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Efficient management of storage areas in container terminals is a ma-
jor strategic challenge for modern seaports. This paper focuses on op-
timizing container storage, with the primary objective of reducing
reshuffles (or unproductive movements), defined as additional move-
ments of containers located at the top of a container stack that block
access to another container beneath that needs to be retrieved. Re-
ducing these movements not only improves operational performance
but also helps lower the energy consumption of handling equipment,
thereby enhancing the environmental sustainability of port infras-
tructure. We propose an original mathematical formulation of the
Container Storage Problem (cSP) that considers the departure dates
of the top two levels of each container stack in order to anticipate and
reduce the number of reshuffles. Since the problem is Np-hard, we de-
velop a hybrid solution approach that combines exact solution meth-
ods for small instances with a metaheuristic based on simulated an-
nealing for larger, more complex instances. Our method is tested on

a real case study involving the Algerian port of Ghazaouet, located on
the southern shore of the Mediterranean sea, which serves as a key
hub in Euro-Mediterranean trade. The experimental results show that
the proposed simulated annealing algorithm is capable of producing
high-quality solutions within very reasonable computation times.
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INTRODUCTION
Maritime trade plays a fundamental role in the global economy, ac-
counting for more than 80% of the volume of international goods ex-
change, according to the United Nations Conference on Trade and De-
velopment (UN Trade and Development 2025). Containers have become
akeylogistical asset, enabling the large-scale transport of standardized
goods within an integrated and globalized system.

Container traffic in seaports continues to grow, reaching nearly 866
million TEUS (twenty-foot equivalent units) in 2022, an increase of
more than 60% since 2010 (Port Economics, Management and Policy
2025).

In the Euro-Mediterranean region, ports serve as strategic hubs fa-
cilitating trade between Europe, Africa, and Asia. In this context, both
the operational and environmental performance of container terminals
represents a critical challenge for competitiveness and sustainability.
Economic development and expanding trade, although essential for re-
gional growth, exert increasing pressure on the environment. The surge
in economic activity and trade openness in Mediterranean countries
significantly influences carbon dioxide emissions (El Menyari 2024),
underlining the need for greener logistics and port operations. More-
over, recent studies emphasize the importance of integrating climate-
related knowledge into decision-making systems to enhance resilience
and reduce emissions in carbon-intensive sectors such as transport (Aly
et al. 2025).

The optimization of container storage in port terminals is therefore
a strategic issue. It aims to improve space utilization, enhance the flu-
idity of loading/unloading operations, and reduce both costs and envi-
ronmental impacts. This challenge, known in the literature as the Con-
tainer Storage Problem (CsP), involves determining the optimal place-
ment of containers in storage yards while minimizing reshuffles: unpro-
ductive moves that mobilize port resources unnecessarily and increase
energy consumption (Kouider et al. 2024).
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Because of its operational relevance and combinatorial complexity,
the csp has been extensively studied. Various approaches have been
proposed to reduce unproductive moves and improve spatial allocation
within port terminals. However, an important aspect of the problem
remains insufficiently explored: the simultaneous use of the departure
dates of the top two levels of a container stack as a mechanism for antic-
ipatory reshuffle reduction. The primary objective of this study is there-
fore to develop a mixed-integer linear programming (M1LP) model that
explicitly integrates these two departure dates, combined with a sim-
ulated annealing metaheuristic to ensure efficient problem resolution.
The approach is validated using real data from the Port of Ghazaouet,
located on the maritime coastline of western Algeria. The results show
that the proposed approach produces high-quality solutions within rea-
sonable computation times, helping reduce both unproductive move-
ments and the carbon footprint associated with port operations. These
elements align with existing work, which is reviewed in the following
section.

Among the early contributions to ¢ SP research, Kim and Kim (1999)
introduced a segregated space allocation model for container invento-
ries. Kefi (2008) proposed a distributed heuristic optimization model
(cosAH) aimed at reducing reshuffles. Chebli (2012) formulated the
container stacking problem as a mixed-integer linear program, solved
using an adaptive large neighborhood search (ALNS)-based approach.
Similarly, Hajjem (2012) explored genetic algorithms and harmony
search to solve both static and dynamic variants of the cSP.

Yu and Qi (2013) developed integrated allocation and reshuffling ap-
proaches for automated terminals, incorporating multi-period segre-
gation schemes. Ndiaye et al. (2014) introduced a branch-and-cut al-
gorithm with quay-specific constraints. However, this exact method
showed limitations on larger instances, prompting the use of meta-
heuristics such as bee colony optimization, ant colony optimization,
simulated annealing, and genetic algorithms (Yachba et al. 2016; Zhu
et al. 2020; Yu et al. 2021).

