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Abstract

The increasing frequency and severity of disruptions in global supply chains have underscored
the need for resilient port operations. Ports represent critical nodes in the maritime{hinterland
interface. Systemic risks arising from disruptive events like droughts, labor strikes, or demand
uctuations can propagate rapidly across interconnected transport networks. Existing research
on port resilience largely focuses on isolated components of port operations or infrastructure,
o ering limited insights into systemic risks that span the entire system. As a result, the interplay
between strategies, the adaptive role of stakeholders, and their systemic impacts on the whole
supply chain remain insu ciently understood. This study addresses this gap by asking: How
can systemic risks in port operations be minimized through resilience-based strategies, identi ed
via a simulation of port disruptions and recovery?

To answer this question, a hybrid simulation approach is adopted, combining discrete event sim-
ulation (DES) and agent-based modeling (ABM) in the AnyLogic platform. DES captures port
and terminal operations, including queuing dynamics, capacity constraints and resource alloca-
tion. ABM represents the adaptive decision-making of inland transport actors such as barge,
truck, and rail operators. This integration allows for the simultaneous assessment of process-
level e ciency and actor-level adaptability. The Port of Rotterdam serves as the case study,
given its status as Europe's largest multimodal hub and its relevance for resilience planning at
the sea{port{land interface. Three disruption scenarios, hamely a labor strike, drought a ect-
ing inland barge transport, and sea-side vessel demand uctuations were modeled. Along with
these distinct systemic risks, ve resilience strategies were evaluated. These include autonomous
facilities, dynamic rerouting, inland transshipment hub activation, capacity bu er expansion,
and a collaborative strategy combining automation with rerouting. Performance was assessed
using container throughput, delay costs, transport costs, delivery rate distributions, facility
utilization and recovery time.

The results demonstrate that no single strategy is universally e ective across all disruption
types. Autonomous facilities enhanced throughput and reduced delays under capacity-limited
disruptions such as labor strikes, but o ered diminishing returns in the demand uctuation
scenario where a single transport mode becomes loaded too heavily. Dynamic rerouting and
hub activation proved most e ective minimizing delays in external disruptions such as drought
and demand uctuation, by enabling ows to bypass bottlenecks and stabilizing recovery times.
Bu er expansion provided cost-e ective shock absorption for short, localized events but lacked
adaptability in more persistent disruptions. The collaborative strategy consistently outper-
formed individual measures, producing the lowest peak delays, fastest recovery times, and stable
delivery distributions. However, it also pushed the system closer to full utilization, implying
increased operational intensity and potential vulnerability under compounded shocks. These
ndings align with resilience literature distinguishing between absorptive capacity (bu ers) and
adaptive capacity (rerouting), while extending the discussion by showing that joint application

of measures can generate synergistic resilience e ects.

From a practical perspective, the analysis suggests that port authorities should prioritize au-



tomation to enhance internal robustness, while logistics providers and carriers bene t more
from exible routing options. The collaborative strategy demonstrates the value of coordinated
investment across stakeholders, yet also highlights the importance of governance mechanisms to
manage the risks of high-intensity operations. Cost re ections indicate that while automation
requires large upfront investments, rerouting-heavy strategies may impose higher variable trans-
port costs, making trade-o s between capital expenditure and operational exibility central to
decision-making.

This study contributes to resilience research by conducting systemic risk analysis through a
hybrid ABM{DES model and by integrating both absorptive and adaptive strategies within a
comparative framework. While results are calibrated to the Port of Rotterdam, the methodolog-
ical approach and conceptual insights are generalizable to other large multimodal ports, albeit
with performance outcomes contingent on local infrastructural and regulatory conditions. Lim-
itations include simpli ed operational processes, underrepresentation of customs and scheduling
constraints, and the absence of a full cost{bene t model. Future research should extend the
simulation with predictive routing algorithms, incorporate detailed economic evaluation, and
integrate stakeholder-driven scenario weighting.

Overall, the ndings show that resilience in port{hinterland systems is multi-faceted: infrastructure-
oriented measures provide robustness, routing measures deliver adaptability, and bu ering of-
fers low-cost stability. The combination of strategies, particularly automation and rerouting,
can yield superior resilience outcomes but at the cost of higher operational intensity. These
insights provide both theoretical advancement and practical guidance for designing resilience
strategies that balance performance, cost-e ectiveness, and systemic robustness in complex port
networks.




Table 2: List of Abbreviations

Abbreviation Full Term

ABM Agent-Based Model

AIS Automatic Identi cation System

CPT Cumulative Prospect Theory

DES Discrete-Event Simulation

DSS Decision Support System(s)

GCSN Global Container Shipping Network
GIS Geographic Information System

IQR Interquartile Range

MCDA Multi-Criteria Decision Analysis
MCDM Multi-Criteria Decision-Making

PLE Personal Learning Edition (AnyLogic)
PoR Port of Rotterdam

PRF Performance Response Function(s)
ROI Return on Investment

SRITS Sea{Rail Intermodal Transportation System
TEN-T Trans-European Transport Network
TEU Twenty-foot Equivalent Unit

TTR Time-to-Recovery

VTS Vessel Tra ¢ System(s)




Chapter 1

Introduction

When a single container ship ran aground in the Suez Canal in 2021, it froze 12% of global trade
and cost the European economy an estimated USD 73billion [1]. It was a vivid reminder that in
a world where over 90% of trade by volume moves by sea [2], a disruption at one chokepoint can
send shockwaves through supply chains worldwide. At the heart of Europe's maritime network
lies the Port of Rotterdam; the continent's largest seaport. The port handles more than 14
million TEUs and over 440 million tonnes of cargo annually. Its strategic location and extensive
hinterland connections via inland waterways, rail, and road make it a critical gateway for goods
entering and leaving Europe. Beyond its operational scale, the port is an economic powerhouse
for the Dutch economony, generating around 3.2% of the Netherlands' GDP each year [3].

