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Executive Summary 

The transition toward sustainable, efficient, and digitally integrated inland waterway transport 

(IWT) is gaining momentum in Europe. Central to this shift is the development and adoption 

of Small, Flexible, Automated, Zero-emission (SFAZ) vessels, innovative waterborne solutions 

designed to navigate shallow and constrained waterways while offering modular adaptability, 

remote or automated operation, and clean propulsion systems. These vessels are particularly 

suited for urban logistics, last-mile freight, and decentralised transport networks. 

This deliverable establishes the foundation for simulating how these vessels might be 

adopted across diverse European IWT settings. It introduces a modelling framework 

grounded in the Multi-Level Perspective (MLP) on socio-technical transitions and 

operationalised through agent-based modelling (ABM). This approach enables the analysis of 

how technological readiness, regulatory structures, actor behaviours, and external pressures 

co-evolve over time, influencing the pace and direction of SFAZ adoption. 

The report identifies the key barriers to adoption, ranging from high upfront costs and 

regulatory uncertainty to infrastructure gaps and behavioural resistance, and aligns these with 

enabling conditions such as policy incentives and stakeholder coordination. It incorporates 

insights from FOREMAST technology partners to ensure realistic assumptions and relevant 

system configurations. Building on this, the deliverable defines the simulation inputs, actor 

behaviours, and modelling logic that will underpin the development of future policy scenarios 

and transition pathways. It also establishes a framework to represent the dynamic 

interactions between diverse agents such as vessel operators, port authorities, and 

technology providers, and to explore how factors like expectations, learning, and 

demonstration effects influence adoption trajectories through to 2030 and 2050. 

This deliverable represents the first report of Task T4.1. It lays out the building blocks of an 

integrated framework that will be further developed in D4.2 to assess policy impact and steer 

future adoption strategies. By grounding innovation diffusion in a robust socio-technical 

perspective, T4.1 aims to advance the goal of scaling up clean, intelligent waterborne 

transport in Europe, reflecting the complexity of the IWT ecosystem and the systemic change 

needed to meet EU decarbonisation and logistics efficiency targets. 
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1. Introduction  

The adoption of Small, Flexible, Automated, Zero-emission (SFAZ) vessels represents a 

strategic opportunity to address the growing demand for sustainable, efficient, and adaptable 

logistics solutions in European inland waterways. These Class I vessels1 are designed to 

navigate shallow, constrained environments while offering modularity, automation, and clean 

propulsion — qualities that align with evolving policy priorities and urban mobility needs. To 

explore how such innovations can be scaled and integrated into existing transport systems, it 

is essential to understand the broader socio-technical landscape, identify key actors and 

adoption dynamics, and define suitable modelling approaches. 

1.1. Context and Background 

As European cities face increasing pressure to decarbonise logistics and reduce urban 

congestion, the need for small, sustainable, and technologically advanced shipping solutions 

has become more urgent. The concept of SFAZ vessels responds to this need by combining 

compact vessel size, manoeuvrability, zero-emission propulsion, and automation or remote 

operability. Designed specifically for narrow, shallow, and multimodal inland waterways, SFAZ 

vessels are ideally suited to urban and regional logistics applications such as last-mile 

delivery, micro-hub servicing or agile responders within decentralised transport networks. 

EU-funded projects such as the Maritime Unmanned Navigation through Intelligence in 

Networks (MUNIN) and the Advanced Autonomous Waterborne Applications Initiative 

(AAWA) by Rolls-Royce have explored technical feasibility, operational concepts, and safety 

frameworks for autonomous vessels. Complementary efforts like ReVolt and AUTOSHIP have 

further examined zero-crew and automated cargo vessel solutions. Beyond research, pilot 

projects have already been testing real-world applications; for example, Yara Birkenland, 

Norway’s first commercial autonomous ship, focused on short-sea cargo transport, while the 

AVATAR project targeted autonomous inland shipping for urban cargo and waste logistics [1].  

More recent efforts, including the AUTOFLEX project, have targeted flexible inland vessel 

designs for short-range operations. However, these solutions focus on Class II2, with a design 

draft of around 2 meters [2], and higher CEMT (European Conference of Ministers of 

Transport) Class vessels, limiting their ability to access or operate effectively in shallow 

waterway zones and or restricted routes. Furthermore, AUTOFLEX vessels mainly rely on fully 

electric propulsion with internally mounted ZES (Zero Emission Services) battery packs, 

potentially limiting operational range and complicating battery swap logistics. 

The FOREMAST project takes a distinct approach by targeting Class I vessels with reduced 

air and water drafts, enabling navigation in shallow and spatially constrained canals and 

 

1 Class I vessels (CEMT Class I) are designed for small inland waterways, with maximum dimensions 
of approximately 38.5 m in length, 5.05 m in beam, and a draft of up to 1.8 m. 
2 Class II vessels (CEMT Class II) are larger, with maximum dimensions around 50 m in length, 6.6 m in 
beam, and a draft up to 2.5 m. 
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rivers. Its modular vessel designs are coupled with hybrid zero-emission propulsion systems 

(including swappable electric batteries and hydrogen-based energy storage) and automation 

technologies designed for remote or semi-autonomous operation. This makes SFAZ vessels 

highly adaptable to diverse logistics environments, offering advantages in terms of 

environmental compliance, scalability, and integration into decentralised infrastructure. 

Through these innovations, SFAZ vessels contribute to broader efforts to shift freight from 

road to Inland Waterway Transport (IWT), aligning with EU policy goals such as the European 

Green Deal and the Zero Emission Waterborne Transport (ZEWT) partnership. Their potential 

for reducing emissions, improving energy efficiency, and supporting more sustainable urban 

logistics networks underscores the importance of understanding how such vessels can be 

adopted in real-world contexts. 

1.2. Objectives of Task T4.1 

Task 4.1 aims to support the evidence-based steering of SFAZ vessel adoption within IWT. To 

achieve this, the task pursues four interrelated objectives: 

• Map the key stakeholders involved in SFAZ adoption — including vessel operators, 

technology providers, logistics service users, public authorities, and regulators — and 

analyse their roles, interdependencies, perceptions and decision-making behaviours 

within the IWT ecosystem. 

• Identify and assess the main barriers and sectoral pressures hindering the uptake of 

SFAZ vessels, along with the broader landscape and regime-level pressures (e.g. 

regulatory inertia, market fragmentation, infrastructure gaps) that influence adoption 

dynamics. 

• Explore policy interventions that that could address identified barriers and incentivise 

SFAZ adoption.  

• Develop and apply an agent-based modelling (ABM) framework to simulate potential 

diffusion pathways for SFAZ vessels under varying sectoral, behavioural, and policy 

conditions. These scenarios aim to generate actionable insights to support decision-

making and long-term transition planning toward sustainable inland freight systems.  

1.3. Relevance to FOREMAST Project 

This deliverable establishes the conceptual and methodological foundation for T4.1, which 

develops a socio-technical modelling framework to guide the adoption of SFAZ vessels. This 

framework enables a comprehensive analysis of the dynamic interactions between 

technological innovation, market trends, regulatory environments, and stakeholder 

behaviours. By doing so, it supports FOREMAST’s objectives to design policies, promote 

industry uptake, and plan deployment strategies for SFAZ vessels. 

T4.1 integrates critical inputs from Work Package 1 (WP1), including techno-economic 

analyses, value proposition development, and scenario definitions. Outputs from T1.1 help 

identify systemic barriers and enablers affecting market readiness, while contributions from 

T1.2 and T1.3, such as techno-economic Key Performance Indicators (KPIs) and operational 
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constraints, shape the simulation assumptions. This task not only complements WP1’s 

technical work but extends its scope by enabling long-term policy experimentation and 

adoption forecasting. 

WP2 provides essential technical foundations for the simulation framework. Vessel designs, 

energy consumption profiles, and zero-emission hybrid propulsion systems from T2.1 and 

T2.3 feed into cost, operational and environmental impact assessments. Advances in 

automation and human-machine interaction from T2.2 inform the modelling of varying 

automation levels and reliability. Alongside FOREMAST digital twin architecture developed in 

T2.4, these inputs ensure that T4.1’s model reflects realistic technological capabilities and 

performance expectations. 

WP3 Living Labs (LLs) offer vital experimental environments for validating and refining the 

simulation framework. LL1 in Belgium focuses on retrofitting existing vessels, exemplified by 

the AVATAR project, providing real-world data on remote management, platooning, and 

automated mooring-- key elements modelled in T4.1 that represent early adoption steps. In 

contrast, LL2 (France) and LL3 (Romania) explore new vessel designs and innovative 

manoeuvring solutions. LL3 applies a digital twin-first approach to assess novel vessel 

concepts and propulsion systems tailored to shallow waterways, enabling virtual validation of 

energy and manoeuvrability. Feedback from FOREMAST LLs informs T4.1, enabling adaptive 

refinement of simulation parameters and adoption metrics across both incremental and 

disruptive innovation pathways. 