Ku and Arthanari (2016) proposed a stochastic dynamic program-
ming approach introducing the Expected Relocation Index (ERI) as a
decision aid. Galle et al. (2018) addressed the stochastic container re-
location problem using batch-based models combined with PBFs al-
gorithms and random approximation techniques. Kassabian (2022) re-
cently developed a realistic cSP model that considers both static and

VOLUME 19 | 2026 | NUMBER 1

(33]



(34]

Mustapha Anwar Brahami, Amina Ouhoud, and Ikram Kouider

hazardous container scenarios, integrating terminal constraints along
with sustainability and safety objectives.

This body of literature highlights the diversity of methods applied,
ranging from exact approaches to approximation methods for solving
the CSP across various operational contexts. However, few studies con-
sider departure dates from multiple stack levels simultaneously, de-
spite this being a key factor in proactively reducing reshuffles.

This study addresses that gap. It focuses on optimizing the storage
of inbound containers at the Mediterranean commercial port of Ghaza-
ouet, located at the far western edge of Algeria. This port plays an im-
portant regional role on North Africa’s Mediterranean coast. The pri-
mary objective is to minimize the number of reshuffles by accounting
for the departure dates of containers stored at both the first (top) and
second levels of each stack, introducing a novel extension to the classi-
cal csp.

To achieve this objective, a new mathematical model tailored to this
dual-level consideration is introduced. The model assigns each incom-
ing container to an optimal location upon arrival, aiming to reduce
future unproductive moves. This approach enhances operational effi-
ciency while also reducing the energy consumption of handling equip-
ment, thereby contributing to the environmental sustainability of port
operations.

To solve this complex problem efficiently, a metaheuristic based on
simulated annealing (SA), known for its effectiveness in exploring large
solution spaces, was developed. The method was tested on real data
from the port of Ghazaouet and yielded promising results in terms of
reshuffle reduction and storage optimization.

The main contributions of this work are as follows:

« An original csP model that accounts for the departure dates of
the top two levels in each container stack in order to limit reshuf-
fles. This reduction, directly linked to the energy consumption of
handling equipment, enhances the environmental sustainability
of port terminals.

+ The development of a simulated annealing-based algorithm tested
in a real-world Mediterranean context.

+ A case study using real data from the port of Ghazaouet, provid-
ing operational insights for ports in the Euro-Mediterranean re-
gion.
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MATERIALS AND METHODS

Problem Description
In modern port terminals, the efficient management of container stor-
age areas represents a major logistical challenge. One key issue is the
optimal placement of containers upon arrival, taking into account their
scheduled departure dates. Careful placement can significantly reduce
the number of reshuffles, defined as unnecessary container move-
ments during retrieval operations. Reducing reshuffles contributes to
smoother operations, lower energy consumption, and overall improved
terminal sustainability performance.

Unlike random container allocation, which can lead to costly and in-
efficient disorganization, container storage follows a set of strict rules.
These rules are dictated by operational constraints, safety standards,
and the physical characteristics of the containers and available space.
Containers are stacked vertically to form stacks, and a set of aligned
stacks constitutes a bay. Bays are separated by aisles to allow the move-
ment of operators and handling equipment. This layout optimizes stor-
age capacity while ensuring accessibility and safe working conditions.

Within each stack, only containers of identical dimensions are stored
in order to maintain stacking stability and prevent damage. In this
study, three standard container types are considered: 20-foot, 40-foot,
and 45-foot containers. A 20-foot container corresponds to 1 TEU
(Twenty-foot Equivalent Unit), while a 40-foot container occupies 2
TEUS.

The problem studied focuses on the optimal assignment of a newly
arriving container (from an import operation) to one of the available
stacks in the storage yard. This decision must consider the departure
dates of the containers already present in each stack, the availability
of space, and dimensional compatibility. The objective is to minimize
future reshuffles.

Before presenting the mathematical formulation of the problem, the
assumptions adopted in the model are outlined below:

« In each stack, containers are stored in decreasing order of their
departure dates.

+ Before each storage operation, the current state of the storage
yard is known. For each stack, the number of containers and their
departure dates are given, allowing the identification of available
space.
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+ Containers are stored while respecting dimensional compatibil-
ity; that is, all containers within the same stack must have iden-
tical dimensions.

« Within a stack, containers are numbered in decreasing order
from top to bottom. For example, if a stack can hold a maximum
of 4 containers, the top container is assigned number 4, the sec-
ond level number 3, the third level number 2, and the bottom
container (on the ground) number 1.

« A storage bay may contain several stacks, ensuring that the last
stack number of one bay and the first stack number of the next
bay are consecutive.

+ The two uppermost levels of each stack are considered when
estimating reshuffles in order to minimize unproductive move-
ments.

Model Formulation

To address the container storage problem (CSP) more accurately and
efficiently, a mixed-integer linear programming (MILP) model is pro-
posed, based on Kassabian (2022). The model incorporates different
container dimensions as well as dimensional compatibility constraints
among containers within the same stack. Unlike Kassabian (2022), the
present model does not consider the grouping of containers by category
(associated with the same client). Instead, it explicitly incorporates the
departure dates of the top two levels of each stack in order to mini-
mize the number of reshuffles (unproductive moves). By reducing un-
necessary handling operations, this approach improves operational ef-
ficiency while also enhancing the environmental sustainability of port
activities through lower energy consumption.