Figure 1.1: Annual container throughput of the Port of Rotterdam [4].

Recent systemic shocks have exposed the vulnerability of this highly interconnected network.
The 2023 Red Sea crisis forced widespread vessel rerouting around the Cape of Good Hope,
tripling shipping costs in the Netherlands and threatening a GDP contraction of up to 0.9%
[5]. Low water levels on the Rhine caused by drought in 2022 reduced inland barge capacity
by as much as 75%, leading to severe congestion at critical ports and increased transport costs
[6]. Drought are becoming more frequent and the inland waterway transport sector is expected
to start facing insurmountable problems associated with low water levels before the end of this
century [7]. Recent disruptions in key maritime locations like the attacks on vessels in the Red
Sea, drought-induced restrictions in the Panama Canal, and the ongoing Black Sea con ict have



caused sharp drops in vessel transits. Suez Canal tra ¢ has fallen by up to 67%, while Panama
Canal transits are down by 49%. These shocks not only disrupt global supply chains but also
force higher vessel speeds to maintain schedules, potentially increasing greenhouse gas emissions
on routes such as Singapore{Rotterdam by as much as 70% [8].

Moreover, recent crises such as the pandemic, raw material shortages, and disruptions like the
war in Ukraine have severely disrupted EU rms' supply chains and exposed their dependence
on foreign imports. A study by the European Investment Bank found that 37% of EU rms
faced signi cant obstacles in accessing commodities and raw materials, while 34% were a ected
by logistics and transport disruptions [9]. With geopolitical tensions and global shocks on the
rise, concerns over the security of Europe's economy are growing. This highlights the need for
coordinated EU action to improve its resilience against global disruptions.

These events illustrate that ports are not isolated facilities but critical nodes in a complex,
interdependent system of sea, port, and hinterland transport. Disruptions at one point in
the chain can trigger cascading e ects, also known as systemic risks, that propagate through
shipping schedules, terminal operations, and inland transport connections. These amplify delays
and economic losses far from the original point of failure [10, 11]. Despite growing recognition of
these e ects, most resilience planning in ports still focuses on localized operational improvements
without fully addressing systemic vulnerabilities.

1.1 Problem Statement

The Port of Rotterdam, like other major ports, relies on tightly coupled systems. These in-
clude maritime access channels, terminal infrastructure, inland waterways, rail networks, road
corridors, and digital coordination platforms. Local disruptions such as labor strikes, infras-
tructure breakdowns, and climate-induced droughts, directly impact throughput performance
and service reliability. Global disruptions on the other hand, can rapidly shift cargo volumes,
alter arrival patterns, and overwhelm speci ¢ modes or facilities. When these shocks interact,
bottlenecks can escalate into widespread performance degradation across the port{hinterland
system. The port's ability to withstand or recover from the impact of such disruptions can be
key to its competitive position in global trade.

Current research has primarily examined the technical performance of resilience measures in
isolated subsystems, such as berth scheduling or yard management. However, there remains a
signi cant gap in understanding how systemic risks emerge from in- and external disruptions,
how they propagate through interconnected sea, port, and land operations, and how di erent
resilience strategies in uence overall recovery. This study addresses this gap, by evaluating
resilience strategies using a hybrid simulation approach that captures both process-level logistics
ows and actor-level adaptive decision-making across the full port{hinterland network.

1.2 Research Objective and Questions

The objective of this research is to identify and evaluate resilience strategies that can reduce
systemic risks in port operations. This is achieved through simulation modeling of the Port

of Rotterdam and its hinterland network under varied disruption scenarios, assessing both the
e ectiveness and cost-e ciency of di erent strategies.

Main research question:  How can systemic risks in port operations be minimized through
resilience-based strategies, identi ed via a simulation of port disruptions and recovery?

Sub research questions:

" What are the systemic risks and types of disruptions associated with port operations?




What resilience strategies can mitigate systemic risks in ports, including their sea-, land-,
and port-side operations?

How can simulation modeling be used to evaluate resilience improvement strategies and
the impact of disruptive scenarios in port operations?

How can performance-based metrics from simulations be used to assess systemic resilience
in port operations?

How can the cost-e ectiveness of resilience strategies be assessed in terms of systemic risk
reduction and investment or operational costs?

Understanding how di erent resilience strategies in uence systemic risk could help port author-
ities make informed decisions on infrastructure investments, operational changes, and policy
development. By identifying measures that limit disruption spillover e ects, logistics opera-
tors can improve service continuity under stress. The results could also provide evidence-based
guidance for policymakers seeking to strengthen the resilience of Europe's maritime gateways.