Beyond validation, WP3’s impact evaluation tasks apply quantitative KPIs such as emission 

reduction and modal shift, to assess the real-world potential of SFAZ solutions. The results 

feed into the creation of transferrable blueprints that combine WP1 and WP2 outputs with 

T4.1’s modelling insights, facilitating regulatory alignment and technology transfer. 

Within WP4, T4.1 provides the technical foundation that informs stakeholder guidance (T4.2), 

regulatory alignment (T4.3), and communication strategies (T4.4). It also supports innovation 

management in T4.5 by contributing to exploitation strategies and scalability assessments, 

helping to secure the long-term impact of FOREMAST’s solutions. 

This deliverable advances WP4 objectives by embedding technological innovations within a 

socio-technical modelling framework that supports policy design, exploitation strategies, and 

standardisation. It contributes to the ZEWT partnership by quantifying impacts and shaping 

pathways toward 2030 and 2050 targets. By grounding innovation in a policy-aware and 

market-sensitive context, it helps ensure the scalable, viable, and socially accepted adoption 

of SFAZ vessels, accelerating the sustainable transformation of inland waterway transport. 

1.4. Scope of the deliverable 

This deliverable presents the methodological basis for simulating the adoption of SFAZ 

vessels in European inland waterway transport systems. The approach is built around the 

Multi-Level Perspective (MLP), a well-established framework for analysing socio-technical 

transitions. MLP has proven effective in previous studies of maritime and transport innovation 



 

11    
 

[3] [4] offering a structured lens to examine how technological, regulatory, and behavioural 

dynamics co-evolve over time. Its relevance to SFAZ adoption lies in its capacity to capture 

additive and hybridisation trajectories, where novel capabilities, enabled by a tightly coupled 

bundle of technical components (S, F, A, and Z), are progressively integrated with existing 

systems and operational norms, rather than replacing them outright 

This document defines the simulation architecture, including system components, actor 

types, and decision-making logic, and incorporates inputs from technology partners gathered 

through a dedicated survey. These insights inform realistic assumptions for scenario 

development, enabling the identification of leverage points for policy and business 

interventions. 

The outcomes of this work serve as a blueprint for the simulation framework to be developed 

in FOREMAST deliverable D4.2, where scenario-based diffusion modelling will be applied. By 

identifying relevant system components, actor behaviours, and transition pathways, this 

deliverable provides the conceptual backbone for modelling SFAZ vessel uptake. It also 

supports broader FOREMAST objectives by integrating technology road mapping activities in 

WP2 and informing stakeholder engagement, policy development, and exploitation strategies 

in WP4. As such, it plays a central role in aligning adoption modelling with the project’s wider 

transition-oriented innovation strategy. 

This deliverable is structured to guide the reader from conceptual foundations to the practical 

development of the adoption modelling framework. Chapter 0 outlines the theoretical 

underpinnings of the work, including the MLP, and applies them to the specific case of SFAZ 

vessel adoption, identifying key barriers, enabling conditions, and perspectives from 

technology partners. Chapter 0 presents the development of the simulation framework, 

defining system boundaries, stakeholder profiles, key variables, and the design of agent 

behaviours and policy scenarios. Chapter 0 describes the model validation strategy and 

proposes interview questions for stakeholders, clearly linking them to simulation variables 

and agent behaviours to ensure the model is grounded in real-world conditions. Chapter 0 

concludes the deliverable with reflections on implications for inland waterway transport, 

current limitations, and future research directions. 

1.5. Mapping of FOREMAST outputs 

Table 2 Adherence to FOREMAST Grant Agreement (GA) deliverable and work description 

FOREMAST GA 
Component 

Title 
FOREMAST GA Component Outline 

Respective 
Document 
Chapter(s) 

Justification 

DELIVERABLE 

D4.1 Steering 
SFAZ wider 
adoption 
scenarios v1 

Task 4.1 develops and validates a 
socio-technical simulation model to 
explore and steer the adoption of 
SFAZ vessels by 2030 and 2050. It 
integrates technological, policy, and 
behavioural factors to assess how 

all  This report defines the 
objectives, theoretical 
grounding, and simulation 
logic that support evidence-
based steering of SFAZ 
adoption 
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adoption patterns respond to 
barriers, sectoral pressures, and 
policy interventions 

   

ST4.1.1 
Problem 
definition and 
modelling 
framework 
development 

This subtask focuses on defining 
the modelling framework using the 
MLP, identifying key variables (e.g., 
stakeholders, technologies, market 
context) and selecting appropriate 
modelling techniques (e.g., agent-
based modelling) 

Chapters 2 
& 3 

Chapter 2 identifies key 
barriers, sectoral pressures, 
and stakeholder roles, while 
Chapter 3 defines the 
simulation architecture and 
agent logic, forming the 
core of the modelling 
framework 

ST4.1.2 Model 
Validation and 
testing 

This subtask involves validating and 
testing the model through iterative 
refinement, using feedback from 
LLs and stakeholder interactions to 
ensure realism and practical 
relevance 

Chapter 4  Chapter 4 outlines the 
validation methodology, 
including planned 
stakeholder interviews and 
feedback loops with WP3 
LLs 

ST4.1.3 
Estimates of 
SFAZ adoption 
to steer policy 
initiatives 

This subtask develops scenario-
based adoption estimates that 
reflect the effects of key barriers, 
landscape trends, and enabling 
policies, providing strategic input for 
regulatory and investment planning 

Chapters 2 
& 3 

Sections 2.3 and 3.3 
outlines preliminary 
simulation scenarios and 
identify potential 
intervention levers that will 
inform future adoption 
estimates, aligned with 
policy and stakeholder 
dynamics 



2. Foundations of SFAZ adoption Modelling  

2.1. Theoretical Framework 

2.1.1. Socio-Technical Sustainability Transition Perspectives 

The concept of socio-technical transitions is gaining increasing relevance in many sectors. 

For example, in the shipping sector, policymakers, researchers and industry stakeholders turn 

their attention to modernising inland waterway transport. This growing interest is shaped by 

the need to address a complex set of challenges: improving operational efficiency, reducing 

environmental impact, and ensuring economic viability across the waterborne logistics 

system. Within this context, the role of technological innovation, ranging from 

automated/remote vessel operations and alternative propulsion systems to platooning 

configurations and energy-efficient infrastructure, has become central to current debates on 

the future of inland shipping [5] [6].  

At the same time, the sector is witnessing notable shifts in its social and institutional 

landscape. These include a diversification of actors involved in shaping inland waterway 

innovation, such as technology providers, port authorities, logistics firms, environmental 

organisations, and local governments. There is also a growing emphasis of regionally 

anchored initiatives that seek to integrate inland waterways more effectively into multimodal 

transport networks as it is highlighted in D1.1 [7] .  

Recently, researchers have begun to complement these conceptual frameworks with formal 

modelling approaches to better understand and anticipate the dynamics of sustainability 

transitions. The emerging field of transition modelling applies established modelling 

methodologies to explore how deep structural changes in sectors like IWT can unfold over 

time. Such models aim to capture the complexity of socio-technical transitions by integrating 

factors like technological innovation, institutional shifts, user behaviour, and environmental 

feedback. By systematically comparing different modelling approaches –including Integrated 

Assessment Models, evolutionary economic models, socio-ecological system models, and 

eco-innovation macroeconomic models –researchers are building a portfolio of approaches 

that can help explain and support the governance of transitions [8]. One influential framework 

for analysing these dynamics is the MLP.  

2.1.2. Multi-Level Perspective Theory Application 

The MLP, introduced by [9], is a widely used framework in transition studies that explains 

socio-technical change as a result of interactions across three analytical levels: the socio-

technical landscape, the socio-technical regime, and the niche innovations: 

• The landscape represents the broader, exogenous environment including cultural 

values, geopolitical trends, and macroeconomic conditions, demographic shifts and 

material infrastructures (e.g. transport, energy system). These factors shape the 
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context in which regimes and niche operate but are generally slow to change and 

beyond the direct influence of actors.  

• The regime level consists of relatively stable configurations institutions, technologies, 

rules and social networks that maintain the status quo by generating incremental 

innovations.  

• The niche level refers to protected socio-economic spaces where radical innovations 

are developed, tested and nurtured. These innovations often struggle to scale, but 

those that gain sufficient support and momentum may disrupt or integrate into the 

dominant regime.  

The core dynamics of transition pathways are outlined in [10]: niche innovations gradually gain 

momentum, external pressures emerge from changes in the socio-technical landscape, and 

regime destabilisation creates opportunities for these niche innovations to break through. 

Regimes comprised of embedded technologies, firms, institutions, and social norms are 

influenced both from below (niche-level) and above (landscape-level), leading to various 

potential pathways for transformation. Niches, often developed in protected or experimental 

environments by pioneers, entrepreneurs, or social movements, typically struggle to gain 

traction due to higher costs, regulatory mismatches, or infrastructure barriers. Over time, 

however, successful niches can align with or reconfigure regimes, paving the way for 

sustainable alternatives.  

