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�L�Q �W�K�H �D�Q�D�O�\�V�L�V�� �7�K�H�V�H �I�L�Q�G�L�Q�J�V �D�U�H �G�L�V�F�X�V�V�H�G �L�Q �W�K�H �G�L�V�F�X�V�V�L�R�Q �F�K�D�S�W�H�U�� �Z�K�H�U�H �U�H�F�R�P�P�H�Q�G�D�W�L�R�Q�V �I�R�U
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�6�X�E���T�X�H�V�W�L�R�Q ���� �:�K�D�W �W�U�H�Q�G�V �L�Q �K�L�V�W�R�U�L�F�D�O �G�D�W�D �D�Q�G �H�[�S�H�U�W �L�Q�V�L�J�K�W�V �V�X�S�S�R�U�W �I�X�W�X�U�H �R�S�H�U�D�W�L�R�Q�D�O �S�O�D�Q�Q�L�Q�J
�I�R�U �G�H�S�R�W �R�S�H�U�D�W�L�R�Q�V�"

�$�Q�D�O�\�V�L�V �R�I �0�6�& �G�D�W�D �R�I �W�K�H �\�H�D�U �������� �I�U�R�P �W�K�H �F�D�V�H �V�W�X�G�\ �G�H�S�R�W �0�H�G�5�H�S�D�L�U �6�P�L�U�Q�R�I�I�Z�H�J �U�H�Y�H�D�O�H�G
�G�L�V�W�L�Q�F�W �V�H�D�V�R�Q�D�O �S�D�W�W�H�U�Q�V �L�Q �U�H�H�I�H�U �F�R�Q�W�D�L�Q�H�U �D�U�U�L�Y�D�O �D�Q�G �G�H�P�D�Q�G �I�O�X�F�W�X�D�W�L�R�Q�V�� �5�H�I�H�U�U�H�G �W�R �D�V �W�K�H �U�H�H�I�H�U
�V�H�D�V�R�Q�� �W�K�L�V �V�H�D�V�R�Q �F�U�H�D�W�H�V �R�S�H�U�D�W�L�R�Q�D�O �S�U�H�V�V�X�U�H�� �O�L�P�L�W�L�Q�J �I�O�H�[�L�E�L�O�L�W�\ �I�R�U �W�D�F�W�L�F�D�O �F�K�D�Q�J�H�V �G�X�H �W�R �K�L�J�K
�D�F�W�L�Y�L�W�\ �D�Q�G �W�L�J�K�W �(�&�+ �X�V�D�J�H�� �2�Q �W�K�H �R�W�K�H�U �H�Q�G�� �W�K�H �S�H�U�L�R�G �R�X�W�V�L�G�H �R�I �W�K�L�V �V�H�D�V�R�Q�� �R�I�I�H�U�V �J�U�H�D�W�H�U �R�S�S�R�U��
�W�X�Q�L�W�L�H�V �I�R�U �V�W�U�D�W�H�J�L�F �S�O�D�Q�Q�L�Q�J �D�Q�G �L�P�S�U�R�Y�H�P�H�Q�W�V �L�Q �G�H�S�R�W �O�D�\�R�X�W �D�Q�G �V�W�D�F�N�L�Q�J �V�W�U�D�W�H�J�L�H�V��

�'�X�U�L�Q�J �W�K�L�V �S�H�U�L�R�G�� �G�H�S�R�W �S�U�R�F�H�G�X�U�H�V �F�D�Q �I�R�F�X�V �R�Q �J�O�R�E�D�O���U�H�J�L�R�Q�D�O �O�R�J�L�V�W�L�F�V�� �H�L�W�K�H�U �E�\ �D�E�V�R�U�E�L�Q�J �F�R�Q�W�D�L�Q��
�H�U�V �I�R�U �V�W�R�U�D�J�H �R�U �I�D�F�L�O�L�W�D�W�L�Q�J �P�R�U�H �F�R�Q�W�D�L�Q�H�U�V �W�R �W�K�H �F�R�Q�W�D�L�Q�H�U �O�R�J�L�V�W�L�F�V �V�\�V�W�H�P�� �7�K�H �V�L�P�X�O�D�W�L�R�Q �P�R�G�H�O
�G�H�Y�H�O�R�S�H�G �L�Q �W�K�L�V �U�H�V�H�D�U�F�K �Z�D�V �G�H�V�L�J�Q�H�G �W�R �H�[�S�O�R�U�H �W�K�H�V�H �S�U�R�F�H�V�V �U�H�O�D�W�L�R�Q�V�K�L�S�V �D�Q�G �V�\�V�W�H�P �G�\�Q�D�P�L�F�V
�I�R�U �D �I�X�O�O �\�H�D�U�� �&�R�P�E�L�Q�L�Q�J �W�K�H �N�Q�R�Z�O�H�G�J�H �J�D�L�Q�H�G �W�K�U�R�X�J�K �V�\�V�W�H�P �D�Q�G �G�D�W�D �D�Q�D�O�\�V�L�V �D�Q�G �H�[�S�H�U�W �F�R�Q��
�V�X�O�W�D�W�L�R�Q�V�� �I�X�W�X�U�H �R�S�H�U�D�W�L�R�Q�D�O �S�O�D�Q�Q�L�Q�J �Z�L�W�K�L�Q �G�H�S�R�W�V �F�D�Q �E�H�F�R�P�H �P�R�U�H �D�G�D�S�W�L�Y�H�� �0�D�N�L�Q�J �V�X�U�H �W�K�D�W �W�K�H
�G�H�S�R�W �U�H�P�D�L�Q�V �H�I�I�L�F�L�H�Q�W �D�Q�G �U�H�V�S�R�Q�V�L�Y�H �W�R �F�K�D�Q�J�L�Q�J �G�H�P�D�Q�G�V �R�U �V�W�U�D�W�H�J�L�H�V �W�K�U�R�X�J�K�R�X�W �W�K�H �\�H�D�U��
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�V�W�D�F�N�L�Q�J �V�W�U�D�W�H�J�L�H�V �X�Q�G�H�U �Y�D�U�\�L�Q�J �G�H�S�R�W �F�R�Q�G�L�W�L�R�Q�V�� �L�Q�F�O�X�G�L�Q�J �O�R�J�L�V�W�L�F�V �V�W�U�D�W�H�J�L�H�V�� �G�H�P�D�Q�G �U�H�T�X�L�U�H�P�H�Q�W�V
�D�Q�G �L�Q�I�U�D�V�W�U�X�F�W�X�U�D�O �F�R�Q�V�W�U�D�L�Q�W�V�"