This research re ects the core of the Management of Technology discipline, where the integra-
tion of technological capabilities with strategic decision-making drives competitive advantage.
Seaports such as Rotterdam operate in an environment de ned by high uncertainty, tight in-
terdependencies and intense global competition. In this context, the ability to leverage digital
tools like advanced simulation models becomes a strategic asset.

By using hybrid agent-based and discrete event simulations, this study demonstrates how tech-
nology can be applied not only to understand complex operational dynamics, but also to test
and re ne resilience strategies before they are deployed in reality. These digital tools allow
decision-makers to anticipate cascading e ects of disruptions, evaluate alternative investment
and operational scenarios, and choose solutions that balance e ciency, cost, and robustness.

For a port like Rotterdam, such capabilities can translate directly into improved competitive-
ness. Faster recovery from disruptions, optimized utilization of infrastructure and data-driven
coordination with stakeholders can strengthen its role as Europe's primary logistics hub. This
aligns with the MoT vision of using technology as a corporate resource, and by linking tech-
nological innovation to strategic objectives, the research o ers actionable insights not only for
port authorities, but also for the global supply chains that depend on them.




Chapter 2

Literature Review

This chapter reviews existing knowledge on disruptions in nautical supply chains, the resilience
strategies developed to address them, and the simulation-based methods used to evaluate per-
formance under systemic shocks. It rst examines the types and characteristics of disruptions
a ecting ports and how these propagate through interconnected maritime and hinterland net-
works. From there, it discusses resilience de nitions and mitigation strategies identi ed in prior
studies.

The chapter then assesses simulation modeling as a decision-support tool for resilience evalua-
tion, comparing methodological approaches and their suitability for capturing complex, system-
wide interactions. This includes identifying how di erent methods vary in their ability to
represent both process-level logistics dynamics and actor-level adaptive behaviors.

Finally, the review identi es key gaps in the literature, including the tendency to focus on iso-
lated subsystems rather than the integrated sea{port{land network, and the limited application

of scenario-based, comparative assessments across multiple disruption types. These gaps form
the basis for the research objectives and questions guiding this study.

By establishing the conceptual and methodological context, this chapter positions the research
within the broader academic and practical discourse on port resilience. It connects theoretical
frameworks, empirical ndings, and technological developments to the speci c aim of evaluat-

ing resilience strategies through holistic, simulation-based analysis|bridging the gap between

abstract resilience concepts and actionable, system-wide interventions.

2.1 Disruptions in Nautical Supply Chains

The global container shipping network (GCSN) is a highly interconnected and complex sup-
ply chain, where local disruptions can trigger cascading e ects across global trade routes and
hinterland connections [10, 12, 13]. When capacity at major ports is reduced, vessels may be
rerouted to alternative ports, causing congestion in multiple parts of the network and delays
that propagate both upstream and downstream [14{16]. These ripple e ects and can result
in signi cant economic losses and systemic shocks, as demonstrated by the 2021 Suez Canal
blockage, which was estimated to have cost the European economy around USD 73 billion [1,
5]. Similar impacts have been observed in recent disruptions to shipping routes in the Red Sea,
which have caused large-scale shifts in global container ows [14, 17]. This highlights the impor-
tance of resilient port infrastructure and operations, as it can lead to an increased competitive
advantage in these circumstances over ports which are less prepared [18].

A wide range of external and internal disruptions relevant to port resilience are identied in



existing literature. Prolonged droughts and low water levels signi cantly reduce the capacity of
inland waterways [19], and their occurrence is expected to rise due to climate change [20{22].
Coastal ooding has been identi ed as the largest hazard to ports in north-western Europe [23],
while extreme weather events such as storm surges can disrupt yard operations, vessel access,
and quay handling [24]. Geophysical hazards, such as earthquakes or tsunamis, are rare but
can cause widespread damage to port infrastructure, leading to long recovery times [25].

Internal operational disruptions can arise from equipment breakdowns, infrastructure damage,
or workforce-related issues. Labor strikes are a prominent example, directly reducing quay crane
availability, gate processing speeds, and yard handling capacity [26]. Studies also highlight the
coupling between external shocks and internal failures: changes in the external environment
can trigger or exacerbate internal operational risks, creating complex propagation pathways
for disruption [27]. These internal risks, ranging from technical and facility failures to IT
disruptions, are direct threats to system stability. Cyberattacks, for instance, can disable routing
systems and halt terminal operations, while pandemics a ect both capacity, through reduced
labor availability, and demand, through changes in trade ows [28{30].

In the literature, disruptions are often classi ed according to their origin, whether external or
internal, their primary e ect on capacity or demand, and their scope and duration [31, 32].
External disruptions, such as droughts or route blockages, tend to constrain speci c transport
modes or lead to periods of demand uctuations. Internal disruptions, such as strikes or equip-
ment failures, directly reduce operational capacity at port facilities. The severity and frequency
of these events vary widely, from frequent, short-term incidents like crane breakdowns to rare
but high-impact events such as geopolitical con icts or major infrastructure damage.

2.2 Port and Supply Chain Resilience

In order to measure and improve resilience, it must rst be clearly de ned within the port
and supply chain ecosystem. In the context of maritime logistics, resilience encompasses mul-
tiple dimensions, including the ability to absorb shocks, maintain essential functions, adapt to
changing conditions, and recover to a stable state [33] (Figure 2.1).