Three interrelated mechanisms underpin niche success: (1) convergence of expectations, (2) 

networking, and (3) learning [11]. Convergence to shared, high expectations motivates actors 

to participate in risky technological experiments and align around a common vision, often 

stimulated by external regime or landscape developments (e.g., regulatory shifts, R&D 

breakthroughs). Networking involves forming stable social networks among producers, users, 

regulators, and societal groups, enabling the mobilisation of strategic resources and clearer 

actor roles. Learning encompasses both learning-by-doing and learning-by-interacting, 

allowing actors to refine technological performance and societal embedding through 

knowledge exchange and experimentation. These mechanisms reinforce each other 

dynamically: expectations shape networks, networks influence experimentation setups, and 

experimental outcomes feed back into both learning and expectations. Although this 

interaction pattern is complex and path-dependent, niches that build robust expectations, 

expansive networks, and rich learning processes are more likely to scale, disrupt, or integrate 

into dominant regimes, thereby catalysing socio-technical transitions. 

Since emerging in the early 2000s, MLP has proven useful in explaining historical transitions 

such as in land transport [12], clean water systems [13] [14] and shipping [15], as well as 

contemporary transitions towards sustainability in energy, housing, urban mobility and 

agriculture [16] [17] [18] [19] [20]. Moreover, MLP qualifies as theoretical contribution by 

offering structured, generalisable insights that extend beyond the specific empirical case, fully 

aligned with the expectations for theory-driven research. Beyond academia, organisations like 

Forum for the Future [21] and WWF [22] have applied the MLP to guide strategic sustainability 

efforts, showing its growing practical relevance for real-world transformations.  
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2.1.3. Overview of Agent-Based Modelling and System Dynamics 

Approaches 

The increasing complexity of sustainable systems requires analytical approaches that go 

beyond traditional methods. While case study analyses and techno-economic models have 

yielded valuable insights into transition dynamics, they often fail short in capturing the 

interplay between individual behaviours and macro-level systemic change. The MLP’s 

conceptual richness has called for complementary modelling approaches that can 

operationalise its core dynamics, especially in complex, actor-rich systems such as shipping, 

logistics and multimodal transport.  

Recent reviews of transition modelling underline the suitability of both System Dynamics and 

Computational Social Science-inspired Agent-Based Modelling as key approaches to 

operationalise the co-evolutionary dynamics described in the MLP. System Dynamics models 

emphasise how feedback loops between system elements, such as infrastructure, regulatory 

environments, and technology adoption, generate non-linear transition pathways. Meanwhile, 

ABM excels at capturing bottom-up approaches where diverse actors interact, learn and adapt 

their behaviour. Rooted in complexity science, ABM simulates the behaviour of 

heterogeneous, autonomous agents whose interactions may lead to emergent, system-level 

patterns [23]. On the other hand, non-ABM approaches, like the Bass model, spatial 

econometrics, System Dynamics and cellular automata, typically model aggregate trends 

often neglecting heterogeneity and interactions.  

A particular strength of ABM lies in its capacity to represent agents with diverse 

characteristics and decision-making rules. Moreover, agents in ABM can adapt and evolve 

their behaviours over time, learning from their own experiences and from observing peers, 

which enables the modelling of dynamic diffusion processes rather than static adoption 

assumptions. This makes ABM particularly well-suited for modelling the MLP framework, as 

it allows researchers to explore how micro-level decisions and interactions among diverse 

stakeholders contribute to regime shifts or the uptake of niche innovations. As highlighted in 

[24]. ABM enables the co-evolution of social and technical dynamics in a way that reflects the 

multi-dimensional, non-linear nature of socio-technical transitions.  

In maritime contexts, ABM has been used to explore the adoption of cleaner technologies 

such as electric ships and wind-assisted propulsion retrofits [25]. These models capture how 

factors like costs, policy incentives, interactions, and imperfect information influence shipping 

companies’ decisions to adopt decarbonisation technologies.  

2.2. Application to SFAZ Vessel Adoption 

This section applies the conceptual lens of the MLP to the context of IWT and illustrates how 

the four core components of the SFAZ vessel concept are integrated within an ABM 

framework. It also draws on empirical insights from FOREMAST deliverable D1.1, which 

provides a structured market analysis and identifies key drivers of modal shift and 

opportunities for small-scale IWT solutions. 
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2.2.1. MLP Implementation on IWT and SFAZ Innovation 

From an MLP standpoint, the IWT sector can be understood as a socio-technical system 

undergoing increasing pressure for transformation. Figure 1 illustrates the main elements 

influencing and composing IWT systems, adapted to SFAZ innovation. 

 

Figure 1 MLP implementation on IWT systems adapted from [3] 

At the landscape level, exogenous trends such as the European Green Deal’s decarbonisation 

targets, advancing digitalisation, climate-induced water management pressures, and shifting 

demographics in the transport workforce are reshaping the context in which IWT operates. 

These broader forces create windows of opportunity for innovation and structural change. 

At the regime level, however, conventional practices and configurations continue to dominate. 

These include the widespread use of diesel-powered vessels, existing port and cargo handling 

infrastructure, and established operational norms that favour larger vessel classes and road-

based freight logistics. This entrenched regime structure resists rapid change due to 

institutional inertia, infrastructural lock-in, and the conservative risk profiles of many IWT 

actors, from fleet operators and port authorities to large logistics firms invested in 

conventional supply chain setups. 
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Within this environment, the SFAZ vessel concept occupies a niche innovation space. Rather 

than a single breakthrough, the conceptual diagram illustrates how SFAZ vessels represent a 

combinatorial innovation package made up of four tightly coupled technological dimensions: 

• Small (S): Vessels designed to navigate narrow, shallow waterways, opening access 

to underutilised urban and peri-urban routes. 

• Flexible (F): Modular and multipurpose operational capabilities, including cargo 

adaptability and dynamic platooning strategies. 

• Automated (A): Partial or full automation in navigation, docking, and fleet coordination 

to reduce crew demand and operational costs. 

• Zero-emission (Z): Use of battery-electric propulsion, hybrid systems, and green 

infrastructure to meet tightening emissions regulations. 

These innovations directly respond to multiple opportunities identified in D1.1, particularly the 

need for decarbonised logistics solutions in dense urban environments. D1.1 highlights that 

the most promising market segments for SFAZ vessels include parcel delivery, construction 

materials, food and retail distribution, and urban waste removal, sectors with clear 

environmental drivers and logistical constraints well-suited to small, clean, and agile 

waterborne solutions. 

The MLP framework helps situate the SFAZ concept within broader transition dynamics, 

where innovations emerge from niches and gradually disrupt dominant regimes. The phased 

process of modal shift — from inertia to transition and eventual maturity — maps well onto 

the evolution of SFAZ vessels. Early-stage resistance due to low awareness, regulatory inertia, 

and entrenched practices requires targeted policy support, training, and incentives. As 

technical solutions mature through LLs, stakeholder consortia, and demonstration projects, 

they begin to align with regime actors such as port authorities and cargo operators, fostering 

institutional learning and infrastructure adaptation. Landscape pressures like decarbonisation 

mandates and digitalisation incentives can accelerate this shift by weakening regime lock-ins, 

although barriers such as risk aversion, fragmented regulations, and uncertainty still call for 

strategic interventions to sustain niche momentum. 

2.2.2. Integration into the Agent-Based Model 

To explore how the SFAZ vessel concept may diffuse within the IWT system over time, T4.1 

develops an ABM that operationalises key MLP dynamics while accounting for real-world 

market conditions, adoption barriers, and stakeholder diversity. 

The ABM simulates interactions between a heterogeneous population of agents including 

vessel operators, technology providers, logistics firms, infrastructure managers, and public 

authorities. Each agent has unique characteristics, preferences, and decision-making rules 

shaped by economic constraints, regulatory signals, social influence, and access to 

information. 

Rather than modelling “SFAZ” as a binary adoption choice, the model treats its four 

subcomponents as distinct but interrelated innovation levers. These features influence agent 

behaviour differently depending on their role and context. For instance: 
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• A public port authority may prioritise zero-emission technologies to meet emissions 

targets. 

• A logistics operator may value flexibility and modularity to serve varied cargo flows. 

• A small shipowner may hesitate due to the high upfront cost and lack of clarity around 

autonomy regulation. 

These agent-level decisions play out in a system shaped by external (landscape) pressures 

such as policy mandates, fuel price volatility, and public perception shifts, as well as regime-

level inertia stemming from infrastructure lock-in, fragmented value chains, and conservative 

investment norms. 