All sets, indexes, parameters, and decision variables are described in
a notation table (table 1).

Objective Function

N; Ng
minz Z(Xsi + Ys). (1)
i=1s=1
Constraints
Ng L
YY) Zei=1 Vi€l @
S=1e=1
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TABLE 1 Notation Table

Symbol Description Unit
I Set of containers
S Set of stacks
E Set of positions in stacks
i Container index
s Stack index
e Position-in-stack index
N Number of stacks Stacks
Lg Number of free positions in stack s Positions
Ts Dimension of stack s (20, 40, or 45) Feet
TDs Departure date of the container currently at the top of stacks Days
TD2g  Departure date of the container at the second level of stacks  Days
N; Number of containers Containers
T; Dimension of container i (20, 40, or 45) Feet
TD; Departure date of container i Days
M A sufficiently large constant
Zsei =1 if container i is assigned to position e in stack s; o otherwise
Xsi =1 if container i is assigned to stack s and its departure date is
later than the top container in s; o otherwise
Ysi =1 if container i is assigned to stack s and its departure date is

later than the second-level container in s; o otherwise

N;i
Y Zeis1  VseSVec€E,
i=1

Ns L

22 Zwi=0  VieLTi#T,

S=1e=1

Ni =1

ZZSBI' — ZZs,e+1,i >0 VseS,e=1,...,Ls_.
i=1 N;

©)

(4)

(5)

Avoids empty spaces between containers stored in the same stack.

Xi<) Zei  VielVseS.

(6)

If a container is not assigned to a stack, then it cannot cause reshuf-
fles in that stack.
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Lg

TDs—TD; <M1 -Xsi)+ ) Zeei Vi€l VseS. @)
e=1

A first-level reshuffle is generated if container i is assigned to stack
s and its departure date is later than that of the first level of that stack.

Ls
TD2;—TD; < M(1—Ys)+ Y Zsi Vi€l Vs€S. ®
e=1

A second-level reshuffle is generated if container i is assigned to
stack s and its departure date is later than that of the second level of
that stack.

N; N;
Y TD;Zsei =) TDiZgers;  Vs€S,e=1,...,Ls. ©)
i=1 i=1
New containers are stored in each stack in descending order of their
departure dates, which minimizes the number of reshuffles.

Zseir Xsi, Ysi € 0,1 Viel,VseS, Ve€eE. (10)

The objective function (1) aims to minimize the number of anticipated
reshuffles caused by the incorrect placement of imported containers.
Specifically, it penalizes configurations in which a container is stored
above others with earlier departure dates, with particular attention to
the top two levels of each stack.

Constraint (2) ensures that each container is assigned to exactly
one position. Constraint (3) guarantees that no position contains more
than one container. Constraint (4) enforces compatibility in terms of
container dimensions within each stack. Constraint (5) maintains the
physical stacking rule by preventing empty spaces between containers.
Constraints (6) through (8) define the conditions under which a con-
tainer triggers a reshuffle, depending on its departure date and the po-
sitions of other containers already in the stack. Constraint (9) ensures
that newly placed containers within each stack follow a descending or-
der based on departure dates. Finally, constraint (10) specifies the bi-
nary nature of all decision variables.

Example-Based Explanation of the Model
To illustrate how the proposed model operates, consider a simple exam-
ple. Suppose a new 20-foot container (1 TEU) must be stored in a yard
that contains four distinct stacks, each already partially occupied. The
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3
2 8 7
1 16 14 10

1 (40 ft) 2(20ft) 3 (20ft) 4 (45 ft)
FIGURE 1 Example of Container Storage with Their Respective Departure Dates

available storage space includes: two free slots in stack 1, one in stack 2,
one in stack 3, and three in stack 4 (figure 1). Among these, only stack 2
and stack 3 are compatible in terms of container size (20 feet), making
them eligible for storing the new container.

Assume that the new container has a scheduled departure date of
12. The current departure dates of the containers at levels 1 and 2 in
stack 2 are 8 and 14, respectively, while in stack 3 they are 7 and 10.
Because the model considers the top two levels in order to anticipate
future reshuffles, the impact of placing the new container in either of
these two stacks must be evaluated.

If container C; has an earlier departure date than container C,, con-
tainer C; must be retrieved before container C,. This precedence affects
the number of reshuffles required during retrieval.

In stack 2, the departure dates of the containers at levels 1 and 2 are
8 and 14, respectively. For a new container with a departure date of 12,
the value 12 is greater than 8 but less than 14. Consequently, placing
the new container in this stack would lead to a single reshuffle. In stack
3, however, the departure dates at levels 1 and 2 are 7 and 10. Since 12 is
greater than both values, placing the new container there would result
in two reshuffles.