Figure 2.1: Dierent aspects of resilience in port systems [33].
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The way resilience is conceptualized in maritime logistics varies across studies [34]. Some works
de ne resilience through structured frameworks, such as the triplet approach of disruption,
functionality, and performance [35], while others classify it into dimensions such as robustness,
vulnerability, redundancy, and rapidity, supported by indicators including downtime duration,
exibility, network connectivity, and congestion impacts [36].

Alongside conceptual de nitions, a variety of methods are used to operationalize and measure
resilience. Probabilistic modelling, simulation-based analyses, and indicator-driven frameworks
are common approaches [35{38]. For example, [37] develop a hybrid multimodal simulation that
integrates AIS data with a VISSIM-based microscopic tra ¢ model to monitor port throughput,
vessel queuing, and trac ow resilience. Similarly, [38] present a simulation-based model for
LNG terminals using P-graph models, Markov chains, and PRF to analyse disruption impacts
and predict recovery times.

These studies highlight that resilience in maritime logistics can be assessed through various
dynamic performance indicators. Commonly used measures include queue lengths, delay du-
rations, and utilization rates of critical resources such as cranes, transport modes, and storage
facilities, tracked over time. These indicators capture a system's capacity to absorb, respond to,
and recover from disruptions, while also re ecting changes in operational e ciency during both
disruption and recovery phases. Comparing such metrics across di erent disruption scenarios
and resilience strategies allows researchers to evaluate how e ectively a port system maintains
functionality and adapts under stress.

Improving port resilience bene ts a wide range of stakeholders within the port ecosystem. These
include transport rms, port labor, local manufacturing industries, end-users of port services,
environmental groups, residents, and various levels of government [39]. As the global shipping
network becomes more complex, the ability to absorb and recover from disruptions has become
increasingly critical [40]. Recent studies have identi ed several factors that heighten the risk of
system failure, including mismatches between technological innovation and system capacities,
shortages of warehouse or yard space, and equipment breakdowns [27]. These vulnerabilities
underscore the need for targeted strategies that either reduce the system's vulnerability to
disruptions, enhance its capacity to adapt, or improve recovery after shocks.

Empirical and simulation-based studies show that enhancing port resilience requires coordi-
nated stakeholder action, proactive planning, resource readiness, and the exibility to adapt
governance and operations during disruptions [40]. Integrated planning, digital transformation,
and strong stakeholder relationships enable swift and collective responses to both sudden shocks
and long-term changes [33]. These concepts de ne broader categories which encompass di erent
improvement strategies.

The development of transshipment hubs and hinterland terminals, including sea{rail intermodal
transportation systems (SRITS), is a widely discussed resilience strategy for ports. These fa-
cilities act as intermediate nodes where cargo can be stored or transferred between transport
modes, helping to maintain throughput during localized bottlenecks by redistributing ows
away from congested port areas [41, 42]. Examples such as the inland terminals in Alblasser-
dam [43] and Alphen aan den Rijn [44], as well as proposed projects like the Valburg rail
terminal on the Betuwe route [45], demonstrate their potential to relieve pressure on main
ports, enhance connectivity, and support modal shifts from road to rail. E ective implemen-
tation requires minimizing transshipment costs, selecting strategic locations, ensuring seamless
integration with other transport modes, and coordinating operations between ports, railways,
and logistics providers [46, 47]. Additional measures, such as recon guring terminal layouts, de-
veloping rail-connected dry ports, and implementing advanced information systems, can further
improve scheduling, equipment allocation, and cargo routing. While inland waterway trans-
port o ers high e ciency and environmental bene ts compared to road transport, it remains
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vulnerable to climate-induced hazards such as low water levels [19, 48].

For high-frequency events, possible measures include temporary capacity boosts and small-scale
rerouting [49]. Strategic bu ering and yard capacity management have also proven important in
both empirical studies and simulation experiments. Creating bu er zones at critical nodes|such
as quay areas, inland terminals, or modal hubs|can absorb temporary surges in congestion and
prevent delays from propagating through the network. Such bu ers can take the form of addi-
tional capital equipment (e.g., cranes, dredging equipment, forklifts, reach stackers), redundant
facilities (e.g., backup berths, gates, inland terminals with multi-carrier rail access), and en-
ergy infrastructure redundancy (e.g., backup generators, fuel storage). Preventive maintenance
programs and strong safety management procedures further strengthen absorptive capacity by
reducing the likelihood of operational breakdowns during disruptions. Simulation results in-
dicate that adequate yard capacity and container storage space signi cantly improve a port's
resilience by reducing the likelihood that local disruptions escalate into systemic failures [50].

Operational exibility can also be improved through dynamic rerouting, where cargo ows are
reallocated in real time to alternative routes or modes when the primary path is blocked or
congested. This may include alternate routing to other transport modes, such as rail if wa-
terways are blocked, or strategic alliances with nearby ports to allow vessel redirection during
disruptions. Simulation studies have shown that rerouting can balance loads across the hin-
terland network and maintain service levels, though its success depends on the availability of
alternative capacity and the speed of operational decision-making [50].