The ABM explicitly incorporates: 

• Cost-benefit trade-offs 

• Policy incentives, demonstration effects, and learning-by-doing 

• Social network dynamics, including peer learning and reputation 

• Adoption barriers and feedback loops affecting innovation diffusion 

Importantly, the model captures how agents’ decisions are shaped not only by internal 

attributes but also by system-level interactions and collective learning thus aligning with 

MLP’s focus on co-evolution between niche innovations, regime responses, and landscape 

trends. 

By running simulations under different policy scenarios and market conditions, the model can 

generate plausible adoption pathways, identify bottlenecks, and test the effectiveness of 

coordinated interventions. 

This modelling effort thus provides both conceptual alignment with MLP and practical 

foresight for guiding SFAZ rollout strategies. It also sets the stage for a closer examination of 

the barriers to adoption and the policy responses required to overcome them — topics 

addressed in detail in the following section. 

2.3. Challenges and Strategic Responses in the Adoption 

of SFAZ Vessels 

2.3.1. Key Barriers to Adoption 

The deployment of SFAZ vessels in inland navigation faces interrelated barriers. Some are 

specific to the technologies themselves, while others stem from broader structural issues 

within the IWT ecosystem. These barriers cut across economic, institutional, regulatory, and 

socio-technical dimensions, and collectively contribute to the slow pace of adoption despite 

growing environmental and logistical pressures. 

High upfront costs and misaligned incentives. A core challenge remains the economic 

viability of SFAZ vessels. Automation and zero-emission components can add anywhere from 

5% to 300% to vessel construction costs, depending on the automation level and technological 

configuration. Additional port fees, typically 20% higher, driven by extra assistance or 
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infrastructure limitations, further increase operating costs, which are rarely offset in the short 

term [26]. These financial burdens are borne disproportionately by shipowners or technology 

providers, while broader system benefits (e.g. reduced emissions, labour savings) are 

distributed across other stakeholders. This misalignment of costs and benefits 

disincentivises early investment and complicates coordination among actors. 

Regulatory and institutional inertia. As noted in D1.1, regulatory frameworks have not kept 

pace with innovation. While the Central Commission for the Navigation of the Rhine (CCNR) 

and other bodies have defined automation levels [27], harmonised legal recognition and 

operational guidelines, agreed upon with innovation providers, are missing. Critically, no 

European legislation currently allows for the full replacement of crew by automated systems, 

a key factor in achieving cost parity with road transport. Institutional complexity across 

countries and jurisdictions further slows down efforts to standardise certification, liability, and 

operational norms. 

Infrastructure limitations and lack of urban integration. SFAZ adoption also depends on 

infrastructure that is often underdeveloped or inconsistently available. From charging and 

maintenance facilities to last-mile logistics connections (e.g. cargo bikes), SFAZ-compatible 

urban logistics chains are still emerging. Moreover, urban planning constraints, such as 

competing land use along quaysides or lack of compatible infrastructure (e.g. docking, battery 

charging/swapping), limit access to docking or handling zones. As D1.1 illustrates through 

the Paris case, even successful pilots often require bespoke exemptions or partnerships, 

which are difficult to scale. 

Interoperability and service reliability. IWT already faces challenges related to transit time 

variability, handling delays, and weather disruptions [28]. Introducing new 

automated/autonomous vessel technologies into this environment adds another layer of 

operational uncertainty. Concerns about system interoperability, cyber security, and remote-

control reliability reduce stakeholder confidence, particularly in time-sensitive or high-value 

logistics chains. 

Social perception and safety concerns. Public trust in automated inland shipping remains 

limited, especially in urban or recreational areas where waterways are shared with other users. 

The combination of automation with the transport of hazardous or industrial goods can 

amplify public concern. SFAZ vessels must coexist with legacy fleets and varying traffic 

conditions. 

Cultural and behavioural resistance to change. As also outlined in D1.1, there remains a 

strong preference for road transport based on familiarity, flexibility, and perceived cost-

efficiency. The “inertia phase” described by Dr. Rodrigue [29] is particularly relevant here: 

actors hesitate to adopt new systems not only due to cost or risk but due to a general lack of 

information, trust, or capacity to integrate IWT solutions into their logistics strategies. 

Market fragmentation and uneven access. IWT services are highly localised, shaped by 

distinct market dynamics, governance structures, and infrastructure availability. This makes 

it difficult to build scalable business models for SFAZ deployment. In areas with limited 
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intermodal access or low cargo density, the business case for automation is especially weak, 

regardless of technological maturity. 

Together, these barriers reinforce a risk-averse equilibrium in which even promising pilot 

projects struggle to transition to widespread implementation. Without targeted policy 

interventions, incentive structures, and stakeholder coordination mechanisms, SFAZ vessels 

risk remaining locked in the niche stage, despite their alignment with long-term sustainability 

and innovation goals. 

2.3.2. Sector and Landscape Pressures 

IWT operates under increasing pressure from demographic, environmental, and economic 

shifts that are reshaping the viability and attractiveness of conventional logistics models. 

These landscape-level trends create both urgency and opportunity for innovation in the sector.  

Inland shipping shares similarities with Short Sea Shipping, such as regional operations and 

potential for land-based Remote Control Centres in autonomous shipping. Both sectors face 

challenges, including a shortage of skilled crew and limited innovation uptake, but they differ 

in ship types and business models [30] High personnel costs, estimated at roughly 26% of 

operational expenditures, combined with an aging workforce, make the sector unattractive to 

younger generations [31]. These dynamics strengthen the case for automation and remote 

operations. 

At the same time, decarbonisation mandates, digitalisation incentives, and urban 

sustainability agendas are pushing transport systems toward cleaner, smarter solutions. 

Regulatory frameworks such as the EU Green Deal and Fit-for-55 package signal long-term 

political commitment to emissions reductions [32], which may accelerate the phasing out of 

fossil-fuel-powered vessels. Urban regions, in particular, face growing pressure to reduce 

congestion, emissions, and noise, creating a favourable landscape for the deployment of 

clean, compact vessels like those envisioned in the SFAZ concept. 

However, these pressures interact with persistent institutional and market fragmentation in 

the IWT sector. The coexistence of legacy fleets, varying local policies, and uneven access to 

digital infrastructure makes it difficult to scale responses. Moreover, cybersecurity risks and 

interoperability concerns accompany the shift toward connected, autonomous vessels, 

making technological trust and resilience equally critical to long-term adoption. 

2.3.3. Policy interventions to overcome barriers 

The successful adoption of SFAZ vessels depends not only on core and auxiliary technological 

readiness but also on the availability of supportive policy, regulatory, and financial 

environments. Many of the barriers discussed, ranging from high capital costs to regulatory 

ambiguity, are unlikely to be overcome without targeted public intervention and stakeholder 

coordination. 

Financial and market support. Initial investment remains one of the most pressing concerns. 

Public funding mechanisms such as Horizon Europe, the Connecting Europe Facility, and the 
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Interreg may offer opportunities to lower the entry cost for early adopters. Support could take 

the form of grants, retrofitting schemes, or co-investment in enabling infrastructure. In 

addition to financial support, awareness-raising and information-sharing activities can 

strengthen stakeholder confidence, echoing findings from other sectors where policy mixes 

combining funding with outreach proved more effective than subsidies alone [33]. 

Regulatory adaptation. Legal frameworks around automation, remote operation, and zero-

emission propulsion are still evolving. As D4.5 notes, harmonisation efforts, particularly 

across CESNI (European Committee for drawing up Standards in the field of Inland 

Navigation), CCNR, and EU directives, are key to creating clarity and consistency for 

innovators. Examples include updating certification standards for automated systems, 

clarifying liability rules, and exploring regulatory sandboxes or test zones where new 

technologies can be piloted safely. Ensuring that training and operator certification 

frameworks evolve in parallel would further ease adoption. 

Infrastructure and urban integration. SFAZ deployment also depends on having suitable 

infrastructure — charging points, smart docking stations, remote operation centres — that is 

not yet widely available. Investment at the regional or municipal level could help scale such 

facilities, particularly in multimodal hubs or emission-restricted zones. Coordination with 

urban planning and sustainable logistics policies, e.g. SUMPs (Sustainable Urban Mobility 

Plans) [34] would also support smoother integration of inland navigation into last-mile delivery 

chains. 

Capacity building and stakeholder engagement. Beyond technical and financial barriers, 

many stakeholders cite limited knowledge, training needs, or resistance to change as 

challenges. As emphasised in D4.5 [35], efforts to build stakeholder capacity, through training 

programmes, peer networks, demonstration pilots, and sector platforms, can help foster 

acceptance and long-term commitment. The LLs set up in FOREMAST already offer strong 

foundations for this kind of ecosystem learning [36]. 

Together, these policy actions can help reduce adoption risks, align incentives, and create an 

environment in which the benefits of SFAZ vessels can be more widely realised. Rather than 

relying solely on technological maturity, an adaptive policy approach may be more effective in 

enabling a steady transition toward cleaner and smarter inland navigation. 