�%�D�V�H�G �R�Q �G�D�W�D �D�Q�D�O�\�V�L�V �D�Q�G �H�[�S�H�U�W �F�R�Q�V�X�O�W�D�W�L�R�Q�� �W�Z�R �G�L�V�W�L�Q�F�W �S�H�U�L�R�G�V �L�Q �W�K�H �\�H�D�U �D�U�H �L�P�S�R�U�W�D�Q�W �W�R �(�&�'
�R�S�H�U�D�W�L�R�Q�V�� �)�L�U�V�W �W�K�H �U�H�H�I�H�U �V�H�D�V�R�Q�� �Z�K�H�Q �W�K�H �L�Q�W�H�U�D�U�U�L�Y�D�O �U�D�W�H�V �R�I �U�H�H�I�H�U �F�R�Q�W�D�L�Q�H�U�V �E�H�F�R�P�H �P�R�U�H �F�U�L�W�L�F�D�O��
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�7�K�L�V �V�H�F�R�Q�G �S�H�U�L�R�G �L�Q �W�L�P�H �L�V �G�L�Y�L�G�H�G �L�Q�W�R �W�K�U�H�H �G�L�I�I�H�U�H�Q�W �V�W�U�D�W�H�J�L�F�D�O �G�H�F�L�V�L�R�Q �V�F�H�Q�D�U�L�R�V�� �7�K�H�V�H �I�R�X�U
�G�L�I�I�H�U�H�Q�W �V�F�H�Q�D�U�L�R�V �W�R�J�H�W�K�H�U �F�D�S�W�X�U�H �W�K�H �P�D�L�Q �R�S�H�U�D�W�L�R�Q�D�O �Y�D�U�L�D�W�L�R�Q�V �Q�H�H�G�H�G �I�R�U �P�R�G�H�O�O�L�Q�J �(�&�' �R�S�H�U�D��
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�'�X�U�L�Q�J �W�K�H �U�H�H�I�H�U �V�H�D�V�R�Q �L�W �L�V �L�P�S�R�U�W�D�Q�W �W�R �I�R�F�X�V �P�R�U�H �R�Q �O�D�\�R�X�W �G�H�V�L�J�Q �D�Q�G �V�W�D�F�N�L�Q�J �V�W�U�D�W�H�J�L�H�V�� �'�X�U�L�Q�J
�W�K�H �R�I�I���V�H�D�V�R�Q�� �V�W�U�D�W�H�J�L�F �G�H�F�L�V�L�R�Q���P�D�N�L�Q�J �U�H�J�D�U�G�L�Q�J �S�U�R�F�H�V�V �G�X�U�D�W�L�R�Q�V �F�R�P�E�L�Q�H�G �Z�L�W�K �O�D�\�R�X�W �D�Q�G �V�W�D�F�N��
�L�Q�J �E�H�F�R�P�H�V �P�R�U�H �U�H�O�H�Y�D�Q�W�� �%�R�W�K �S�H�U�L�R�G�V �V�K�R�X�O�G �E�H �W�H�V�W�H�G �X�Q�G�H�U �G�L�I�I�H�U�H�Q�W �V�H�W�W�L�Q�J�V �W�R �H�Y�D�O�X�D�W�H �W�K�H
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�O�D�\�R�X�W �D�Q�G �V�W�D�F�N�L�Q�J �V�W�U�D�W�H�J�L�H�V �R�Q �G�H�S�R�W �S�H�U�I�R�U�P�D�Q�F�H�"

�7�R �D�G�G�U�H�V�V �W�K�H �F�R�P�S�O�H�[�L�W�\ �R�I �H�Y�D�O�X�D�W�L�Q�J �G�L�I�I�H�U�H�Q�W �O�D�\�R�X�W �D�Q�G �V�W�D�F�N�L�Q�J �V�W�U�D�W�H�J�L�H�V �L�Q �(�&�'�V�� �V�L�P�X�O�D�W�L�R�Q��
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�L�Q �W�L�P�H�� �W�U�L�J�J�H�U�H�G �E�\ �H�Y�H�Q�W�V�� �(�[�D�P�S�O�H�V �R�I �V�X�F�K �H�Y�H�Q�W�V �F�R�X�O�G �E�H�� �W�U�X�F�N �D�U�U�L�Y�D�O�� �L�Q�V�S�H�F�W�L�R�Q�V �R�U �F�R�Q�W�D�L�Q�H�U
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�*�L�Y�H�Q �W�K�H �V�W�R�F�K�D�V�W�L�F �D�Q�G �S�U�R�F�H�V�V���G�U�L�Y�H�Q �Q�D�W�X�U�H �R�I �G�H�S�R�W �H�Q�Y�L�U�R�Q�P�H�Q�W�V�� �'�L�V�F�U�H�W�H���(�Y�H�Q�W �6�L�P�X�O�D�W�L�R�Q �L�V �D
�Z�H�O�O���V�X�L�W�H�G �P�R�G�H�O�O�L�Q�J �D�S�S�U�R�D�F�K�� �'�(�6 �P�D�N�H�V �L�W �S�R�V�V�L�E�O�H �W�R �D�V�V�H�V �K�R�Z �G�L�I�I�H�U�H�Q�W �O�D�\�R�X�W �F�R�Q�I�L�J�X�U�D�W�L�R�Q�V �D�Q�G
�V�W�D�F�N�L�Q�J �V�W�U�D�W�H�J�L�H�V �D�I�I�H�F�W �R�S�H�U�D�W�L�R�Q�D�O �S�H�U�I�R�U�P�D�Q�F�H �L�Q �D �U�H�D�O�L�V�W�L�F �Z�D�\ �E�D�V�H�G �R�Q �G�D�W�D�� �:�K�H�Q �F�R�P�E�L�Q�H�G
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�)�R�O�O�R�Z�L�Q�J �W�K�H �D�Q�D�O�\�V�L�V �D�Q�G �.�3�, �F�R�P�S�D�U�L�V�R�Q �R�I �W�K�H �V�F�H�Q�D�U�L�R�V �D�Q�G �V�H�W�W�L�Q�J�V �W�K�H �F�R�Q�F�O�X�V�L�R�Q �F�D�Q �E�H �G�U�D�Z�Q
�W�K�D�W�� �G�L�I�I�H�U�H�Q�W �O�D�\�R�X�W�V �S�H�U�I�R�U�P �E�H�W�W�H�U �X�Q�G�H�U �G�L�I�I�H�U�H�Q�W �F�R�Q�G�L�W�L�R�Q�V�� �K�L�J�K�O�L�J�K�W�L�Q�J �W�K�H �U�H�O�H�Y�D�Q�F�H �R�I �D�G�D�S�W�L�Y�H
�O�D�\�R�X�W�V�� �7�D�N�L�Q�J �D�V �D�Q �H�[�D�P�S�O�H �V�H�W�W�L�Q�J ���� �Z�K�L�F�K �R�X�W�S�H�U�I�R�U�P�V �R�W�K�H�U �V�H�W�W�L�Q�J �L�Q �W�H�U�P�V �R�I �R�F�F�X�S�D�W�L�R�Q �U�D�W�H�V��
�W�K�U�R�X�J�K�S�X�W�� �(�&�+ �P�D�Q�D�J�H�P�H�Q�W �D�Q�G �E�R�W�W�O�H�Q�H�F�N �F�R�Q�W�U�R�O �U�H�O�D�W�H�G �W�R �V�F�H�Q�D�U�L�R ����

�,�Q �V�F�H�Q�D�U�L�R ������ �D�Q�G �� �W�K�H�U�H �L�V �Q�R �F�O�H�D�U �Z�L�Q�Q�H�U �L�Q �W�H�U�P�V �R�I �W�K�U�R�X�J�K�S�X�W�� �E�X�W �L�P�S�U�R�Y�H�P�H�Q�W�V �D�U�H �P�R�U�H
�I�R�F�X�V�H�G �D�Q�G �Y�L�V�L�E�O�H �L�Q �U�H�G�X�F�H�G �G�U�L�Y�L�Q�J �G�L�V�W�D�Q�F�H�V �D�Q�G �E�R�W�W�O�H�Q�H�F�N �F�R�Q�W�U�R�O�� �6�H�W�W�L�Q�J �� �S�H�U�I�R�U�P�V �E�H�V�W �Z�K�H�Q
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Abstract—Despite their critical role in maintaining container
availability, Empty Container Depot (ECD) operations remain
underexplored in academic research, speci�cally when focused
on layout design and stacking strategies. This research presents
a simulation framework that helps improve ECD operations
and system dynamics understanding. By applying the approach
to a real-world case, the MedRepair Smirnoffweg depot, this
study not only contributed to the academic understanding of
ECD operations, but also supports informed decision-making for
improving depot ef�ciency. By developing a generic model and
applying the theories discussed, this research provided valuable
support for planning both existing and new depot facilities with
similar operational characteristics and challenges. Adaptive layout
con�gurations and stacking strategies help depots respond better
to seasonal demand �uctuations and varying truck interarrival
patterns. By testing different designs in realistic scenarios,
improvements can be made in equipment use, driving distances
and bottleneck control within the system. Shipping companies
that own their own depots are advised to apply the framework
to proactively manage layout transitions and stacking strategies
in alignment with forecasted �ows. This enables more resilient
operations and improves the coordination between logistics agents
and depot personnel.