Some strategies involve capital-intensive infrastructure and vessel adaptations. Physical mod-
i cations such as waterway dredging, reduced vessel drafts, and expanded storage capacity
can help mitigate the impacts of extreme weather events, particularly prolonged droughts [7,
51]. These measures expand the operational envelope of inland waterway transport, though
their high cost and long lead times often necessitate integration with broader infrastructure
investment plans.

Finally, digital tools and automation have emerged as cross-cutting enablers of many resilience
measures. Technologies such as Vessel Tra ¢ Systems (VTS) [52], Decision Support Systems
(DSS), and digital twins [53] provide real-time monitoring, predictive analytics, and coordina-
tion capabilities to support rerouting, bu er management, and slot allocation. Automation of
port facilities such as quay cranes and yard trucks can help maintain operations during labor
disruptions, though it may introduce new vulnerabilities towards cyberattacks [28, 29].

Overall, these strategies vary widely in investment or operational costs, implementation time,
and suitability for di erent disruption pro les. Their integration in this complex system, rather
than isolated application, o ers the strongest potential for systemic resilience.

2.3 Simulation Modeling for Resilience Assessment

Simulation modeling is a key tool for evaluating how ports respond to disruption scenarios and
for testing the e ectiveness of di erent resilience strategies before real-world implementation.

In recent years, the maritime resilience research landscape has expanded to include a wide
range of approaches, including multi-criteria decision-making (MCDM), mathematical model-
ing, simulation-based approaches, Bayesian methods, graph theory, and risk management tech-
niques [36, 54, 55]. Each of these methods o ers distinct advantages depending on the research
focus: for instance, probabilistic models such as Bayesian networks are well-suited to estimating
the likelihood and consequences of disruptions [56], while network-based approaches using graph
theory are e ective in mapping connectivity and identifying critical links in port{hinterland sys-
tems [57].
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Data-driven methods have also gained prominence, leveraging real-time and historical infor-
mation to assess system performance. For example, AIS data has been used to evaluate the
resilience of global liner shipping networks by examining how tra ¢ ow disruptions and net-
work fragmentation a ect overall system performance [58]. Hybrid approaches have emerged
that combine such data with microscopic tra ¢ simulation to model congestion dynamics within
ports and their surrounding transport infrastructure [37]. At the operational level, digital deci-
sion support systems (DSS) and digital twins have been applied to enable real-time monitoring
and adaptive control of port operations [53], although some studies have shown that purely
deterministic models can overestimate resilience by failing to capture stochastic and behav-
ioral variability [50]. In parallel, more specialized simulation models|such as the agent-based
nautical tra ¢ model for the Port of Rotterdam [59]|have been developed to represent the
interaction between operational actors (ships, pilots, tugboats, and port authorities) under
varying conditions.

When assessing port resilience, the choice of simulation method is crucial, as it shapes the level
of detail, the types of disruptions that can be modeled, and the ability to represent both system-
wide processes and the adaptive behavior of individual actors. Graph theory, one of the most
established approaches, models port and hinterland networks as nodes and edges, allowing
researchers to evaluate routing e ciency, redundancy, and vulnerability to link failures [57].
However, on its own it cannot capture dynamic operational processes or behavioral adaptations
without integration into other frameworks. Bayesian networks, by contrast, model probabilistic
dependencies among variables, making them valuable for decision-making under uncertainty
[50]. Yet, they lack spatial and behavioral representation, which limits their capacity to simulate
operational responses to disruptions.

Agent-Based Modeling (ABM) addresses this gap by explicitly representing heterogeneous and
autonomous actors, each with individual objectives, constraints, and adaptive behaviors [59, 60].
This makes ABM patrticularly suitable for resilience studies where emergent system behavior
arises from decentralized decision-making, such as rerouting in response to congestion or resource
shortages. It is often used to measure recovery and adaptation capacities of resilience, where
organizational components play a signi cant role [61]. Discrete Event Simulation (DES), one of
the most widely used methods in logistics and terminal operations, excels at modeling queues,
service processes, and shared resource utilization, but does not inherently capture the adaptive
decision-making of individual actors.

A recent study has compared mainstream modeling methods for maritime simuation models [62].
Monte Carlo models are often used to generate random tra ¢ ows and evaluate maritime tra c
conditions, providing a baseline for tra ¢ and navigation path generation. However, they are
rarely applied in isolation, as they lack detailed operational representation. Cellular automata
are well-suited for simulating nonlinear tra ¢ phenomena with simple evolution rules. This
makes them easy to program and computationally e cient, but they often neglect navigational
elements and can su er from inconsistent accuracy. Multi-agent models have been applied
to simulate global shipping networks and study the adaptability of individual actors, though
they can involve long computation times and complex programming. Finally, combinations of
system simulation and mathematical modeling allow the strengths of multiple approaches to be
leveraged, producing targeted solutions for speci ¢ problems, but at the cost of limited general
applicability.

Given these characteristics, recent literature increasingly supports the use of hybrid simulation
approaches for port resilience assessment [59, 62]. By combining ABM with DES, it is possible
to capture both the micro-level decision-making of individual actors and the macro-level process
ows and capacity constraints that shape system performance. ABM provides the exibility to
model autonomous responses to disruptions, while DES ensures that operational bottlenecks,
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gueue dynamics, and resource availability are realistically represented. This integrated per-
spective is particularly valuable for analyzing systemic shock propagation and recovery across
complex port{hinterland networks.