Evidence from other sectors reinforces the relevance of combining financial and informational 

interventions to foster adoption. For example, in the agrifood sector, policy experiments 

comparing subsidies with information campaigns demonstrated that while subsidies reduced 

financial barriers but risked lowering early support, information campaigns (in the form of 

“spreader” or “change” agents) maintained stakeholder engagement, strengthened 

knowledge networks, and accelerated adoption [11]. The study highlighted that sustained 

support and strong network connections are crucial in early phases, but policies may need to 

be adapted or withdrawn once a self-sustaining niche emerges.  
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2.3.4. Technology provider perspectives 

SFAZ vessels are intended to operate efficiently in narrow, urban, and multimodal waterways, 

offering high automation, energy sustainability, and modular adaptability. The innovations 

supporting this concept are driven primarily through WP2, with validation and refinement 

undertaken through the real and virtual LLs in WP3. In January 2025, we distributed a survey 

to the FOREMAST technology partners to collect detailed information about their solutions, 

as well as the adoption motivators and perceived barriers to implementation. 

A key insight was that innovation leadership and the desire to remain competitive are viewed 

as the primary motivators for adoption by potential clients. Most of the respondents do not 

anticipate scalability issues; however, there is a clear split regarding infrastructure 

dependencies: while half of the solutions require significant upgrades or new installations, the 

other half are designed to flexibly adapt to varying waterway conditions and regulatory 

contexts. Notably, two-thirds of respondents see their solutions as particularly well-suited to 

smaller-scale, urban operations and are positioning themselves for long-term sustainability 

and market relevance. Early engagement with external actors has been encouraging, with 

many providers reporting growing interest and partnership opportunities. 

Regarding multimodal integration, there was consensus among respondents that the greatest 

value of SFAZ lies in its ability to seamlessly connect with road and rail systems. However, 

they also identified complex coordination requirements and the lack of standardisation across 

transport modes as significant challenges to achieving this vision. 

These insights provide the context for the following subsections, which detail the specific 

technology categories shaping the SFAZ concept. 

SFAZ modular hull designs 

As part of WP2 [37], UGAL (University of Galati) and UGENT (Universiteit Gent) focused on the 

development and evaluation of compact, hydrodynamically optimised hulls for SFAZ vessels, 

with configurations under 10m in length and 5m in beam. Computational Fluid Dynamics 

simulations and full-scale trials (LL2, Caen) validated performance at speeds 10–15 km/h, 

with emphasis on manoeuvrability, energy efficiency, and automation readiness. UGENT 

contributed simulation-based and empirical manoeuvring models (e.g. zig-zag, turning, 

acceleration), essential for enabling automated control systems in inland waterway contexts. 

These modular hulls are designed to support flexible deployment and retrofitting for different 

cargo types, operational environments, and levels of automation. In WP3, these vessel 

concepts are piloted in real-world logistics environments such as the AVATAR retrofit in Ghent 

(LL1), which explores performance in multimodal and remote-controlled transport scenarios. 

These design innovations align with key stakeholder interests:  

• Cost efficiency & scalability: Modular designs and retrofittable components reduce 

operating costs and enable phased investment. 

• Sustainability compliance: Compact designs are well-suited for zero-emission 

operations in urban environments, aligning with upcoming environmental regulations. 
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• Operational flexibility: High manoeuvrability supports navigation in dense or 

constrained waterways, including port approaches and canal networks. 

Despite their promise, several challenges must be addressed for widespread adoption: 

• High upfront investment for hull construction and system integration. 

• Infrastructure limitations in ports and terminals, particularly for small-scale vessels. 

• Legal ambiguity around classification, certification, and operational zones. 

• Gaps in operational know-how and maintenance skills for novel vessel configurations. 

Automation-related Innovations 

Among the key innovations in FOREMAST are developments in automated navigation and 

situational awareness systems. 

Both ABBBS and SEAFAR bring forward advanced automation technologies designed to 

increase safety, reduce human intervention, and enhance the operational efficiency, 

sustainability, and adaptability of inland waterway transport. SEAFAR focuses on deploying 

AI-powered visual systems for vessel detection and monocular depth estimation, improving 

remote situational awareness in a cost-effective way compatible with existing infrastructure. 

ABBBS offers a modular and scalable control architecture that integrates with various 

propulsion systems and sensor platforms, providing unique capabilities like disturbance 

rejection and system federation that go beyond what current market solutions offer. These 

innovations aim not only to lower operational costs and emissions, but also to boost resilience 

under adverse weather or constrained navigational environments, all while reducing 

dependency on onboard crew. 

However, both partners identify shared barriers that may delay or complicate the adoption of 

their solutions. A persistent concern involves uncertainty around real-world performance and 

system reliability, particularly in the face of challenging inland waterway conditions such as 

low visibility, dense infrastructure (e.g. locks and bridges), and poor connectivity zones, which 

may limit the effectiveness of remote or cloud-assisted functionalities. They also highlight the 

regulatory ambiguity surrounding automated/autonomous operations, which creates 

difficulty in aligning innovative solutions with fragmented or emerging legal frameworks. 

Finally, both partners encounter a level of stakeholder hesitancy, often rooted in limited 

awareness or understanding of how AI-based navigation systems function, and a broader 

resistance to change within a conservative and risk-averse sector. Moreover, ABBBS points to 

high upfront investment needs and uncertain ROI (Return on Investment), especially when 

considering full-fleet retrofits. SEAFAR highlights perceptual barriers, noting that limited 

stakeholder familiarity with computer vision technology can hinder adoption, even when 

solutions are cost-effective. 

Despite the barriers, both partners identify strong drivers that support adoption of their 

systems: 

• A shared interest in innovation and maintaining competitiveness in a sector facing 

increasing digital and environmental demands. 
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• Desire to improve logistics efficiency, particularly by reducing operator burden and 

optimising route planning. 

• Improved resilience to adverse or complex conditions, where automation can 

supplement or outperform human operators. 

• For ABBBS, an additional motivator is alignment with sustainability and corporate 

responsibility goals. 

• For SEAFAR, potential cost savings, both operational and in equipment, play a critical 

role. 

Energy System-related Innovations 

PEL is developing a hybrid zero-emission energy management solution tailored for SFAZ 

vessels operating in urban areas, with a strong focus on flexible and modular integration [38]. 

At the core of their work is the design of hybrid electric and fuel cell (hydrogen-based) systems 

that support a wide range of vessel energy needs while meeting the technical constraints of 

inland navigation. The central innovation, a modular SWAP BOX, is engineered to support both 

battery-electric and hydrogen storage configurations, enabling vessel operators to adapt 

energy solutions to operational profiles and infrastructure availability. Beyond propulsion, the 

SWAP BOX extends its utility to grid services and power supply, offering additional business 

models during vessel idle times and thereby increasing the return on investment in onboard 

energy systems. 

PEL’s design philosophy addresses maritime-specific challenges such as environmental 

exposure, spatial constraints (e.g. bridge clearance), and shore-vessel interface complexities. 

The system is modularly expandable, smoothly manoeuvrable, and requires only minor 

adjustments to integrate with existing vessel systems. By leveraging hybrid energy 

technologies, PEL’s solution aims to accelerate the decarbonisation of inland shipping and 

support long-term energy flexibility. 

The value proposition includes reduced operational costs, enhanced environmental 

performance, and improved sustainability through optimised energy efficiency and reduced 

resource use. Compared to conventional systems, the SWAP BOX is perceived as easier to 

implement and maintain, while offering unique capabilities not available in existing single-

mode energy systems. 

Adoption is expected to be driven by cost savings, compliance with environmental and 

regulatory demands, and a strong interest in innovation, logistics optimisation, and corporate 

sustainability. However, barriers to adoption remain, including high initial costs, regulatory 

uncertainties, a lack of supporting infrastructure (e.g. charging or hydrogen refuelling 

stations), and a skills gap in operating and maintaining advanced energy systems. 

From Concept to Competitive Edge 

The suite of innovations developed under WP2 and validated through real and LLs collectively 

push the boundaries of what is possible in inland waterway transport. From hydrodynamically 

optimised vessel designs and modular energy systems to advanced automation and 
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situational awareness capabilities, these solutions are not standalone advances, but mutually 

reinforcing components of a cohesive SFAZ vision. 

Each innovation area responds to industry pressures around cost efficiency, environmental 

compliance, and operational agility, while also facing barriers such as regulatory uncertainty, 

infrastructure gaps, and skills mismatches. What unites them ultimately is a shared innovation 

edge: alignment with automation, digital twin technology, and hybrid energy systems attracts 

forward-looking operators and paves the way for scalable, sustainable, and intelligent inland 

waterway transport. 
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3. Modelling Framework Development  

Our model conceptualises a system composed of agents such as vessel owners, logistics 

providers, technology developers, and port operators, all of whom currently rely on 

conventional vessel technologies that dominate the existing inland waterways regime.  