Therefore, the model favors placing the new container in stack 2, as
this option minimizes unproductive movements and contributes to a
more sustainable and efficient storage operation.

Resolution Approaches
To solve the proposed Container Storage Problem (csp), a twofold res-
olution strategy is adopted, combining both exact and metaheuristic
methods. The first approach relies on an exact method using the CPLEX
solver, while the second is based on a simulated annealing (sa) algo-
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rithm designed to efficiently solve medium- and large-scale instances.

CPLEX, developed by 1BM, is a powerful commercial solver capable
of addressing various types of mathematical programming problems,
including linear programming (L P), mixed integer linear programming
(MILP), quadratic programming (QP), and their respective constrained
or integer extensions. Its precision and robustness make it particularly
suitable for small-scale instances, where optimal solutions can be com-
puted within reasonable time frames. In this study, the cPLEX-based
exact approach is primarily used as a benchmarking tool to validate
the quality of the solutions produced by the simulated annealing al-
gorithm.

Because the €SP is an NP-hard combinatorial optimization prob-
lem, the exact resolution of large instances becomes computationally
infeasible due to the exponential growth in complexity (Hamdi Cherif
and Brahami 2025; Brahami et al. 2022). To overcome this limitation, a
simulated annealing algorithm is implemented. This well-known meta-
heuristic, inspired by the physical annealing process, is particularly ef-
fective at avoiding local minima by occasionally accepting inferior so-
lutions, thereby enabling broader exploration of the solution space.

Computational results show that simulated annealing is capable of
producing high-quality solutions within reasonable computation times
for real-world instances. Moreover, it proves effective in minimizing
container reshuffles, thereby enhancing operational efficiency and pro-
moting more sustainable practices in container yard management.

Adaptation of the Simulated Annealing Algorithm

to the Studied csp
Simulated annealing (SA) is a metaheuristic inspired by the physical
process of slow cooling in metals, which aims to reach a low-energy
state. The algorithm, developed by Kirkpatrick et al. (1983), is widely
used to solve combinatorial optimization problems because of its abil-
ity to escape local optima by temporarily accepting worse solutions.

The principle relies on an analogy between the energy of a phys-

ical system and the objective function of an optimization problem.
Simulated annealing explores the solution space by iteratively gener-
ating neighboring solutions from a current solution. A new solution
is accepted if it improves the objective function. If the new solution is
worse, it may still be accepted with a decreasing probability governed
by a temperature parameter, which gradually decreases throughout the
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algorithm. The main steps of the simulated annealing algorithm can be
summarized as follows:

Input: Initial solution S, initial temperature T, minimum tempera-
ture Tiin, cooling factor a, maximum number of iterations maxIter

1 Initialize S < initial solution
2 Evaluate the fitness £ (S)
3 While T > Tpin do:
a) Generate a neighboring solution S’ of S
b) Evaluate the fitness f(S’) and compute A = f(S") - f(S)
o) If A<o:acceptS' (update S — S')
d) Else: accept S’ with probability p = exp(—=A/T)
e) Reduce the temperature: T —a x T

Output: Return the best solution found

In the following, the main steps of the adapted simulated annealing
algorithm for the Container Storage Problem (csp) addressed in this
study are described:

Solution Encoding
Each solution is represented using integer-based encoding that de-
scribes the assignment of containers to different stacks through the
decision variable Z. The model’s decision variables X and Y, which in-
dicate the occurrence of reshuffles, are not explicitly encoded. Instead,
they are dynamically computed based on the current container assign-
ment configuration derived from the state of Z.

To illustrate this encoding more clearly, consider a simple example
(figure 2) with six containers to be placed and three stacks (S,, S,, and
S3), each with a maximum capacity of three levels. The dimensions (T;)
and departure dates (TD;) of the containers are provided, along with the
dimensions of each stack (Ts). According to the encoding of variable Z,
containers 3 and 1 (both 20 feet) are assigned to stack S,, containers 6
and 4 (20 feet) are assigned to stack S,, and containers 5 and 2 (40 feet)
are assigned to stack S;. A value of zero in variable Z indicates an empty
(unoccupied) position in a stack.

Based on this configuration and the departure dates, stack S, pro-
duces one reshuffle, stack S, produces none, and stack S, results in one
reshuffle. The total number of reshuffles is therefore equal to 2, which
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I 1 2 3 4 5 6
Ti | 20 40 20 20 40 20
TD; 15 8 10 12 11 15

Container parameters
S 1 2 3

Ts 20 20 40

Stack parameters

Z 3 1 o 6 4 o 2 5 o

S1 ‘ S1 ‘ S1

FIGURE 2 Solution Encoding

corresponds to the value of the objective function (or fitness) for this
solution.