Keywords—Empty Container Depot, Conceptual modelling,
Layout con�gurations, Discrete-Event Simulation, Simulation
framework, Strategic decision-making

I. INTRODUCTION

Container transport is expected to grow in the years to come.
This is con�rmed by the United Nations Conference on Trade
and Development (UNCTAD), projecting an average annual
increase of 2.7% between 2025 and 2029 [1]. This growth is
driven by the recovery of global trade, technological progress
and infrastructure developments. This development has direct
implications for the infrastructure and operational processes
within maritime and hinterland logistics. This expected growth
will particularly put pressure on existing resources, like con-
tainer terminals, yards and depots.

To maintain operational ef�ciency under these conditions,
strategies are needed to manage future container �ows effec-
tively. These strategies must not only consider the handling
of full containers, but also the handling of empty containers,
because they account for a signi�cant share of the total
container movements. Especially in Europe this share is high,
due to higher import volumes compared to export volumes.

The extra-EU export trade that happened via sea is almost
half of the total amount of goods transported between EU and
other continents, from an import perspective this share is even
larger than 50% of the total imported amount value of goods
[2].

For shipping companies, tailored empty container manage-
ment is essential in keeping operational costs under con-
trol. This is about both the strategic repositioning of empty
containers across terminals and the handling of containers
that arrive at depots for storage and maintenance & repair
(M&R) activities. Empty Container Depots (ECDs) play a
vital role in the logistic chain as they are responsible for
inspecting, maintaining and if necessary repairing containers
before they are redeployed. The expected increase in container
volume implies that depots will face a signi�cant rise in the
number of container units processed as well. Factors such as
yard con�guration, spatial organisation of stacking areas and
container stacking strategies are becoming more important in
overall facility performance.

Depot operations have to deal with different seasonal supply
and demand situations and strategic decisions related to move-
ments of empty containers within the supply chain network
itself [3]. Depending on the situation, shipping companies may
choose to absorb �ows using extra storage capacity or evacuate
container more rapidly by adjusting routing and scheduling. In
both cases, ECDs play a critical role. This raises the question
of how operational ef�ciency can be improved under high
capacity utilisation, while still allowing the depot to adapt to
changing market conditions with suf�cient �exibility. The goal
of this research is to improve operational processes within
an ECD facility, focused on adaptive layout and stacking
strategies, by following a simulation framework applied on
a case study. From a layout perspective, layout con�gurations
should be adaptive, meaning that storage blocks could change
shape and size or even locations within the depot to best �t the
speci�c needs of each operational scenario. This adaptiveness
support operational �exibility, accounts for infrastructural con-
straints and enables the depot to respond effectively to shifts
in container �ows and regional repositioning needs.

By adopting a broader perspective on ECD operations, ad-
ditional effective solutions can be identi�ed. When considered
and studied, ECD systems have the potential to signi�cantly



improve their ability in handling container volumes in the fu-
ture. This evolution could transform ECDs into multifunctional
facilities that go beyond traditional M&R and storage roles.
These facilities could help relief terminals or other facilities
from handling empty containers by taking on a more active
role in container delivery and pick-up. Strategically planning
of ECDs allows carriers to use them as alternative access
points, reducing pressure on terminals, which supports more
�exible operations.

This paper follows the following structure. In Section II,
a comprehensive literature review will be presented on ECD
and related literature. Section III, build on this gap de�ned
by introducing a simulation framework that is tailored to
break down ECDs and similar systems. Section IV, applies
the constructed framework by analysing system relationships
in combination with a data analysis. Section V, builds on
this analysis by implementing these �ndings into a Discrete-
Event Simulation (DES) model tailored to a case study depot.
Section VI, applies this model to a highly relevant scenario to
ECD operations with corresponding settings. These analyses
together are further discussed in Section VII and Section VIII
in the conclusion and discussion section.

II. LITERATURE REVIEW

The continued growth of global container transport increases
the pressure on the logistics chain. This development has direct
implications for the infrastructure and operational processes
within terminals, yards and depots. As demand rises, ECDs
face growing challenges related to storage space, process
ef�ciency and equipments use. Despite their critical role in
maintaining container availability, ECD operations remain
underexplored in academic research. Most literature is focused
on full container terminals and repositioning �ows of empty
containers. A few studies, such as the paper by Hidalgo et al.
(2017) [4] and Pascual and Smith (2020) [5], addresses the
speci�c operational dynamics within ECDs.

A. Foundational studies in ECD operations

After carefully reviewing the literature, it becomes clear that
research directly focused on ECD operations is still very
limited. This section will further elaborate on the key �ndings
from the available literature. Studies that show the strongest
connection to this research area are: Hidalgo et al. (2017) [4],
Pascual and Smith (2020) [5], Karakaya (2020) [6], Karakaya
et al. (2021) [7] and Karakaya et al. (2023) [8]. A particular
attention will be on the paper written by Hidalgo et al. (2017)
[4], which provides a valuable and closely related method-
ological starting point for this research. Their simulation-
based approach offers a structured way to evaluate operational
policies related to ECD operations, using real-world data and
statistical analysis that support decision-making.

Many aspects of their research approach are highly relevant
and will be applied in this research as well. Think of the use of
stochastic inputs, the use of empirical distributions represent-
ing how long different processes take based on data, as well as,
scenario based testing. However, there are several important

differences between their study and the focus of this research.
Hidalgo et al. (2017) [4] examine a multi-user depot with
�xed layout con�gurations and detailed transactional data,
focusing on operational decisions within designated storage
blocks per shipping company. In contrast, this research is
focused on a single-user depot, emphasising tactical decisions
around layout �exibility and container grouping based on type
or conditions. Historical data should inform the comparative
analysis of alternative layout and stacking strategies under
varying scenarios.

Despite these differences, several methodological compo-
nents from Hidalgo et al. (2017) [4] remain highly relevant.
The structure of their simulation experiments and statical
evaluation techniques offer valuable insights that could inform
the modelling approach in this study. In their conclusion,
they state that the underlying methods used in their research
are widely applicable. This perspective supports the notion
that a simulation framework can offer insights for similar
ECD facilities facing similar operational challenges. Moreover,
their conclusion highlights the potential to extend their model
towards the analysis of different depot layouts. This aligns
closely with the core objective of this research, which is pri-
marily focused on evaluating alternative layout con�gurations.

B. Methodological insight from related �elds

Before exploring the speci�c components and processes within
an ECD, it is critical to �rst clarify what the de�nition of a
”system” is. This concept forms the foundation for understand-
ing the depot's structure and interactions. The concepts and
terms used in this research are informed by The Delft Systems
Approach by Veeke et al (2008) [9], and are considered highly
relevant for understanding and modelling the operations of an
ECD.

Adding to the understanding of the system by analysing its
components and relationships, the steps towards a simulation
model is to start with a simpli�ed version of the real-world
context using conceptual modelling. To support this transition,
two different sources provide practical guidance. The �rst
edition of Conceptual modelling for simulation: De�nition
and requirements by Robinson S. (2008) [10] describes that
a well-de�ned conceptual model is essential to make sure all
stakeholders share a common understanding of the model's
structure, scope and purpose. Providing also guidance on
which elements to include inside the conceptual model. The
second edition builds on this by presenting a framework for
developing a conceptual model [11]. Which is supported by
a later work of Robinson S (2016) [12], which helps de�ning
the appropriate level of abstraction when modelling complex
systems with practical examples. These insights help guide
the correct development of a conceptual model for complex
systems such as ECDs.