2.4 Gaps in Existing Literature

While the literature on port resilience has grown substantially in recent years, several important
gaps remain. Many existing studies focus on individual components of the port{hinterland
system without fully capturing the interdependencies between sea, port, and land transport.
This fragmented perspective limits the ability to assess how disruptions propagate across the
entire logistical chain. As a result, cascading failures, where a disturbance in one subsystem
triggers performance losses in others, are often overlooked or only partially represented [33].

Another gap lies in the mismatch between the diversity of disruptions observed in reality and the
scope of scenarios modeled in research. Although the literature identi es a wide range of external
and internal hazards, which range from climate-induced water level changes to labor strikes
and cyberattacks [33, 35], most simulation-based studies examine a narrow subset of these.
They frequently focus on single-mode disruptions or short-term operational disturbances [50].
This narrow scope constrains the generalizability of ndings and may underestimate systemic
vulnerability, especially when multiple hazards interact.

From a methodological perspective, the choice of modeling approach also introduces limitations.
While methods such as graph theory [63], Bayesian networks [50], and discrete event simulation
[64] provide valuable insights into speci ¢ aspects of port operations, they often lack the capacity
to integrate both process-level logistics dynamics and actor-level adaptive behaviors within the
same framework. Hybrid approaches that combine agent-based and process-based simulation
have been used in the past but remain underapplied in studies that evaluate resilience across
the full sea{port{land interface [36, 62].

Finally, although numerous resilience strategies have been proposed, which include modal di-
versi cation, bu er capacity, dynamic rerouting, and digital decision support [36, 38, 54], com-
parative assessments across multiple disruption types are scarce. Many strategies are evaluated
in isolation or under a single disruption scenario, making it di cult to determine how their ef-
fectiveness varies under di erent conditions. This lack of systematic, scenario-based comparison
limits the practical guidance that research can o er to policymakers and port authorities.

Addressing these gaps requires a holistic modeling approach that: (i) spans the full port{hinterland
chain to capture cascading e ects; (ii) incorporates a diverse set of disruption scenarios that
re ect both external and internal risks; (iii) integrates actor-level decision-making with system-
level process ows; and (iv) systematically compares alternative resilience strategies across
di erent disruption contexts. The present study responds to this need by developing a hybrid
agent-based and discrete event simulation of the Port of Rotterdam, designed to evaluate the
performance of multiple resilience strategies under varied disruption conditions, with a focus on
minimizing systemic shocks and enhancing recovery capabilities.
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Chapter 3

Research methodology

This chapter outlines the methodological framework used to evaluate the resilience of the Port
of Rotterdam's transport system under disruptive conditions. Building on the literature re-
view, the methodology combines a quantitative, simulation-based exploratory case study with
scenario-driven experimentation. This chapter starts by explaining the research design, followed
by a description of the simulation model ow and logic. The calibration and validation method
is then described followed by the data collection and model input calculation methods. This
will also cover the di erent disruptive scenarios and mitigation strategy settings. Lastly, this
chapter will conclude by outlining the performance analysis methods.

3.1 Research Design

Building on identi ed gaps in literature, this research adopts a quantitative, simulation-based
exploratory case study of the Port of Rotterdam. As Europe's largest and most interconnected
seaport, Rotterdam provides both the scale and data availability needed to analyse how dis-
ruptions propagate across maritime, port, and hinterland transport systems. The quantitative
design enables the evaluation of resilience strategies against measurable performance indica-
tors, ensuring objective and comparable results across scenarios. A hybrid agent-based and
discrete event simulation is employed to capture both the adaptive behaviors of heterogeneous
actors and the process-level logistics ows that shape system performance. This combination
is well-suited to replicating the port's complex and interdependent operations, while systemati-
cally testing alternative operational strategies under controlled and repeatable conditions. The
overall research design is illustrated in Figure 3.1.
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Figure 3.1: Overall Research Design: from Data Collection to Strategy Evaluation.

The scope of the study is de ned by di erent disruptive events with varying durations. This
ensures that detailed operational analysis is possible on dierent timeframes, capturing the
real-life variability of disruptions to maritime supply chains. The unit of analysis is the ow

of containers across sea-side arrivals, port-side handling operations, and inland transportation
up to the national border. The geographical scope is restricted to the Netherlands to focus
on national strategic improvement, with international ows represented by aggregated nodes
at the network's periphery. Within these boundaries, the model captures both the port's in-
ternal handling operations and its dynamic interactions with road, rail, and inland waterway
infrastructure.

The research process begins with the development and calibration of a baseline simulation model
that re ects real-world operating conditions. Calibration is carried out using empirical data from
academic literature, port authority publications, industry reports, and public logistics datasets.
Where precise empirical values are not available, parameters are estimated using ranges derived
from comparable studies or sector benchmarks, ensuring that the model remains based on
realistic performance ranges. Once the baseline is established, three disruption scenarios are
implemented, each chosen for its operational relevance, diversity of impact mechanisms, and
feasibility of representation in the simulation environment. These include a drought scenario

a ecting inland waterway capacity, a labor strike scenario reducing port handling capacity, and

a sea route change scenario producing demand uctuations.