Initial Solution Generation

Generating a valid initial solution is a key step in the optimization pro-
cess. It allows the algorithm to begin from a configuration that satisfies
the dimensional compatibility and availability constraints of the stor-
age area. In this approach, containers are randomly assigned to avail-
able empty slots in the stacks while ensuring that dimensional com-
patibility is respected. This initial solution serves as the starting point
for the algorithm, which then progressively improves it by reducing the
number of reshuffles.

Neighbor Solution Generation
To effectively explore the solution space, a neighboring solution is gen-
erated at each iteration by applying a small perturbation to the current
solution configuration. Two techniques are used:

1 Replacement: A container is randomly selected and reassigned to
another empty position in a compatible stack (in terms of dimen-
sion).

2 Swap: Two containers of the same dimension are randomly se-
lected and exchanged.
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These two operators provide sufficient diversification in the search
process while maintaining solution feasibility.

Solution Evaluation (Fitness Function)
The fitness function measures the quality of a solution by computing
the total number of reshuffles it generates. For each stack s and each
container i, two temporal conditions are checked:

« If the departure date of the container at the first level of stack s
(TDy) is less than the departure date of container i (TD;), then X;
is set to 1.

« If the departure date of the container at the second level (TD2y)
is also less than TD;, then Y; is set to 1.

The sum of all X;; and Y; values across all containers and stacks gives
the total number of reshuffles, which defines the objective function to
be minimized.

Case Study: Port of Ghazaouet
In this study, the proposed optimization approach is applied to the
problem of storing incoming containers in a real port terminal, with the
primary objective of minimizing unproductive moves (reshuffles) and,
consequently, reducing the energy consumption of handling equip-
ment. This reduction aims to improve both operational efficiency and
the environmental sustainability of the port.

The case study focuses on the Port of Ghazaouet, located in the far
northwestern region of Algeria on the southern shore of the Mediter-
ranean Sea. Owing to its strategic location, continuous infrastructure
investment, and efficient management, the port is considered one of
the country’s leading commercial ports. Its privileged position within
the Mediterranean basin makes it a key hub for trade between Algeria,
Europe, and other countries in the Euro-Mediterranean region.

Like most modern container terminals, the facility at Ghazaouet is
organized into two main areas: the quay area and the storage yard. The
former includes berthing stations and quay cranes (QCS) responsible
for loading and unloading vessels. The latter is dedicated to the tem-
porary storage of containers before or after their transfer. The storage
yard is further subdivided into three blocks arranged parallel to the
quay: one for import containers, one for export containers, and one for
empty containers, with a distinction between dry (standard) and reefer
(refrigerated) types.
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Container movement and stacking within the yard are handled by
reach stackers equipped with spreaders, which enable flexible and effi-
cient container handling. For dry containers, each stack can hold up to
six containers (6 levels), whereas reefer containers are limited to three
levels. For empty containers, a maximum of four levels is allowed, re-
gardless of type.

The port mainly handles 20, 40, and 45-foot containers, with 20-foot
and 4o-foot being the most common formats. The storage process fol-
lows a structured workflow: after being unloaded by Qcs, containers
are transferred to the storage area by reach stackers according to in-
structions from yard planners. These machines, well-suited for small-
and medium-sized multipurpose terminals, enable dense and flexible
container management while reducing energy use, thereby supporting
a more sustainable approach to port operations.

Instance Generation
To test the proposed model and validate the simulated annealing-based
approach, several test instances were created using operational data
collected at the Ghazaouet terminal. These instances are grouped into
three categories:

+ Small instances: These correspond to real cases observed at the
Port of Ghazaouet, with the number of stacks ranging from 7 to
20 (7 = N; < 20) and the number of containers ranging from 10
to 45 (10 < N; < 45);

+ Medium instances: Also derived from actual port data, these in-
stances include between 30 and 100 stacks (30 < N; < 100) and
between 50 and 180 containers (50 < N; < 180);

+ Large instances: These instances were randomly generated to test
the robustness and scalability of the simulated annealing algo-
rithm. They involve between 100 and 3,000 stacks (100 = N; <
3000) and between 180 and 6,000 containers (180 < N; < 6000).

For all instances, the departure dates of both incoming containers
and containers already stored in the terminal were randomly generated
within a range of 1 to 30 days. This interval reflects the typical departure
time window of containers handled at the Port of Ghazaouet, based on
operational observations. Such a range allows a realistic simulation of
the short- and medium-term dynamics of container flows within the
terminal.
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TABLE 2 Characteristics of the Generated Instances for the Case Study

Instance Number of =~ Numberof  Container Max Stack Departure
Type Stacks Containers  Dimensions Height Dates (stored
(Ns) N7 (ft) & new)

Small 7-20 10-45 20, 40, 45 ft 6 containers Randomly
generated
between 1
and 30 days

Medium 30-100 50-180 20, 40, 45 ft 6 containers Randomly
generated
between 1
and 30 days

Large 100-3000 180-6000 20, 40, 45 ft 6 containers Randomly
generated
between 1
and 30 days

This set of instances provides a comprehensive evaluation of the
performance of the proposed optimization method across both real-
istic and large-scale scenarios. It highlights the model’s potential to
support sustainable management of port operations within a Mediter-
ranean context, where efficiency and ecological transition are becoming
increasingly important.