Building on the conceptual model developed through the
systems thinking approach, the current layout of an ECD could
be analysed and opportunities for layout improvements could
be discovered. While optimisation is not the focus of this
research, literature on Facility Layout Problems (FLP) helps
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guide layout analysis. A comprehensive survey by Drira et al.
(2007) [13] represents different types of FLP and presents a
tree structure that can be used for narrowing down the scope
of the problem. Besides this information, different layout
designs are brie�y discussed which could be applicable on
ECDs, such as an open-�eld or loop layout. Another paper
by Maina et al (2018) [14] applies Muther's Systematic
Layout Planning (SLP) method to improve layouts based on
activity relationships and �ow analysis. Translating this to
different path con�gurations for containers inside an ECD,
an activity relationship chart could help de�ning new layouts.
This is further underlined in the paper by Low and Wong
(2017), where they also implement Muther's SLP to minimise
total distance travelled by machinery. Highlighting internal
transport as key metric, focusing on reducing driving distances
within a facility can lead to better system performance.

To evaluate layout con�gurations and stacking strategies
under varying capacity conditions in ECD, a suitable mod-
elling approach is essential. The operational environment of
an ECD is characterised by uncertainty, dynamic interac-
tions between processes and resource constraints. Container
�ows are subject to considerable variability in arrival times,
handling requirements and retrieval patterns, contributing to
the overall uncertainty in the system. These conditions make
analytical modelling therefore complex and often dif�cult
to apply effectively. One way to address this complexity is
through simulation, with Discrete-Event Simulation (DES)
being speci�cally well suited to such systems. DES models
systems in which state changes happen at distinct points in
time, triggered by events. Examples of such events could be,
truck arrival, inspections or container movements inside the
depot. Therefore, DES is well suited for modelling opera-
tional systems like logistics and inventory environments. As
explained by Goldsman and Goldsman (2015) [15] in the
book Modeling and Simulation in the Systems Engineering
Life Cycle, by Margaret L. Loper (2015), inventory systems
where products are received, stored, picked and restocked are
applicable for DES. ECD operations share many similarities
with those inventory systems. This makes it particularly suit-
able for modelling logistics environments involving queues,
resource allocation and stochastic process durations.

C. Conclusion literature review

Literature on Empty Container Depots (ECDs) is limited,
speci�cally when focused on layout design and stacking
strategies. This review has shown that many principles from
related logistical contexts have potential relevance for ECD
operations. Although originally developed for alternative sys-
tems such as, container terminals or warehouse systems, these
concepts offer useful perspectives for analysing and improving
depot performance. While informative, these concepts are
not tailored to the unique complexities of individual ECDs.
Therefore, alternative methods need to be considered to gain
operational insight about ECD systems, for example through
expert consultation. The reviewed literature supports the idea
that simulation-based analysis can generate valuable insights

for ECD facilities operating in different layout and stacking
scenarios. The relevance of this research lies in its ability to
bridge a clear literature gap while also offering practical value.
By applying the approach to a real-world case, the MedRepair
Smirnoffweg depot, this study will not only contribute to the
academic understanding of ECD operations, but also supports
informed decision-making for improving depot ef�ciency. By
developing a generic model and applying the theories dis-
cussed, this research provides valuable support for planning
both existing and new depot facilities with similar operational
characteristics and challenges.

III. METHODOLOGY

This research produced three key deliverables. First, a general
framework for analysing and improving operations within
ECDs, focusing on layout adaptability, process ef�ciency and
scenario-based planning. Second, a simulation model devel-
oped as part of the framework, capable of evaluating different
layout con�gurations and stacking strategies under various
operational scenarios and different depot environments. Third,
the application of the framework and the model in a case study
at MedRepair Smirnoffweg (Rotterdam), evaluating different
layout con�gurations and stacking strategies under various
operational scenarios in a real-world context.

A. Case study

Given the complexity and speci�c nature of the research
topic, this study focused on analysing a single empty depot
to gain insights into general operational patterns. Factors such
as depot layout, the variety of container movements and the
varying conditions of arriving containers differ depending on
demand �uctuations and truck arrival patterns. Each depot
is unique, making it impractical to generalise �ndings with-
out �rst conducting a detailed case study at one location.
MedRepair Smirnoffweg was therefore an ideal case for col-
lecting historical data on all activities occurring at this site.
The analysis of this data, and the system analysis conducted,
supported the development of realistic layout scenarios, which
were crucial for testing and re�ning the simulation model. By
focusing on MedRepair Smirnoffweg, scenarios were tailored
to the speci�c container movements and spatial challenges
of this depot. Making the output both valuable and directly
applicable for improving ef�ciency at this location, while
also contributing to a broader understanding of general depot
operations.

B. Simulation framework

A re�ned simulation framework is developed, which was
based on a earlier developed research framework, that helps
to analyse and improve operations in ECD operations. This
improved version offers a generalised structure for breaking
down similar systems, which is focused on ECD operations
but could also be applied to other M&R facilities or ware-
housing environments in comparable operational settings. This
simulation framework, presented in Figure 1, serves as a prac-
tical guideline for researchers aiming to identify operational
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Fig. 1. Simulation Framework

inef�ciencies, test different operational, tactical and strategic
scenarios, and focus on improving facilities. The core steps
taken in the framework are coloured in yellow, representing a
key phase in the analysis process. Speci�c methods or consid-
erations are assigned to these step to support their execution,
coloured in light blue. Grey boxes highlight methods and
considerations that can complement to the analysis, which are
considered in this research but not implemented.

IV. SYSTEM ANALYSIS

ECDs are essential nodes in the global logistics chain, yet they
vary signi�cantly in size, layout and operational complexity.
Despite these differences, many ECDs share a core set of
activities and processes. To better understand and improve
operations across such depots, a layered breakdown of the
system is presented, that captures the key components and
dynamics of a typical ECD. While the system structure is
designed to be broadly applicable, it is grounded in the
operational reality of a speci�c case: The MedRepair depot at
Smirnoffweg in the port of Rotterdam. This depot is selected
because of its representativeness in ECD operations. By using
this location to structure, test and validate system components,
this research makes sure that both practical relevance and
generalisability is obtained.

A. Empty Container Depot (ECD)

The layered breakdown of the system is structured in four
layers. Starting from a high-level (macro) view of the ECD
system, down to the detailed behaviour of individual entities
within the depot. This layered approach supports a compre-
hensive analysis of ECD operations. Within each level, a com-
bination of structural con�gurations and analytical modelling

approaches is used to describe the system. Structural elements,
such as Job Shop or Flow Shop representations, help capture
the sequencing of activities. While analytical components,
such as queueing models, represent waiting times, service
dynamics and system performance. Together, these elements
de�ne how events link to activities and how activities link
to processes. While the system shows characteristics of these
models, this research does not aim to solve these models.
Instead, their structural and analytical elements are used to
describe and understand the operational behaviour of the ECD.

Starting with the lowest level of detail, de�ning the concept
of ECD operations as a system. Based on the literature �ndings
the ECD system is de�ned as a set of coherent elements that
can be distinguished from the broader reality. These elements
are interconnected and some of them interact with that broader
reality [9]. The ECD system could be de�ned as a facility
where containers (entities) with unknown dimensions and
conditions enter the system (Input). Inside the depot multiple
activities are performed (Process) before that same container
moves out of the system again, with known dimensions and
condition (Output). This can best be described using the
IDEF0 modeling method, as explained in the book Modeling
and Analysis of Enterprise and Information Systems by Li
Q. and Chen Y. [16]. The boundaries of an ECD system
are de�ned by the gate-in and gate-out of containers, they
represent the interaction of the system with its environment.
ECD operations are focused on two different entity types, dry
containers and reefer containers. Therefore, whole the depot
operations could be split into two operational entity streams,
see Figure 2. For dry and reefer containers multiple activ-
ity combinations are possible that together form the system
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Fig. 2. IDEF0 A0 representation of the ECD system (meso) level

processes. All subsystems for dry and reefer containers are
mentioned and numbered according to the IDEF0 modelling
representation, these subsystems and there relationships are
presented in Figures 13 and 14 in Appendix A.