These actors are assumed to be boundedly rational and operate under high uncertainty. At 

the introduction of SFAZ technology, actors cannot precisely assess its long-term viability, 

operational performance, or economic returns. The uncertainty encompasses technological 

maturity, regulatory acceptance, operational reliability, and integration into existing logistical 

chains. 

Adoption decisions in the model are driven by a combination of: 

 • Expectations about SFAZ’s future performance, including anticipated cost savings, 

emission reductions, and operational flexibility. 

 • Realised outcomes, which refer to actual performance observed from early trials, 

demonstrations, and pilot projects. 

Actors periodically re-evaluate their decisions to continue with incumbent vessels or to adopt 

SFAZ, based on how their expectations align with emerging evidence. These expectations are 

not static; They are influenced by: 

 • Gradual external pressures, such as evolving policy incentives favouring zero-emission 

solutions, stricter emission regulations under frameworks like the European Green Deal, and 

rising societal demand for sustainable transport. 

 • Unanticipated events, including technological breakthroughs (e.g., advances in battery 

technology or automated/autonomous navigation), success stories from demonstration 

projects, and abrupt regulatory shifts that alter the competitive landscape. 

3.1. Problem Definition and Scope 

The central problem addressed by the simulation is how various types of uncertainties — 

technological, economic, regulatory, and behavioural — affect the decision-making processes 

of key industry stakeholders regarding whether, when, and under what conditions to adopt 

SFAZ technologies. In particular, the model seeks to understand how expectations and 

feedback from early adopters influence broader patterns of technology diffusion, and how 

policy interventions or external shocks might accelerate or hinder the transition from 

incumbent vessels to more sustainable and flexible alternatives. 

The scope of the model is defined by a system of heterogeneous agents, including vessel 

owners, logistics providers, port operators, and technology developers, each embedded within 

a socio-technical regime that currently favours conventional vessel operations. By simulating 

interactions among these agents over time, the model captures how bounded rationality, 

social learning, and demonstration effects shape adoption behaviour in response to both 

internal feedback mechanisms and external policy signals. The model is designed to test a 
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range of adoption scenarios, compare policy interventions, and provide strategic insights into 

how targeted incentives, demonstration projects, or technological improvements can be most 

effectively deployed to support the wider uptake of SFAZ vessels. 

3.2. Variables and Modelling Parameters 

3.2.1. Variable Mapping 

The adoption of SFAZ vessels depends on a complex interplay of operational, technological, 

and regulatory variables. To capture this interplay within a structured innovation diffusion 

framework, we map key variables from the GA to relevant components of the MLP theory. This 

variable mapping supports both the definition of our target market and the formulation of 

modelling parameters. 

Figure 2 synthesises the SFAZ-specific variables into six thematic clusters aligned with the 

MLP framework. Each cluster contains sub-variables derived from the GA and informed by 

stakeholder input, which represent enablers or barriers to SFAZ adoption. For example, 

loading/unloading times and travel time relate directly to perceived performance 

improvements (Operational Efficiency), while integration with multimodal transport and 

automating infrastructure reflect Technological Risks associated with deployment. 

 

Figure 2 Mapping of GA variables to MLP components for SFAZ vessel adoption 



 

28    
 

To trace the origin of each variable and its relevance within the project, a color-coding system 

is applied: 

• Blue (T1.2): variables sourced from Task 1.2, focusing on logistics and operational 

contexts. 

• Green (T1.3): variables emerging from Task 1.3, particularly on reliability, adaptability, 

and current technological baselines. 

• Orange (T4.2): variables connected to regulatory, autonomy, and governance issues 

explored in Task 4.2. 

This mapping guides our definition of the relevant market as comprising transport scenarios 

that demand high flexibility, low emissions, and automation potential such as urban logistics, 

construction supply chains, and short-distance multimodal links. These scenarios are 

particularly sensitive to improvements in safety, reduced operational costs, and increased 

system integration. 

3.2.2. Stakeholder Profiles 

We have developed a conceptual map of stakeholders involved directly or indirectly in IWT, 

logistics, port operations and vessel technology. The stakeholder ecosystem for the adoption 

of SFAZ vessels is multifaceted, involving a wide range of actors with distinct roles, interests 

and interactions. At the core are the SFAZ operators, who are responsible for deploying and 

managing the SFAZ fleets. They collaborate closely with manufacturers, software developers 

and communication providers to ensure that vessel technologies meet operational and 

regulatory requirements. Port and waterway authorities as well as regulatory bodies (like 

CCNR and CESNI) are central public actors who set the regulatory frameworks, issue permits, 

and coordinate the integration of the SFAZ vessels within existing infrastructure and traffic 

systems. The European Commission also plays a significant role by shaping policy 

frameworks, funding innovation, and facilitating cross-border cooperation.  

Other key stakeholders include end users (e.g. logistics providers and cargo owners) who rely 

on the mobility services offered by SFAZ vessels, and the shippers’ association, which 

represent their collective interests and influence service development and regulatory 

discussions. Environmental NGOs (Non-Governmental Organisations) contribute by 

advocating for sustainable and socially acceptable innovations, shaping public discourse and 

raising awareness. Research institutes act as intermediaries –producing and disseminating 

knowledge, informing both decision-makers and the public about technological, social and 

environmental implications. Emerging actors such as remote operators provide remote 

monitoring and intervention services to ensure safety and compliance. Insurance companies 

and suppliers further complement the ecosystem, offering risk management solutions and 

technological components critical for vessel operation.  

Following the classification of [39], the actors were categorised in i) primary actors who 

directly influence the development and deployment of SFAZ, ii) secondary actors who 

influence the development of SFAZ to a certain extent (i.e. by influencing the primary actors) 
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and iii) tertiary actors who are not actively involved, but could pose constraining and/or 

enabling conditions for the deployment of SFAZ (Figure 3).  

 

Figure 3 SFAZ ecosystem stakeholder mapping 

While public projects use mass media to raise awareness, there is little evidence on how 

interpersonal communication channels operate within this innovation process. The inland 

shipping sector is characterised by a tightly connected, niche social system with entrenched 

norms, particularly in regions like the Rhine, where family-run or owner-operator business 

models are prevalent [40]. These existing models present significant cultural and structural 

challenges to adopting autonomous shipping. Although regulatory bodies play a facilitating 

role, shipowners remain central to both the benefits and risks of the innovation. Effective 

promotion and diffusion of autonomous shipping will depend on engaging these shipowners 

as key change agents, despite the absence of a clear, centralised authority guiding adoption 

[30]. 

To deepen our understanding of the stakeholder ecosystem outlined above, a series of 

detailed interviews with representative stakeholders will be conducted in the forthcoming 

phases of the FOREMAST project. As a preparatory step, a survey was administered among 

project consortium partners, encompassing participants with diverse roles and 

responsibilities. This survey aimed to capture their perceptions regarding the barriers, 

opportunities, risks and the added value associated with their respective technological 

contributions to the project. The insights gathered from this internal assessment will be 

instrumental in shaping the design of the semi-structured interviews to be carried out with 

external stakeholders and prospective end-users of the SFAZ technology.   

3.2.3. Competing Transport Systems 

The adoption of SFAZ vessels must be assessed in the context of existing and emerging 

transport systems with which they compete. Key competing modes include conventional 

inland waterway transport (using larger crewed vessels), road freight transport (particularly 
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trucks for short- to medium-haul distances), and rail logistics. These systems vary in terms of 

cost-efficiency, flexibility, infrastructure availability, and environmental performance. Their 

relative attractiveness can significantly influence SFAZ adoption, either by acting as a barrier 

where incumbent systems are entrenched and cost-effective, or as an enabler where gaps in 

coverage or sustainability targets open opportunities for innovation. Adoption scenarios will 

therefore explicitly consider the role of these competing systems, their relative performance, 

and policy environments that might favour or disincentivise modal shift. 

3.3. Setup of Policy Intervention Scenarios 

The following policy intervention scenarios will be explored in the simulation model to assess 

their impact on the adoption of SFAZ vessels. These scenarios are designed to capture a 

range of regulatory, economic, and behavioural conditions that may accelerate or hinder 

adoption: 

Scenario A: High adoption under favourable conditions 

This scenario assumes strong regulatory support, attractive financial incentives, and high 

carbon pricing. Broad stakeholder alignment and successful demonstration projects lead to 

widespread and early adoption of SFAZ vessels. 

Scenario B: Moderate adoption under mixed signals 

Regulatory and financial support exists but is unevenly distributed or delayed. Stakeholder 

responses are fragmented, and infrastructure investments progress slowly. Adoption occurs, 

but at a moderate pace. 

Scenario C: Slow adoption due to structural barriers 

High capital costs, regulatory uncertainty, and weak incentive structures discourage 

investment in SFAZ. Low trust and awareness among operators lead to slow and limited 

uptake. 

Scenario D: Technology push without market pull 

Technology providers actively promote SFAZ solutions, but market demand remains limited 

due to the absence of supportive policies or demonstrated commercial viability. Adoption is 

constrained to early adopters and niche use cases. 