The characteristics of the different instance sets are summarized in
table 2.

Results
The proposed simulated annealing metaheuristic was implemented in
Python (version 3.12.0). All computational experiments, including both
the simulated annealing algorithm and the exact solution using the
IBM ILOG CPLEX solver (version 12.10), were conducted on a stan-
dard personal computer equipped with an Intel(R) Core(TM) i5-8350U
CPU @1.90 GHZ and 8 GB of RAM.

The parameters of the simulated annealing algorithm were deter-
mined through preliminary tuning experiments. The tuning ranges ex-
plored were as follows: initial temperature T € [100,500,1000,5000],
cooling coefficient & € [0.90,0.95,0.99,0.999], and minimum tempera-
ture Trin € [10—3,10—4,10—6]. After multiple tests within these ranges,
the parameter configuration that produced the best performance in
terms of average reshuffles and execution time was selected. The final
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TABLE 3 Results

(1) (2 (3) (4) (5) (6 @

1 7 10 3.4+ o0.17 0.1 + 0.0021 3.4 0.42
2 14 4.0 £ 0.15 0.0019 4.0 0.54
3 7 22 3.4+ 0.21 0.16 + 0.0032 3.4 0.72
4 10 15 2.2+ 0.12 0.22 + 0.0055 2.2 0.89
5 10 20 5.0+ 0.32 0.19 + 0.0041 5.0 0.78
6 10 30 4.2 £ 0.24 0.28 + 0.0081 4.2 1
7 20 38 5.8 £ 0.27 0.31 + 0.0080 5.8 2
8 20 40 3.6 + 0.20 0.29 + 0.0081 3.6

9 20 45 3.4+ 0.24 0.43 £ 0.0130 3.0 4
10 30 50 4.6 +0.34 0.55 + 0.0140 4.6 10
11 30 60 4.2 £ 0.35 0.55 + 0.0150 4.2 37
12 30 70 7.6 £ 0.69 0.58 + 0.0140 7.6 188
13 40 75 3.4+ 0.29 0.66 + 0.0217 3.4 291
14 40 8o 4.0 £ 0.33 0.61 + 0.0219 3.4 321
15 40 90 1.6 £ 0.14 0.67 £ 0.0214 0.8 605
16 50 100 3.0 £ 0.21 0.75 + 0.0300 3.0 1156
17 50 110 2.3+ 0.23 0.83 £ 0.0370 2.3 1326
18 60 100 2.0+ 0.16 0.94 + 0.0310 2.0 1598
19 60 120 2.0+ 0.18 0.92 + 0.0360 2.0 1702
20 60 130 2.2 +0.19 0.97 £ 0.0330 2.2 1789

Continued on the next page

parameters adopted were an initial temperature T = 1000, a cooling co-
efficient @ = 0.999, and a minimum temperature Ty = 0.001.

The results obtained for each problem instance are summarized in
table 3. Because departure dates were randomly generated, 30 indepen-
dent runs were performed for each instance to ensure result reliability.
The reported values therefore correspond to averages computed across
these 30 runs.

The first column of table 3 indicates the instance identifier. The sec-
ond and third columns specify the number of stacks (Ns) and the num-
ber of containers (N;), respectively. The fourth and fifth columns re-
port the average number of reshuffles with standard deviation (SD) and
the average execution time with standard deviation obtained using the
simulated annealing algorithm. Finally, the sixth and seventh columns
present the same indicators obtained through the exact solution using
the CPLEX solver. A time limit of 1,800 seconds was imposed on the
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TABLE 3 Continued from the previous page

@) &) (3) 4) (5) (6) 7
21 100 180 2.0+ 0.19 1.0 £ 0.0490 NA NA
22 100 200 4.2 £ 0.39 1.5 £ 0.0610 NA NA
23 100 220 9.2 £ 0.82 1.0 + 0.0580 NA NA
24 150 280 8.6 + 0.89 2.5+ 0.1700 NA NA
25 150 300 10.4 £ 0.92 1.5 + 0.0780 NA NA
26 150 350 29.2 + 2.71 3.0 £ 0.2220 NA NA
27 200 380 18.2 +£1.98 4.0 £ 0.2640 NA NA
28 200 400 24.2 + 2.68 4.5 £ 0.1750 NA NA
29 200 420 36.4 + 3.56 5.0 £ 0.2150 NA NA
30 250 450 38.2 + 4.04 6.0+ 0.3780 NA NA
31 250 500 47.6 £ 4.66 7.0 £ 0.4130 NA NA
32 250 550 62.2 + 7.02 7.0 £ 0.3360 NA NA
33 300 580 68.2 + 8.11 8.0 £ 0.2880 NA NA
34 300 600 72.2 + 7.65 9.0 £ 0.4590 NA NA
35 300 620 71.8 + 8.90 9.0 £ 0.5040 NA NA
36 500 900 161.6 + 19.06 20.0 = 0.8200 NA NA
37 500 1000 182.6 + 19.90 19.0 + 0.8550 NA NA
38 500 1200 268.2 + 32.98 22.0 £ 0.8580 NA NA
39 1000 2000 526.6 + 54.76 190.0 *+ 10.640 NA NA
40 2000 4000 894.8 + 88.58 360.0 + 13.680 NA NA
41 3000 6000 1257.3+130.75 1320.0 + 58.080 NA NA