Following the IDEF0 modelling method, the system at
meso-level is further decomposed into a set of operations
speci�c to each subsystem for dry operations. This micro-
level representation provides a more detailed view of internal
processes. For every box inside IDEF0 A2 and A3 different
control and mechanism elements are used. To gain insights
into these process durations, depot procedures and operational
data are analysed to describe the ECD system as it functions
in reality. The conducted analysis will serve as a foundational
input for the conceptual modelling phase.

B. Data analysis

Process durations and procedures are analysed for all subsys-
tems described in the IDEF0 �gures. Most subsystems use
statistical distribution functions based on observed company
data, other subsystems rely on procedural knowledge gained
through expert consultations of the case study depot. An
important analysis is related to the interarrival of trucks
with both dry and reefer containers. For dry containers, no
signi�cant �uctuations in demand were observed for a full
year, suggesting that the pattern of truck interarrival is similar
during this analysed period. For reefer containers, signi�cant
�uctuations in the interarrival pattern were observed for a full
year, dividing the year into three different sections. Resulting

in an easy, normal and stressed �ow period for the interarrival
of trucks with reefer containers.

The data that were analysed are discrete, so a Chi-Square
goodness-of-�t test was conducted to identify suitable prob-
ability distribution functions [17]. The distributions that best
�tted the data according to these tests are different geometric
distributions.

Fig. 3. Fitted PDF to the interarrival times of trucks with dry containers

The dataset used for these analyses re�ect actual operational
behaviour, including ad hoc decision making that in�uences
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depot performance. Due to the structured modelling approach
followed in this chapter, this detailed operational variability is
not fully captured. Therefore, a slightly different interpretation
of the data is applied, to ensure that insight into process rela-
tionships is maintained. This was done by using an adjusted
version of the Maximum Likelihood Estimator (MLE) used for
geometric distributions, where � represents an integer offset
which underestimates the probability of shorter interarrival
times.

Although this equation deviates from the original MLE
used, it still effectively captures the overall shape and logic
of the empirical distribution. The conceptual model should be
designed to explore process relationships and layout dynamics,
rather then replicate exact operational behaviour. Using the
original MLE equation would result in a high rate of container
generation, preventing meaningful insights into these relation-
ships. This adjusted MLE equation helps with maintaining
interpretable results by underestimating low interarrival time
values and overestimating high interarrival time values. This
principle is shown in Figure 3 as an example for the interarrival
times for dry containers.

For processes that happen within depot subsystems a differ-
ent technique is used to evaluate the data. Taking into account
the fact that these processes are continuously measured and not
rounded in real life, these data are �tted using a continuous
distribution. An Empirical Cumulative Distribution Function
(ECDF) is constructed based on observed data of the year 2024
for all subsystems. These empirical distributions were then
statistically compared with multiple theoretical distributions
using a Kolmogorov-Smirnov (K-S) test [18]. This in order to
identify the Probability Density Functions (PDFs) that best �ts
the data. These PDFs provide a simpli�ed and generalisable
form suitable for simulation. By translating these observations
into continuous statistical distributions, process durations can
be stochastically generated, when applied in a simulation
model as in this research.

In addition to the analysis conducted on process durations
and procedures, further insights were gained regarding con-
tainer quality and characteristics. This analysis served as input
for the simulation model by supporting realistic �ows within
the system. By identifying the share of containers with speci�c
qualities and characteristics, the model is able to simulate
operational �ows more accurately, which is an essential step
to re�ect system performance.

C. Conclusion system analysis

This system analysis focused on analysing the ECD system's
(operational) characteristics and relationships. The system was
broken down into four levels complemented by the use of
the IDEF0 method, providing a structured overview of the
components. A distinction was made between dry and reefer
containers, each with their own speci�c relationships and
processes. This layered approach offered valuable insights into
subsystem interactions and helped identify operational bottle-
necks through the visual inspection of the IDEF0 diagrams.
All subsystems de�ned represent the core processes within an

ECD system for both container types mentioned. At the micro-
level (highest level of detail), each subsystem and its internal
processes were described in detail. This system and data analy-
sis helped with understanding depot procedures, which further
clari�ed how the system functions in the real-world practice.
For the data analysis, both discrete and continuous data were
examined to accurately capture process durations. Statistical
tests, including the Kolmogorov-Smirnov and Chi-square tests,
were used to determine the probability distributions that best
�t the data. In some cases, these tests were adapted to better
re�ect the system's behaviour. This because the conceptual
model is intended to explore process relationships and layout
dynamics, rather than replicate exact operational behaviour. To
conclude, this combined analysis serves as the foundational
input for the conceptual modelling phase.

V. SIMULATION MODELLING

The aim of the model is to provide insight into ECD opera-
tions by testing various layout structures and stacking strate-
gies through a �exible and easily adaptable DES simulation
model. The testing of these layout structures and stacking
strategies are carried out using a baseline simulation model.
This baseline model is the direct translation of a conceptual
model. The goal is to uncover and understand the operational
relationships between subsystems, identify bottlenecks and
analyse internal movement dynamics, such as congestion and
�ow disruption within the depot. Although tailored to the
operations of MedRepair Smirnoffweg, the model was built
in a generic and �exible way, allowing adaptation to different
path con�gurations, layout designs, stacking strategies and op-
erational policies. The model was created using the simulation
framework presented in Figure 1, which de�ned core concepts
and guided the modelling process.

For the modelling of the baseline model several inputs were
used. Starting with the �rst determination of all subsystems
included in the model. Supported by the different control and
mechanisms for each subsystem. Taking into account relevant
experimental factors that were identi�ed based on an extensive
data analysis of the case study depot. For the baseline model
operational insight of the case study depot of the year 2024
is used. In addition to this, a �lter was applied to both dry
and reefer containers, focusing on the primary �ows within
the system. Therefore, these values do not accurately re�ect
the system's throughput of the year 2024.

A. Model implementation

Following the simulation framework presented in Figure 1,
this paragraph outlines the steps taken to move from system
and data analysis to the actual construction of the simulation
model. It re�ects one possible approach to building a model
based on operational understanding and structured design. The
conceptual model de�ned is translated into a Python model
using SimPy which is a DES library in Python. The �rst
important step was to de�ne what to model, based on the
identi�ed entities, resources and their relationships.
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Fig. 4. Model overview

Starting with the construction of setting up the simula-
tion environment in Python. This included the setup of the
whole simulation environment with its components such as,
time structure, container generator and resource de�nition.
The development started with the dry container �ow of the
ECD, building classes for subsystems with tailored policies.
Subsystems were created one by one, to test �ow logic and
timing. This choice was made to verify the correct behaviour
of the system. Once the dry container �ow was functioning,
the model was made more realistic by adding operational con-
straints. Such as, implementing different path con�gurations
and probability distributions or time durations per subsystem.
After �nalising the dry container setup, the same structure was
extended to reefer containers, using the IDEF0 A3 diagram.

This approach allowed for controlled testing and ensured
the model remained focused on capturing system �ows and
identifying bottlenecks. This by correctly logging all relevant
information used to evaluate the KPIs identi�ed. In Figure 4
an overview is presented of the whole model, including its
inputs and outputs.

B. Key Performance Indicators

The model generated outputs that re�ected the system's op-
erational performance. To assess performance, a set of Key
Performance Indicators (KPIs) was de�ned and is presented
in Table I. These outputs were essential for evaluating how
well the system functioned under the original layout (baseline)
and scenario-speci�c conditions. These parameters provided
insight into important aspects of the system, focussing on
throughput, utilisation and ECH usage. Throughput indicates
how ef�ciently the system processes containers, with higher
throughput generally linked to better operational performance.