The exact definition and parametrisation of these scenarios will be refined in co-creation with 

consortium partners and detailed in the final deliverable (D4.2). 

3.4. Simulation Model Design  

3.4.1. Agents 

The model simulates SFAZ diffusion for a certain number of IWT operators (e.g. 100) active 

in the short-haul cargo transport and/or waste management sector. It is assumed that each 

operator manages a single vessel and makes investment decisions based on expected 
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operational profit and cost efficiency. A quarterly time step is considered appropriate to 

reflect the pace of strategic decisions in fleet renewal. Existing conventional vessels can be 

replaced with new SFAZ units, ensuring that the total fleet size remains constant over time.  

A different type of agent directly interacts with vessel operators: technology providers. 

Technology providers supply autonomous navigation and zero-emission propulsion systems. 

Logistics providers (i.e. cargo owners or freight forwarders) are not explicitly modelled as 

agents, as the focus lies on vessel operator decision-making. Nevertheless, their preferences 

and expectations indirectly influence adoption dynamics through modelled demand 

parameters.  

In addition, operators can interact with demonstration projects (like the LLs of FOREMAST) 

embedded in the model’s social network. The number and scale of these demonstration 

activities are varied across scenarios to assess their effect on reducing uncertainty and 

accelerating adoption.  

3.4.2. Environment  

Interactions between vessel operators take place within a social network, modelled as a 

wrapped grid composed of N-by-N cells. This spatial structure enables the exchange of 

information and experience through peer-to-peer networking. Technological uncertainty is 

incorporated into the model through the random appearance of “risky” cells in each time step, 

controlled by a risk parameter. These “risky” cells represent instances of operational setbacks 

or failures related to SFAZ technologies, such as navigation system malfunctions, charging 

infrastructure breakdowns, or cybersecurity incidents. 

Technology providers, representing firms that both develop and integrate automated and 

zero-emission vessel technologies, engage directly with vessel operators within the social 

space. Each time step, these providers seek out the nearest operator whose expectations 

about SFAZ vessels fall below a predefined threshold and work to increase their confidence, 

reflecting activities such as targeted marketing, demonstrations, technical assistance, and 

infrastructure support. In addition to shaping expectations, technology providers also enable 

the physical adoption of SFAZ systems. For an operator to procure a vessel with SFAZ 

capabilities, they must be located within a defined proximity to a technology provider. After 

engaging with an operator, technology providers relocate by a fixed distance in a random 

direction before seeking out another operator in the subsequent period. 

Broader external factors such as changes in fuel prices, carbon pricing, and evolving 

environmental regulations, are incorporated into the vessel operator’s profit calculation, 

representing socio-technical landscape pressures that influence adoption decisions. The 

simulation spans a 25-year period (2025–2050).  

3.4.3. Decision-Making and Social Interaction Dynamics 

A well-established body of ABM literature has demonstrated that embedding formal 

behavioural theories enhances the realism and explanatory power of technology adoption 

models, particularly in sustainable transitions. Among these, the Theory of Planned Behaviour 
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(TPB) has emerged as a robust framework for formalising individual decision-making, 

especially in the context of household or consumer adoption of new technologies (e.g. 

photovoltaics or smart meters) [41] [42]. The authors in [41] demonstrated that TPB is not only 

theoretically robust but also relatively straightforward to operationalise and translate into 

code, offering a competitive advantage over competing frameworks like the technology 

acceptance model or the social cognitive theory. Their work reinforced that embedding social 

psychological theories like TPB can significantly enhance model outcomes.  

However, while behavioural theories are valuable in consumer-focused contexts, our study 

targets a distinct class of stakeholders — commercial vessel operators, logistics providers, 

and port authorities — whose decision-making is predominantly shaped by economic 

rationality, risk assessment, and operational feasibility. In such contexts, adoption decisions 

are less influenced by attitudes or perceived behavioural control (as emphasised in TPB) and 

more by evaluations of expected costs, revenues, and operational performance. This aligns 

with prior ABM studies of organisational adoption, where multi-criteria utility functions and 

threshold-based rules are commonly used to capture heterogeneous but economically 

rational choices. 

In line with this, our approach models decision-making based on expected net present value, 

expected operational profit, and heuristic-based decision rules. This framework allows agents 

to weigh potential benefits and costs of adopting SFAZ vessels under conditions of 

uncertainty, while maintaining interpretability and computational tractability. Importantly, it 

reflects how commercial actors typically engage in capital-intensive decisions, by assessing 

profitability and risk rather than relying on attitudinal factors. 

Incorporating social interaction dynamics is crucial for understanding how adoption patterns 

emerge and spread. Common methods include embedding network effects, modelling how 

demonstration projects, knowledge-sharing activities, and policy incentives diffuse through 

stakeholder networks. These mechanisms help evaluate how social interaction influences 

awareness, credibility, and the uptake of innovations such as SFAZ vessels. 

In many models of innovation diffusion, change agents and opinion leaders are central 

facilitators of the process. Opinion leaders act as informal influencers within their social 

circles, while change agents connect innovation sources to potential adopters, promoting 

knowledge flow from developers to users. Two broad types of diffusion systems are typically 

distinguished: 

 • Centralised diffusion: where change agents mediate between R&D actors and opinion 

leaders. 

 • Decentralised diffusion: where change agents interact directly with peers in flat, horizontal 

networks. 

Our approach builds on these diffusion concepts but diverges from typical peer-to-peer 

opinion dynamics models (such as Relative Agreement [43] or bounded confidence models 

[44]). Rather than modelling bilateral belief exchange, we adopt a demonstration-driven spatial 
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diffusion mechanism to reflect the real-world role of pilot projects and demonstrations in 

raising awareness and credibility. 

Specifically, in our model, demonstration projects act as exogenous information sources, 

enhancing the expectations and knowledge of nearby vessel owners within a defined radius. 

This reflects how demonstration effects operate in practice, where observable success of 

technology pilots increases perceived feasibility and reduces uncertainty among proximate 

stakeholders [45]. The influence is deterministic and unidirectional, with vessel owners’ 

expectations increasing (up to a defined maximum) as they interact with demonstration 

projects. Knowledge accumulation, in turn, contributes to a reduction in perceived technical 

risk, which follows an inverted S-shaped trajectory [46]. 

Crucially, our model does not treat vessel owners as isolated decision-makers. Instead, it 

recognises that localised social networks, formed through spatial proximity, shared 

operational contexts, and professional relationships, play a key role in shaping awareness and 

perceptions of emerging technologies. Demonstration projects act as focal points within 

these networks, seeding information that diffuses through social ties and informal exchanges 

among operators.  

The methodological framework we use draws heavily on the niche model dynamics originally 

develop in [29] and subsequently adapted to a maritime context in prior work [4].  

We structure our model around four interrelated component (Networking, Experimentation, 

Learning, and Expectation Convergence) which together capture the dynamic feedback that 

shape technology adoption processes: 

• Networking: vessel operators and technology providers exchange information and 

form supportive coalitions 

• Experimentation: vessel operators trial SFAZ technologies and evaluate outcomes 

based on operational performance and profitability 

• Learning: individual and collective knowledge improves through direct experience and 

observation of demonstration projects 

• Expectation Convergence: perceptions about the viability and benefits of SFAZ vessels 

gradually align within the stakeholder community. 

The subsequent description details how these processes are operationalised in our ABM 

simulation model, with adaptations to reflect the unique characteristics and stakeholder 

landscape of inland waterway transport. 

Networking 

The Networking component consists of three interrelated processes, as illustrated in Figure 

4: (i) Period Setup, where network conditions, agent states and technological risks are 

initialised for each simulation period; (ii) networking between vessel operators, where agents 

jump from the regime to the niche network if they are supporters of SFAZ vessel technology 

(determined through their expectations); and (iii) interaction with technology providers, where 

vessel operators engage with technology provider agents to further increase expectations 

towards SFAZ vessels. 
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Figure 4 Networking component of the niche model dynamics 



 

35    
 

Stakeholder Experimentation – Decision to adopt and to continue using SFAZ 

In our framework, vessel operators base their decision to adopt SFAZ vessels on the Expected 

Net Present Value (ENPV) of the investment. This metrics estimates whether the long-term 

incremental profits generated by switching to SFAZ vessels outweigh the capital and 

operational costs over a discounted payback period of T months. Following a modified 

formulation inspired by [4], the ENPV calculation incorporates the expected fuel savings, 

changes in the operational costs, and capital costs of acquiring SFAZ vessels, discounted at 

an assumed rate of DR = 8.5%. The investment decision rule is straightforward: if ENPV > 0, the 

vessel owner proceeds with SFAZ adoption.  