NOTES Column headings are as follows: (1) instance ID, (2) #stacks (Ny), (3) #con-
tainers (Nj), (4) SA reshuffles (mean + sD), (5) SA time (s) (mean + SD), (6) CPLEX
reshuffles, (7) CPLEX time (s).

CPLEX solver, allowing the search to be interrupted if no feasible solu-
tion was found within the allotted time. As a result, cells marked ‘Na’
indicate that CPLEX was unable to return a feasible solution within the
given time limit.

The analysis of the results presented in table 3 highlights several no-
table trends regarding the performance of the simulated annealing (SA)
approach and the exact method, cPLEX, when applied to the Container
Storage Problem (csPp).

First, the execution time increases with instance size for both sim-
ulated annealing and cPLEX. This increase is expected, as the problem
becomes more complex with a larger number of stacks (N;) and con-
tainers (Nj). This trend is clearly illustrated by the curves in figure 3,
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FIGURE 3 Execution Time Evolution of Simulated Annealing (Dark)
and cPLEX (Light) Across Instance Sizes

which show the evolution of the execution time of the two methods
(cPLEX and simulated annealing) as a function of instance size.

For small and medium-sized instances (instances 1 to 20), the re-
sults show that simulated annealing, in most cases, matches the per-
formance of CPLEX in terms of the average number of reshuffles, with
only minor deviations observed, particularly for instances 9, 14, and 15.
Across the 30 runs performed for each instance, the variability in the
number of reshuffles remains low for both small and medium-sized in-
stances. The coefficient of variation (CV) ranges from 4.4% to 7.1% for
small instances and from 7.2% to 10.1% for medium-sized instances. For
large, more challenging instances, variability remains moderate, with
¢V values between 8.9% and 12.4%. These results confirm the robust-
ness and solution quality of the adapted simulated annealing algorithm
for problems of this scale.

In terms of execution time, the advantage of simulated annealing is
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particularly pronounced. For small and medium instances, results are
obtained in less than one second, whereas CPLEX may require up to
1,789 seconds to produce comparable solutions (figure 3). The variabil-
ity in simulated annealing execution time also remains low, with a max-
imum ¢V of 7.4%. This computational efficiency makes simulated an-
nealing particularly suitable for near-real-time applications, which is a
critical requirement in dynamic port terminal environments.

For larger instances (beginning with instance 21), the limitations of
CPLEX become evident. Despite a maximum allowed time of 1,800 sec-
onds, the solver failed to return any feasible solution for these larger
instances, highlighting the inability of the exact approach to handle
large-scale problems within a reasonable time frame (figure 3).

By contrast, simulated annealing continued to produce high-quality
solutions within controlled computational times, even for very large
instances (up to 6000 containers). For example, instance 41 was solved
by saA algorithm with an average of 1,257.3 reshuffles in 1,320 seconds,
which is considered acceptable given the scale of the problem. To con-
textualize these results, the performance of the simulated annealing
approach was compared with a simple baseline: the L1FO (Last In,
First Out) algorithm, commonly used as a naive reference strategy in
the literature (Hajjem 2012). For instances with 500 and 9oo contain-
ers, the LIFO algorithm generates 159 and 296 reshuffles, respectively,
whereas the simulated annealing algorithm yields averages of 47.6 and
161.6 reshuffles. This corresponds to relative reductions of: 70% fewer
reshuffles for 500 containers and 46% fewer reshuffles for goo contain-
ers. These results demonstrate that, even for very large problem sizes,
the simulated annealing algorithm significantly reduces unproductive
moves, thereby confirming the operational viability of the proposed
method.

As expected, the average number of reshuffles increases as instance
size grows (in terms of the number of stacks and of containers). This
trend is clearly visible in the curve shown in figure 4, which illustrates
the evolution of the average number of reshuffles as a function of the
number of containers.