ECH handling activity and driving distance are directly linked
to labour and fuel costs, minimising movements while max-
imising handling ef�ciency contributes to cost reduction. This
is especially important since ECD operations represent a cost
for shipping lines which own there own depots. Logging
subsystem occupations helps identify bottlenecks and assess
whether capacities are being fully utilised.

TABLE I
OVERVIEW OF PERFORMANCE INDICATORS

Name Description Unit Calculation

Throughput Number of dry/reefer
containers processed

# / day Count of outgo-
ing containers

Handling ca-
pacity ECH

Number of dry/reefer
containers handled by
an ECH

# Count per ECH +
sum all ECHs

Driving dis-
tance ECH

Total distance cov-
ered by ECH

km Count per ECH +
sum all ECHs

Max virtual
queue occu-
pation

Number of dry/reefer
containers in virtual
queue ECH

# Log simulation

Max
physical
buffer
occupation

Number of dry/reefer
containers in physical
buffer subsystems

# Log simulation

Max local
storage
occupation

Number of dry/reefer
containers in local
storage location
subsystems

# Log simulation

C. Assumptions, simpli�cations and limitations

Throughout the system analysis and conceptual modelling
process, several assumptions and simpli�cations were made
to streamline the development of the simulation model. These
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decisions helped reduce complexity while maintaining the
core principles and dynamics of the real-world ECD system.
Starting without an initial model, the �rst step was to construct
a robust baseline capable of testing and adapting to different
layout con�gurations under speci�c operational scenarios.
Operational policies are �xed in this research, allowing for
a focused analysis on how layout changes impact depot
performance. All assumptions and simpli�cations related to
system boundaries, data usage, subsystem processes and (path)
relationships have been carefully examined and are validated
through expert consultation. These elements are not individu-
ally listed here, but they are comprehensively addressed within
the research. This inclusion of assumptions and simpli�cations
ensures transparency and supports the robustness of the model
setup and analysis.

The constructed simulation model is a static model, meaning
that all scenarios, settings, principles and path con�gurations
are de�ned prior to execution. These settings remain �xed
during the run, once the simulation has started. Therefore,
this model does not support real-time or dynamic decision-
making, which is often present in ECD operations. The design
choice of a static model was made on purpose, to remain
focus on understanding the structural relationships between
subsystems, rather than simulating the full complexity of
dynamic operations. By doing so, the model is not capable of
reallocating resources (ECHs), adjusting �ows, or modifying
capacities based on the operational needs. Another important
aspect of the simulation is the interarrival rate of dry and reefer
containers, which was based on real-world data. Due to the
static behaviour of the simpli�ed model, the real interarrival
rates were intentionally adjusted. Including the real interarrival
rates would have stressed the model before meaningful insight
could be drawn. Including a slightly less powerful arrival
pattern following similar characteristics, helped capturing the
objective of the model: understanding system relationships
and identifying bottlenecks. As a result, the model is used
as a comparative tool that could analyse different layout
con�gurations to different scenarios and settings. This to
support strategic thinking and system redesign.

D. Conclusion model

This section presented the simulation model developed to rep-
resent the operations of the ECD at MedRepair Smirnoffweg.
The model serves as a direct translation of a conceptual model,
which is based on literature, expert consultation, system analy-
sis and data insights. While it focuses on the speci�c context of
the case study depot, the model is designed to be �exible. The
model is capable of adapting to various layout con�gurations,
stacking strategies, path designs and operational policies.

The primary objective of the model is to uncover and under-
stand operational relationships between subsystems. Adding
to that, the model helps identify bottlenecks and support
analysis of internal movement dynamics such as congestion
and �ow disruptions. This is achieved by providing a wide
range of input parameters, including subsystem and container
speci�c parameters, path con�gurations and distances between

subsystems for evaluating driving distance by ECHs. Assump-
tions and simpli�cations are applied to maintain and create a
balance between model complexity and interpretability, while
respecting the goal of the model, which is capturing essential
dynamics of the system.

To evaluate the system performance, several indicators were
de�ned, focusing on system throughput, occupation rates of
subsystems and ECH usage. By comparing outcomes to these
indicators, insights into the operational ef�ciency of the depot
can be provided. It is important to note that the model is
static in nature, relying on �xed inputs and therefore the
model is unable to adapt dynamically during runtime. The
primary value of the model lies in the comparative analysis of
layout con�gurations and stacking strategies. Putting this all
together, this model is a powerful tool that supports tactical
and strategic decision-making and informs the rethinking of
layout con�gurations.

VI. SCENARIO DESIGN AND ANALYSIS

The goal of these simulation experiments is to gain insight
into the operational dynamics of an ECD, rather than optimise
its performance. By simulating various layout con�gurations
and stacking strategies under different seasonal characteristics,
the aim is to evaluate whether alternative settings can lead to
improved performance, as de�ned through the KPIs. These
different settings are compared to the current layout of the
case study depot of MedRepair Smirnoffweg, which will act
as a baseline in every scenario. While each layout and stacking
strategy remains �xed during individual simulations runs, the
model allows for the development of tailored con�gurations
that better suit speci�c operational conditions. This adaptive
process helps identify layouts that avoid exceeding depot
capacities and maintain or improve ef�ciency under both peak,
regular and easy conditions. Simulation allows exploring sys-
tem behaviour under different operational scenarios, revealing
system dynamics and bottlenecks. Based on �ndings derived
from system analysis, data analysis, model-based testing and
literature, simulation helps improve understanding of the ECD
system. Combining these elements will result in new layout
con�gurations tailored to the case study conducted.

To conclude, these experiments are designed to compare the
performance of different layout and stacking strategies in four
different scenarios. With the goal of identifying con�gurations
that improve ECD operations based on KPI analysis.

A. Scenarios and settings

The core objective is to evaluate how different layout designs
and stacking strategies perform under varying seasonal char-
acteristics of empty container logistics. By simulating both
peak and regular operational periods, the model should identify
con�gurations that help avoid exceeding depot operational
capacities, maintain depot ef�ciency or improve ef�ciency. A
clear distinction into two categories can be made for the four
different scenarios. Scenario 1 focused on the peak months
for reefer container arrival, with its goal to test the system
resilience under stress conditions. Scenario 2,3 and 4, represent
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regular operations, which help explore strategic decisions
to improve performance in off-season periods. During this
period a stable interarrival rate pattern for both dry and reefer
containers is observed. Scenario 3 is focused on maximising
the storing function of the depot for dry containers. In scenario
4 the strategy is to generate fast throughput and depot storing
function is minimised. As scenario 1 is most relevant to the
analysis presented in this paper, this will be described in more
detail. The focus will be on the setting setup, including the
analysis of this scenario afterwards.

For evaluating the scenarios, nine different layout settings
including the current baseline setting are developed. The
development of these settings is based on insights from system
analysis, data analysis, model testing and literature. These
designs are the result of combining �ndings from phases 1 to 3
of the simulation framework, providing realistic, tailored and
data-driven con�gurations. The goal of layout development
is to design performance oriented settings tailored to ECD
operations. These settings focus only on spatial con�guration
and subsystem capacities, keeping all other simulation param-
eters constant. By doing so, a clear comparison of layout and
stacking strategies can be made against the baseline model.
Where the aim is to design new con�gurations that improve
performance across the four scenarios described. Below three
of the nine settings are visualised in Figures 5, 6 and 7,
dividing subsystems into dry (red), reefer (yellow) and shared
(green) systems. Figure 5 acts as a baseline for the setting
comparison. After carefully evaluating these �ndings setting
2 is created following similar perimeter con�gurations as the
baseline setting, see Figure 6.

