested’ seaport are the lowest.

There are further interesting consideration related to the number of containers stocked along the to z-axis 
(nz). Given the number of containers to be stored in the SA of the seaport (N1), the increase of the height of the 
stockpile (nz) leads to a reduction of the SA surface required. However, solutions with high nz values require more 
time for the containers handling activities. The adoption of the DSS allows identifying the most cost-effective 
strategy; in this case the model identifies in a block of containers characterized by 2 overlapping containers (z=2) 
the best strategy. It is very interesting noted that among the solutions identified by the model application, the 
configuration obtained with 5 overlapping containers (z=5) reveals more cost-effective than the configuration 
for z=1, that required the highest SA surface thus resulting as the most expensive. The cost due to the rental 
of the SA (CPORT) doesn’t affect the evaluation of the CF; therefore in this case the most eco-friendly solution 
will be obtained for stockpile characterized by the low height.

Finally, in Figure 5 the results of the comparison, under both a cost and an environmental perspective, 
between the strategies suggested by the DSS (for different D values) and the strategy without the identification 
of a dry port are depicted. It is possible to claim that, in most cases, the DSS allows to identify strategies more 
cost-effective and characterized by lower CO2 emissions. It is very interesting note that in many cases the adoption 
of dry port allows to halve the costs and the carbon footprint due to containers handling.

Figure 5. Comparison between strategies suggested (shown in bracket) by DSS and the strategy identified for N2=0 (with no dry 
port) according cost (a) and carbon footprint evaluation (b).
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transit time of the vessel on dock will be developed. The estimation of this kind of indicators would allow to 
evaluate the seaport efficiency and identify the best sustainable and cost-effective strategy allowing to fulfill 
the performance required by customers.
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