Each disruption scenario is paired with targeted mitigation strategies, namely dynamic rerout-
ing, inland transshipment hubs, storage capacity expansion, and autonomous facility upgrades.
Synergistic bene ts are also explored by combining di erent strategies. These strategies are
built into the model as changes to operational logic, resource availability, or infrastructure ca-
pacity. This allows their performance to be evaluated under realistic stress conditions. The
e ectiveness of these interventions is measured using a set of performance indicators, including
time to recovery, port delays, utilization rates of critical resources, and delivery rate distribu-
tions.

The model is implemented in AnyLogic, using a hybrid approach that combines agent-based
modeling to capture the autonomous behavior of transport actors and discrete-event modeling
to represent the sequential, resource-constrained processes of port operations. By combining
empirical calibration, scenario-based experimentation, and structured performance evaluation,
this research design provides a reproducible and transparent framework for identifying e ective
resilience strategies in complex maritime logistics networks.
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3.2 Simulation Model

This section outlines the structure and functionality of the simulation model developed to ana-
lyze the resilience of the Port of Rotterdam's transport system. The model integrates sea-side,
port-side, and hinterland operations within a single environment, enabling the study of disrup-
tion propagation and the evaluation of mitigation strategies. By implementing this in Any-
Logic using a hybrid agent-based and discrete-event approach, it captures both the autonomous
decision-making of transport actors and the sequential, resource-constrained processes of port
handling. The model is parameterized using empirical data from di erent sources, like port
authority records, industry reports, and academic literature. Assumptions are carefully applied
where direct measurements are unavailable. The following subsections describe the model's
ow structure, operational logic, and transport network con guration. These together form the
foundation for the scenario experiments and performance evaluation.

3.2.1 Simulation Tool Selection

The literature review highlighted that no single simulation method can adequately capture both
the operational processes and the adaptive decision-making that drive resilience in port{hinterland
systems. Approaches such as discrete event simulation (DES) excel at modeling process ows,
capacity constraints, and queuing dynamics, while agent-based modeling (ABM) is better suited
to representing the autonomous, adaptive behaviors of individual actors. Given the need to as-
sess systemic risks across the entire sea{port{land interface, a hybrid ABM{DES approach
o ers the most comprehensive framework. It enables the integration of macro-level operational
modeling with micro-level behavioral adaptation.

In this study, the ABM component represents decision-making by transport actors, including
inland barges, trucks, and freight trains, while the DES component models the ow of cargo
through port terminals and inland facilities, accounting for queues, processing times, and re-
source constraints. This combination enables a holistic assessment of both behavioral and
operational aspects of resilience.

To implement this, AnyLogic was selected as the most suitable modeling environment. First, it
supports hybrid simulation, allowing ABM and DES to run within a single simulation frame-
work, which is essential for capturing both system-level process ows and individual actor
behaviors. Second, it supports dynamic parameter changes during simulation runs, enabling
the modeling of disruption events and adaptive responses in real time. Third, AnyLogic's visual
development tools and advanced animation capabilities facilitate e cient model construction
and produce clear, communicative simulation outputs. This makes it well-suited for decision-
support in complex domains such as maritime logistics and supply chain resilience.

3.2.2 Model Flow Structure
Vessel Generation

The model generates vessels according to a probabilistic distribution of ship classes, re ecting
realistic arrival patterns at the Port of Rotterdam. Each vessel's capacity in TEU is sampled
based on its type, which also determines its handling time and arrival frequency. Arrival delays
are proportional to vessel size, ensuring that larger ships have longer intervals between arrivals.
Disruption events modify the scaling factor for arrival intervals, allowing simulation of reduced
or increased arrival rates during specic disruption periods. The detailed vessel generation
algorithm is provided in Appendix C1.

17



Port Operations Design

After generating the right amount and size of vessels, they need to be processed through the
port infrastructure. This infrastructure will rst have to be set-up according to real-world

data. A study by [65] reported that the processes which di erent port actors carry out are
inter-dependent. The authors identi ed three types of inter-dependencies, which are serial
(precedence of a process), reciprocal (mutual resource exchange among processes) and pooled
inter-dependency (sharing a resource between processes). To capture these dependencies and
operational dynamics of a seaport within the simulation environment, the system was modeled
using a DES structure. This structure simpli es the system to a series of sequential and resource-
constrained port activities. Vessel agents entering the port engage in a series of queue-based
processes, where they must seize limited resources such as tug boats, quay cranes, yard trucks,
and storage space to complete their unloading, transshipment, and departure operations.

Figure 3.2: Sea-side vessel stages. [66]

An example of the dierent stages a container ship goes through can be seen in gure 3.2
and 3.3, which were obtained from recent studies [66] [67]. Before berthing, container vessels
receive pilots and tugboats to assist them in entering the port area. It was found that tugboat
availability is the most critical at this stage [66]. When they are moored and secured to the
quay, cranes start unloading the ship. The cargo is transport to and from short-term bu er
storage at the terminal by overhead cranes or yard trucks. Cargo is further transported to the
gates which function as the gateway towards the hinterland transportation network.

Figure 3.3: Port-side vessel stages. [67]

Each of these resources or facilities used within the port system introduce speci ¢ delay times
based on the size of the vessel and their accompanying cargo size, which re ects typical opera-
tional bottlenecks. The required amount of facilities, like cranes or yard trucks, is also decided
by the size of the arriving vessel. This design allows the simulation to account for congestion
and competition among vessels for shared facilities, and the analysis of the level of facility
utilization.