Fig. 5. Schematic overview of baseline layout ECD

Following the setup approach it was possible to develop
new con�gurations that focuses on two main goals. First,
reducing internal driving distances of ECHs responsible for
the internal movements of both dry and reefer containers.
Second, provide a strategy that is better in controlling the
bottleneck dynamics within the system. By rethinking the
current system, which is constrained by its current shape and
perimeter con�guration, a complete new layout setup can
be designed presented in Figure 7. This conceptual redesign
excludes consideration of the �nancial investment required
to implement such structural changes. This setting will

Fig. 6. Schematic overview of setting 2 layout ECD

adjust the current shape and perimeter con�guration, while
maintaining the same surface area. The setting construction
of this setting follows the same approach as described for
setting 5 in the research, but complements this setting by an
improved version of setting 5 which is derived by iteratively
model-testing. Key adaptations are that the redesigned layout
follows a more rectangular perimeter with a hybrid loop
and open-�eld con�guration to streamline ECH movement
and reduce driving distances. This with a separate clockwise
and counter-clockwise �ows for reefer and dry containers
respectively. Additionally, washing facilities are separated
to eliminate bottlenecks and supporting infrastructure was
repositioned for operational ef�ciency based on �ow analysis.

Fig. 7. Schematic overview of setting 6 layout ECD

Expected is that this improved strategy is better in con-
trolling bottlenecks dynamics for this speci�c scenario. It
needs to be addressed that this layout and con�guration is
completely different and unrealistic to adjust to, because of
the currently �xed perimeter con�gurations. Therefore shifting
to this layout is not possible for this current location. It could
be possible when new facilities are analysed. Respecting the
same volumes, processes, relationships and similar factors.

B. Reefer season analysis

This scenario is evaluated using the KPIs de�ned in Table I,
following the same structure as presented in this table.
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Fig. 8. Scenario 1: Average reefer and dry container gate-out per operational day

The KPIs are grouped into three main categories: throughput,
ECH usage and subsystem occupation rates. To provide a
clear understanding of the system dynamics, it is important to
evaluate the KPIs together. This combined view helps explain
the scenario outcomes more effectively.

TABLE II
SCENARIO 1: SIMULATION SETTINGS

Characteristics Value Unit

Runtime 230.400 Simulation minutes
Number of runs 25 -
Measurement interval 780 Simulation minutes
Depot open 780 Operating minutes
Depot closed 660 Non-operating

minutes
Driving speed ECH 10 km / h
Occupation all subsystems at
start

0 #TEU used

TABLE III
SCENARIO 1: INTERARRIVAL CONTAINERS

Type Probability distri-
bution

Interval [min] # Operational
days

Dry Geom(p=0.1918) 0 < 201.600 140
Dry Geom(p=0.0001) � 201.600 20
Reefer Geom(p=0.0964) 0 < 57.600 40
Reefer Geom(p=0.0645) 57.600 < 72.000 10
Reefer Geom(p=0.1453) 72.000 < 100.800 20
Reefer Geom(p=0.0645) 100.800 < 115.200 10
Reefer Geom(p=0.0964) 115.200 < 201.600 60
Reefer Geom(p=0.0001) � 201.600 20

Following the model in Figure 4, several key input parame-
ters are listed in Tables II and III to support understanding

of scenario outcomes. This scenario is a simpli�ed repre-
sentation of the reefer season, capturing the same dynamics
over a shorter period, focussing on truck arrival patterns
and simulation setup. Based on the conducted data analysis
it is shown that reefer container arrivals show �uctuations,
unlike dry container arrival. Truck interarrival times follow a
probability distribution, see Table III, shifting between normal,
easy and stressed periods. A higher p-parameter indicates
shorter interarrival times. These shifts are visualised using
yellow dotted lines in the �gures, helping to interpret system
dynamics.

As shown in Figure 8, settings B to 4 follow the same
throughput pattern. The same holds for the occupation rates
and bottleneck dynamics for these settings. Although ECH
usage (number of moves and driven distance) across settings
is different, this is not directly re�ected in the throughput.
Movements of containers within the depot account for a small
percentage of the total dwell time of containers inside the
depot, therefore this is not directly visible in the throughput.
Meaning that process durations within subsystems highly
in�uences throughput of similar settings, as they account for
a large share of the total dwell time inside the system. For
settings 5 and 6 the throughput pattern, bottleneck dynamics
and ECH usage are different. Besides the process durations
within subsystems, throughput is in�uenced by bottleneck
occurrence. Settings 5 and 6 are better in handling and
preventing bottlenecks for this scenario. Therefore the varying
generation rates of reefer containers are better re�ected in the
different periods, this pattern is clearly visible in Figure 8.

Adding to this analysis, the next KPI category is focused
on the usage of ECHs. As shown in Table IV and Table V,
the total number of moves and distance covered by ECH, is
lowered for most settings. The settings focus on the reduction
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of driving distances for ECHs responsible for the internal
movement of (reefer) containers, which account for the highest
share of differences between the settings. Settings 1 to 4 have
similar characteristics, with same bottleneck occurrence, but
slightly different ECH use. This is related to the differences
in driving distance between subsystems. Values do not deviate
much because similar container �ows occur for settings B to
4.

TABLE IV
SCENARIO 1: DIFFERENCES IN MOVES ACROSS SETTINGS (S2 C, S5, S6),

COMPARED TO THE BASELINE SETTING

Metric S2 C S5 S6
P

Moves [#] 120,496 117,604 116,383P
difference [#] – 19 – 2,912 – 4,133

TABLE V
SCENARIO 1: DIFFERENCES IN DISTANCE ACROSS SETTINGS (S2 C, S5,

S6), COMPARED TO THE BASELINE SETTING

Metric S2 C S5 S6
P

distance [m] 23,274,009 20,253,505 20,513,883P
difference [m] – 1,432,531 – 4,453,035 – 4,192,657

Settings 5 and 6 follow a totally different layout setup where
bottleneck dynamics are better handled and driving distances
are lowered, especially for the reefer part. This combination
improves the �ow of containers inside the system, which is
re�ected by throughput under different interarrival rates of
containers. For this �ow less containers are redirected to buffer
areas, which results in less moves made by ECH responsible
for internal movements. To conclude, both settings 5 and 6,
result in fewer total moves, reduced internal movement driving
distances and improved throughput under varying container
interarrival rates.

To complement the analysis of throughput and ECH move-
ments, subsystem occupation rates are examined to provide
insights into spatial utilisation and bottleneck formation within
the depot. Visual inspection of subsystem occupation rates
helps identify bottlenecks. By iteratively comparing model
outcomes to the identi�ed KPIs, it is possible to overcome
bottlenecks by changing the layout structures and stacking
strategies. An example of this analysis is provided in Appendix
A, representing for scenario 1 the occupation rates for four
different settings are presented. Following the four different
settings presented in this paper, it is clearly visible that
occupation of (reefer) subsystems are better handled after
iteratively comparing model outcomes.

C. Conclusion scenario design and analysis

Based on research �ndings, eight different settings were con-
structed and tested to the four different scenarios. The aim
of these tests was to identify new con�gurations that could
improve performance in these scenarios. Several important
�ndings emerged for each scenario and related settings. The

general conclusion is that by iteratively comparing model
outcomes to the identi�ed KPIs, it is possible to overcome
bottlenecks, improve ECH usage and maintain or improve
throughput of the system. These improvements are achieved
through targeted changes in settings. This demonstrates that
by following the simulation framework and conducting the
described steps as intended, ECD operations can be improved
and system dynamics can be better understood.

D. Discussion scenario design and analysis

This chapter focuses on a few selected scenarios and settings,
where only small changes are made one at a time. This
choice was made to maintain visibility into system dynamics,
making it easier to see how speci�c changes affect the
outcomes. In the real-world, many factors such as policies
or ECH usage can change simultaneously, which makes
it dif�cult to identify what is actually in�uencing results
when multiple input parameters are changed at once. Still,
several key questions remain after this analysis. Is layout
the most in�uential factor to system performance, or do
other factors drive throughput, bottleneck occurrence or other
related parameters? While the results show that layout can
indeed improve selected KPIs, adopting a broader perspective
on depot operations might be bene�cial for an additional
deeper understanding of how various factors interacts.
Reconsideration of some assumptions and simpli�cations
is therefore justi�ed, because the results suggest that other
parameters also contribute to further improvements. Adding
to this, not only improvements need to be further researched,
also �nancial considerations should be taken into account
in further analysis of the layout con�gurations and stacking
strategy choices.