Finally, to demonstrate the performance of the proposed solution
approach based on the simulated annealing algorithm, we compared
our results with those reported by Hajjem (2012), who applied a ge-
netic algorithm to solve the cSp. The comparison relies on representa-
tive instances from Hajjem (2012). In that study, the genetic algorithm
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FIGURE 4 Evolution of the Average Number of Reshuffles with Respect
to the Instance Sizes

achieved an average of 5 reshuffles for instances with 100 containers,
whereas the simulated annealing approach presented here achieved an
average of 2.5 reshuffles for instances with the same number of contain-
ers. For instances with 130 containers, the adapted simulated anneal-
ing algorithm produced an average of 3.2 unproductive moves, while
the genetic algorithm generated an average of 8 unproductive moves.
A similar pattern appears for instances with 200 containers, where the
genetic algorithm resulted in an average of 9 reshuffles compared with
an average of 6.5 reshuffles using the simulated annealing approach.
With respect to computation times, however, no objective comparison
can be made with the results reported in Hajjem (2012), since the com-
putational environments are not comparable.

Reproducibility
The code developed for this study is available from the corresponding
author upon reasonable request. The case-study data originate from the
Entreprise Portuaire de Ghazaouet. For confidentiality reasons, the op-
erational data used in the experiments were anonymized. All experi-
ments were executed with controlled random seeds.
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DISCUSSION

This study focused on optimizing container storage in port terminals,
with the primary objective of reducing reshuffles — that is, unproduc-
tive moves generated during retrieval operations. An original mathe-
matical model of the Container Storage Problem (csP) was proposed,
incorporating the departure dates of the top two levels of each con-
tainer stack. To solve this NP-hard problem, a metaheuristic based on
simulated annealing was developed and tested using a real case study
involving the Mediterranean port of Ghazaouet in Algeria.

Beyond the numerical results, several key insights emerge. First,
simulated annealing proved particularly effective not only in delivering
high-quality solutions but also in doing so within very short computa-
tion times. This computational efficiency provides a strategic advan-
tage in the port context, where decisions often need to be made within
strict time frames in response to unexpected vessel arrivals, fluctuat-
ing container flows, or operational disruptions. Although the present
study focused on a static case, the observed time efficiency suggests
that simulated annealing could be applied to near-real-time decision-
making. This capability represents a significant advantage for future in-
tegration into dynamic terminal management systems, where contin-
uous reconfiguration of storage areas is required.

Second, the analysis of large instances demonstrates the operational
viability of the solutions. In practice, the number of reshuffles can-
not be reduced to zero, as some movements are unavoidable during
retrieval operations. Nevertheless, the results show that even with sev-
eral thousand containers and stacks, simulated annealing keeps the
number of reshuffles at levels that remain realistic and manageable
for port operators. This capacity to maintain stable performance under
complex conditions strongly supports the applicability of the proposed
approach in real-world environments.

Another important contribution of this work concerns the relation-
ship between reshuffle reduction and environmental impact. Each un-
necessary container movement entails additional fuel consumption by
handling equipment - such as reach stackers, forklifts, and cranes —
thereby increasing € 0, emissions and other air pollutants. By minimiz-
ing the number of reshuffles, the proposed method directly contributes
to reducing the carbon footprint of the terminal. Industrial reports in-
dicate that a single move or reshuffle typically consumes between 0.80
and 1.32 liters of diesel (Budiyanto et al. 2021), corresponding to ap-
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proximately 2.13 to 3.52 kg of C0, emissions per reshuffle, assuming
2.67 kg of CO, per liter of diesel (Eggleston et al. 2006). For example, in
an instance with goo containers, a reduction of 135 reshuffles achieved
by the simulated annealing algorithm compared with the LIFO algo-
rithm translates into estimated savings of 135 x (0.80 to 1.32) = 108
to 178.2 liters of diesel, and 135 x (2.13 to 3.52) = 287.55 to 475.2 kg of
CO, emissions. This represents a substantial environmental benefit for
large-scale container-handling operations.

This quantitative perspective reinforces the sustainability dimen-
sion of our contribution. In the Mediterranean context, this dimen-
sion is particularly significant. Ports in the region face increasingly
strict environmental constraints, partly because of their proximity to
densely populated urban areas that are highly sensitive to environmen-
tal impacts (such as air pollution, noise, and maritime emissions). Euro-
pean and Euro-Mediterranean initiatives supporting ecological transi-
tion further reinforce these pressures, encouraging ports to adopt more
sustainable operational practices. In this context, optimization meth-
ods that reduce the energy consumption of handling equipment pro-
vide a concrete means of improving the sustainability of port infras-
tructure while complying with evolving regulatory requirements.

Overall, this study demonstrates that the adapted simulated anneal-
ing approach is an effective, fast, and scalable method for addressing
the csPp. Beyond improving operational performance, it offers a practi-
cal response to the growing environmental challenges facing Mediter-
ranean ports. Future research could extend the model to multi-period
scenarios to better capture dynamic container flows, adapt it to more
complex port infrastructures, and explore additional metaheuristic or
machine learning-based artificial intelligence techniques for further
optimization.
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