Hinterland Gate and Transport Network Design

After being unloaded from their vessels, containers are transferred to bu er storage areas before
being dispatched to their respective hinterland destinations. The hinterland transportation
network is modeled as a system with two primary capacity-limiting stages.
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Figure 3.4: Simpli ed overview of port and hinterland ow.

First, containers are assigned to a transport mode based on the modal split settings. From there,
they enter the network via dedicated terminals or gates, each modeled as a queuing system
with limited handling capacity. Before entry, the system checks whether su cient capacity

is available at the selected hinterland gate and, if relevant, within the inland network. The
logic behind this can be seen in gure 3.5. When rerouting is disabled the check is mode-
speci ¢: a shipment is blocked if the assigned mode's terminal or its in-transit capacity is at the
limit. When rerouting is enabled, a shipment is only blocked if all modes and their in-transit
capacities are simultaneously at their limits. This distinction captures the operational exibility

of multimodal routing while respecting network constraints. The detailed blocking conditions
are provided in Appendix C2.

Once a container has been granted access to the hinterland transport network, it enters a routing
sequence in a certain transport mode. This sequence includes decision points that determine
whether the container remains in its assigned mode queue, is rerouted to an alternative mode,
or waits until conditions improve. The process begins with an initial decision block, which
checks rerouting status and evaluates queue capacities and destination reachability for barges,
trucks, trains or, if activated, the inland hub. Containers are only rerouted if the primary
mode is congested and at least one alternative mode with available capacity can reach the same
destination. Containers unable to proceed are sent back to the initial decision step to await
improved conditions.
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Figure 3.5: Hinterland gate decision-making logic.

After selecting a mode and entering its network queue, containers undergo a nal route avail-
ability check. Here the system checks if the routes to the speci ¢ destination of that transporter
are not blocked, and if so it queues the containers to await availability.

Once transporters are assigned and dispatched, they traverse the network by selecting the
shortest available route to their destination. Routing within the hinterland transport network is
performed using the ndShortestPath() function from the AnyLogic Material Handling Library,
which applies a shortest-path search consistent with the Dijkstra algorithm [68]. The transport
agent then does does a series of checks and makes routing decisions depending on the conditions,
the logic for this can be seen in gure 3.6. If no viable route is available due to congestion in the
network or through the speci ¢ gate reaching its capacity limits, the transporter will block the
speci ¢ transport mode and destination combination. It will then return to the queue at the
network and wait for available routes. This means that the individual transport agents decide
on their own if the a route is available, and give a signal to the other transporters with the
same destination that there are no routes available. An agent unblocks its route after transport
has been completed, allowing new transporters to enter the network. This structure allows the
model to capture congestion at multiple levels: during modal allocation at the terminal and
within the transportation network itself.
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Figure 3.6: Transporter decision-making logic at network entry.

This structure enables the model to capture congestion e ects at multiple levels: during modal
allocation at terminals and within the transportation network itself. This is important to
properly re ect real-world operations of port supply chains, where congestion can occur within
the port as well as on mode-speci ¢ routes after leaving the port infrastructure.

3.2.3 Transport Network Design

Now that the containers leave the port, they enter the Dutch hinterland transport network
through their respective transport modes. The hinterland transport network is modeled as a
spatial graph of nodes and edges, where nodes represent terminals or hinterland destinations and
edges represent modal connections (road, rail, or inland waterways). The spatial con guration
and connectivity are based on o cial Port of Rotterdam infrastructure data [69] to ensure
realism in network topology. This structure enables analysis of multimodal capacity constraints
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and congestion dynamics across the full hinterland interface. This gives the model a strong basis
of existing real-world infrastructure, which should contribute towards realistic performances.

Figure 3.7 presents the modeled hinterland transport network used in the simulation, based
on o cial infrastructure data visualized through the RoutePlanner platform of the Port of
Rotterdam. The network is designed to represent multimodal connectivity between the port
and inland destinations across the Netherlands.

The data contains two of the key transport modes, namely the waterway and rail paths. The
truck transport paths are not directly listed in the data, but its infrastructure can be seen
on the map. The road paths can be set-up by following large Dutch high- and motorways.
Each transport mode is represented through a graph-based structure of nodes (locations) and
edges (transport connections). The port itself is modeled as a single location node with in- and
outbound ows to the hinterland. In order to keep the analysis focused on national strategic
improvement, only connections within the Dutch territory are included. Locations around
the border of the Netherlands are used as representative entry and exit points, simulating
international trade in ows and out ows while keeping the model scope centered on domestic
infrastructure.

The simulation has three transport modes modeled with distinct operational characteristics to
re ect their real-world behavior in the hinterland network. For each mode, vehicle agents are
de ned with speci ¢ load capacities and average speeds derived from reference values in port
logistics studies. Truck and barge movements follow continuous ow logic, where a minimum
distance between transporters is maintained based on prede ned length settings and headway
rules. This ensures congestion e ects are realistically captured. Train transport is modeled
using capacity densities extracted from the TEN-T rail network data. Fleet capacities for each
mode are calculated by aggregating the theoretical throughput of all relevant network paths,
based on the infrastructure length and capacity densities.
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