A renewed interpretation of the results adds to the analysis
above, as it introduces an alternative perspective on operational
decision-making. The visualisation of container �ows provides
stakeholders with a clear view of system dynamics and oc-
cupations rates. During the reefer season, operational focus
should shift towards reefer handling by structurally dividing
the depot into two separates streams. This approach addresses
the bottleneck caused by the washing area if both used for dry
and reefer containers. A recommended strategy is to allocate
additional space for reefers and redirect dry containers during
this period if possible. Redirection could involve assigning dry
containers to alternative terminal or depots, particularly when
M&R actions are not required or expected based on available
data and forecasts. This would reduce the operational pressure
on the dry container operation side.

Alternatively, and in line with the previous approach, pro-
cess durations within the depot can be improved. For example,
favouring blow-out procedures over full washing if possible,
this allows for increased container �ow. Another comple-
mentary strategy is to reduce the number of minor repairs
conducted within the Electronic Pre-Trip Inspection (EPTI)
subsystems. Service should only be provided when containers
fail to meet essential quality standards. This would shorten
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container dwell times, relieve pressure on this subsystem and
improve �ow to other operational areas. This strategic con-
sideration raises the question if the depot should consistently
deliver fully refurbished containers intended for long-term
use, or prioritise �ow ef�ciency while still meeting safety
and quality standards for gate-out? This line of reasoning
support early engagement with targeted solutions to overcome
bottlenecks within the ECD.

Although the proposed layout and stacking con�gurations
offer improvements, they are based on a simpli�ed system.
Real-time decision-making and operational �exibility, such as
dynamic ECH assignment, mitigate inef�ciencies in practice.
Dynamic behaviour has not yet been addressed in this research.
This is due to the initial focus on providing a foundational un-
derstanding of system relationships, which is essential before
incorporating more complex elements into the analysis.

VII. CONCLUSION

Both system and scenario analyses demonstrates that
following the simulation framework and conducting all 5
steps of the framework will help improve ECD operations
and system dynamics understanding. Referring this back to
the main research question of the research:

”How can adaptive layout con�gurations and stacking
strategies contribute to the improvement of operations
within an empty container depot, considering global/regional
logistics strategies, demand requirements and infrastructural
constraints?”

it is shown that adaptive layout con�gurations and stacking
strategies help depots respond better to seasonal demand
�uctuations and varying truck interarrival patterns. By testing
different designs in realistic scenarios, improvements can be
made in equipment use, driving distances and bottleneck
control within the system. This together supports more �exible
operations that will result in improved overall performance.

Based on the �ndings in this research, shipping companies
that own their own depots are advised to apply the framework
to proactively manage layout transitions and stacking strategies
in alignment with forecasted �ows. This enables more resilient
operations and improves the coordination between logistics
agents and depot personnel. Section VIII expands on this
recommendation by providing a more detailed explanation of
the relevance for shipping companies and depot owners.

VIII. DISCUSSION

If considered and studied, ECD systems are likely to become
better in handling container volumes in the future. Making
ECD systems interesting facilities that could serves an
additional purpose beside providing M&R activities and
storage. These facilities could help relief terminals or other
facilities from handling empty containers by taking on a
more active role in container delivery and pick-up. Strategic
planning of ECDs allows carries to use them as alternative
access points, reducing pressure on terminals, which supports

more �exible operations. This could strengthen terminal
operations, especially in disrupted scenarios as shown in the
past. When focused on future container volumes this makes
an ECD an interesting facility to further investigate. Below
some recommendations are provided for future research.

A. Future research recommendations

While the results show that layout can indeed improve selected
KPIs, adopting a broader perspective on depot operations
might be bene�cial for an additional deeper understanding of
how various factors interacts. A more detailed discussion on
further improvements is stated below, starting with the �rst
recommendation which is more of a validation of choices.

This is related to the investments required for shifting
to different layout con�gurations and/or strategies. Analysis
of the different settings show that setting 5 and 6 con-
sistently improve operations, but these improvements come
with signi�cant investments. Therefore proposed is, that in
future research, a comprehensive cost-bene�t analysis should
be conducted. This analysis should consider investments in
machinery, infrastructure (electricity points and washing facil-
ities), labour hours, fuel and ECH depreciation. This analysis
complements to this research by providing insight into a fair
�nancial comparison between settings.

Another recommendation to future research should be re-
lated to the division of ECH responsibility to different areas.
Taken as a core assumption in this research is that ECHs
are responsible for a selected area. Based on the results,
driving distance and number of moves, proves that this ECH
usage is unrealistic. In real operations these values should
be more or less similar, with deviates from the �ndings in
this research using that �xed policy. Future research therefore
should focus on dynamic ECH assignment, aiming for a more
balanced distribution of driving distances. This could improve
bottleneck control even further.

Adding to that, dynamic behaviour could be extended to-
wards the operational policies for ECHs. Processes are now
FCFS, which is unrealistic in real life. If ECH handlers
could self-assign tasks, task management and selection will be
better handled. Incorporating this into the existing model could
further improve depot operations. To conclude, developing a
more dynamic model for ECH usage and internal logistics is
a promising direction for future work.

Final directions might include researching slot systems for
truck arrival. Shown in the analysis this is a key factor to
the performance of the depot. If controlled for truck arrival,
operations within the depot can be more structured. Or incor-
poration of different gate-in and gate-out possibilities, think
of barge connections, where multiple containers can gate-in
or gate-out in a short period of time.

B. Strategic recommendations for key stakeholders

As highlighted in section VI-D, the simulation outcomes
emphasise the importance of a collaborative strategy between
empty container depots and shipping companies. When both
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parties have a shared understanding of system dynamics,
targeted improvements can be implemented. From a logistics
perspective, the developed model serves as a decision-support
tool for simulating operational strategies and forecasting future
demand scenarios. This facilitates stakeholders with a tool
that help evaluate the impact of layout changes, resource
allocation and scheduling adjustments before implementation.
Collaboration becomes more critical given the increasing re-
liance on data-driven solutions, including predictive �ow fore-
casting and accurate stock management. These new insights
help aligning the strategies of logistics agents and managers
more effectively. It is recommended to schedule bi-weekly
coordination meetings, where several aspects are important to
discuss. These meetings should include a review of current
performance indicators, followed by an evaluation of the
effectiveness of recent adjustments. Followed by a discussion
on market developments and volume changes, which informs
the planning for the upcoming weeks.

Adding to the bene�ts of collaboration, it is equally impor-
tant to understand how this framework and model translates
into the day-to-day operations at the depot level. How can
these model insights support depot operators in improving
their processes while maintaining service quality. Depots
function primarily to execute the logistics strategies set by
shipping lines, and their ability to do so ef�ciently has direct
cost implications. Their core responsibility is to provide the
correct container at the right time while respecting the quality
standards. By doings so, operational costs are generated. The
ideal scenario is to maintain service quality while minimising
these costs. The model helps depot operators identify where
adjustments can be made, offering insight into process ef�-
ciency and strategic alignment. It supports a broader view
of operations, focussing on re�ection on current practices.
This would help guide improvements taking into account data-
driven forecasts or shipping line strategies.
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APPENDIX A
APPENDICES

Fig. 9. Scenario 1: Occupation subsystems (reefer) setting baseline

Fig. 10. Scenario 1: Occupation subsystems (reefer) setting 2 C

15



Fig. 11. Scenario 1: Occupation subsystems (reefer) setting 5

Fig. 12. Scenario 1: Occupation subsystems (reefer) setting 6
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Fig. 13. IDEF0 A2 representation of the ECD system (meso) level
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