𝐸𝑁𝑃𝑉 = ∑
𝐸(𝐹𝑃𝑇𝑖,𝑡) − 𝐸(𝐶𝑖,𝑡)

(1 + 𝐷𝑅)𝑡
− 𝐸(𝐾𝑖)

𝑇

𝑡=1

 (eq. 1) 

where: 

- 𝐸(𝐹𝑃𝑇𝑖,𝑡) is the expected incremental revenue in month t from adopting SFAZ vessels 

(€/month) 

- 𝐸(𝐶𝑖,𝑡) is the expected incremental operational and maintenance costs in month t due 

to SFAZ adoption(€/month) 

- 𝐸(𝐾𝑖) is the expected capital expenditure required to acquire SFAZ vessels (€) 

- 𝐷𝑅 is the discount rate (%) 

- 𝑇 is the payback period (in months) 

The incremental revenues stem from fuel cost savings, operational efficiency gains, and 

potentially higher freight rates passed on by logistics providers or clients attracted to zero-

emission services. The expected incremental revenue is a function of: 

𝐸(𝐹𝑃𝑇𝑖,𝑡) = 𝐹𝑖,𝑡 × 𝐸(𝑅𝐸) × 𝐸𝑋𝐶,𝑡 × 𝐸𝑋𝑖,𝑡 (eq. 2) 

where: 

- 𝐹𝑖,𝑡  is the monthly fuel cost (of conventional Class I diesel vehicles) (€/month) 

- 𝐸(𝑅𝐸) is the expected percentage reduction in energy/fuel costs from SFAZ vessel 

operations (promised by technology suppliers). It is assumed constant for 

simplification. Sensitivity analyses could explore varying values as demonstration 

data accumulates (a potential future extension) 

- 𝐸𝑋𝐶,𝑡 is the expectation of logistics providers (0-1) regarding SFAZ reliability and 

effectiveness (affecting their willingness to pay higher freight rates or offer 

incentives). A lower value means logistics providers are sceptical and pass on fewer 

benefits (reduced fuel savings premium, fewer green contracts). Their expectations 

are homogeneous and they are formed by taking cues from vessel owners’ actions 

and demonstrations.  

- 𝐸𝑋𝑖,𝑡 is the vessel owner expectations (0-1) on SFAZ performance (captures perceived 

uncertainty/risk).  
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Vessel owners also anticipate potential additional maintenance, operational, and training 

costs associated with SFAZ vessels (due to new technology and autonomy systems). These 

are estimated as:  

𝐸(𝐶𝑖,𝑡) =  𝐶𝑖,𝑡 ×  (2 − 𝐸𝑋𝑖,𝑡) (eq. 3) 

where: 

-  𝐶𝑖,𝑡  is the baseline estimated cost for operating SFAZ vessels (without accounting for 

expectations) (€) 

If 𝐸𝑋𝑖,𝑡 = 0 (complete uncertainty or pessimism), vessel owners double the estimated costs 

(overestimating risk). If 𝐸𝑋𝑖,𝑡 = 1 (full confidence), the cost estimate is accurate.  

The capital cost to procure the fleet with SFAZ vessels is also adjusted based on vessel owner 

expectations:  

𝐸(𝐾𝑖) =  𝐾𝑖 × (2 − 𝐸𝑋𝑖,𝑡) (eq. 4) 

where 𝐾𝑖 is the baseline capital cost (per supplier estimates) in €. Again, pessimistic 

expectations inflate perceived capital expenditure.  

Besides passing the 𝐸𝑁𝑃𝑉  test, vessel owners also require the adoption of SFAZ vessels to 

yield a positive incremental operational profit relative to the current operations (conventional 

Class I diesel vessels). This is calculated as:  

𝐸(𝑂𝑃𝑖,𝑡) = (𝑅𝑖,𝑡 −  𝐶𝑖,𝑡) + 𝐸(𝐹𝑃𝑇𝑖,𝑡) −  𝐸(𝐶𝑖,𝑡)  (eq. 5) 

where:  

- 𝑅𝑖,𝑡 is the current revenue from conventional Class I vessel operations (assumed 

constant) (€) 

- 𝐶𝑖,𝑡 are the current operating costs (assumed constant) (€) 

Since the inland waterway freight market is competitive and baseline profits are assumed 

minimal, any positive 𝐸(𝑂𝑃𝑖,𝑡) signals that SFAZ adoption enhances profitability. 

In each period, operators calculate the realised operational profit 𝑂𝑃𝑖,𝑡 from deploying the 

SFAZ vessels. Realised profits reflect actual operational performance, which may differ from 

expectations due to uncertainty in factors such as charging infrastructure availability, 

communications reliability, and route-specific conditions.  

If a SFAZ vessel underperforms (e.g. experiences reduced battery range, longer charging 

times, or reliability issues), the operator may face reduced revenues due to unmet service 

levels. Conversely, if operations proceed as expected, realised profits reflect cost savings and 

policy incentives enabled by SFAZ deployment.  

The realised operational profit is calculated as:  

𝑂𝑃𝑖,𝑡 = {
(𝑅𝑖,𝑡 −  𝐶𝑖,𝑡) + 𝐼𝑁𝐶𝑖,𝑡                  with probability 𝑃𝑖,𝑡

(𝑅𝑖,𝑡 × (1 − 𝑃𝑒𝑛)) −  𝐶𝑖,𝑡 + 𝐼𝑁𝐶𝑖,𝑡   𝑤𝑖𝑡ℎ 𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (1 − 𝑃𝑖,𝑡)
  (eq. 6) 

where:  
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- 𝐼𝑁𝐶𝑖,𝑡 are the realised incentives/subsidies or cost savings linked to SFAZ use (e.g. 

fuel cost savings, emission reduction incentives, toll discounts)  

- 𝑃𝑒𝑛 is the proportional revenue reduction (or penalty) applied if SFAZ underperforms 

- 𝑃𝑖,𝑡 is the probability that SFAZ operates as expected (high performance) 

where the realised incentives/cost savings component is calculated as: 

𝐼𝑁𝐶𝑖,𝑡 = (𝐸𝑖,𝑡 × 𝑅𝐸𝑖,𝑡 ×  𝐸𝑋𝐶,𝑡)  ×  𝐸𝑋𝑖,𝑡 (eq. 7) 

where: 

- 𝐸𝑖,𝑡 is the operator’s baseline energy cost 

- 𝑅𝐸𝑖,𝑡  is the realised relative efficiency or cost savings from SFAZ, randomly drawn to 

reflect operational uncertainty  

𝑅𝐸𝑖,𝑡  is modelled as a percentage of cost savings or incentive value, reflecting variability in 

infrastructure reliability, battery degradation, waterway constraints etc. It is modelled with a 

gamma distribution 𝑅𝐸𝑖,𝑡 ~ 𝐺𝑎𝑚𝑚𝑎(𝛼, 𝛽) and the parameters of the distribution will be tuned 

empirically.  

Vessel operators periodically reassess the profitability of utilising their adopted SFAZ vessels 

based on 𝐸(𝑂𝑃𝑖,𝑡). They can reduce the utilisation of SFAZ vessels if their expectations decline 

due to operational challenges, policy changes, or unmet performance, leading to an 

unexpected loss.  

While operators cannot revert the vessel back to a conventional type, they can limit its 

deployment to fewer contracts or less critical routes, minimising exposure to 

underperformance risks. Conversely, if expectations improve in future period (due to 

favourable policy changes, better operational results, or improved customer acceptance) 

operators can increase the utilisation levels.  

In other words, the operator continues assigning the vessel to cargo contracts if 𝐸(𝑂𝑃𝑖,𝑡) > 0, 

otherwise the vessel is under-utilsed, remaining idle or assigned only to low-risk operations. 

If persistent underperformance happens, the operators will either re-sell, scrap, or lease-out 

the unused SFAZ vessel and shift back to a conventional one.  

The whole decision-making process is depicted in Figure 5.  
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Figure 5 Experimentation component of the niche model dynamics 

Learning 

The Learning component comprises two key processes, as illustrated in Figure 6: (i) 

interaction between vessel operators and SFAZ demonstration projects, where the agents 

engage with demonstration activities to observe and assess the performance of the 

technology; and (ii) operator knowledge updates through SFAZ demonstrations, where the 

agents incrementally enhance their understanding of the technology based on exposure to 

demonstration outcomes. These interactions facilitate knowledge spillover effects, allowing 

vessel operators to reduce perceived technical risks and build confidence in operational 

practices associated with SFAZ vessels. 

This approach also builds directly on the capacity-building strategies outlines in D4.5, which 

highlighted the importance of peer networks, training, and sector-wide engagement in 

overcoming technical barriers such as limited awareness or resistance to change. 
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Figure 6 Learning component of the niche model dynamics 

Expectation Convergence 

The perceived technical risk associated with adopting SFAZ vessels decreases as operators’ 

knowledge increases. This risk reflects operators’ uncertainty regarding: 

- Reliability and safety of automated control  

- Compatibility with infrastructure (locks, terminals, charging stations)  

- Regulatory uncertainty (e.g. autonomous navigation approval) 

- Maintenance complexity, service availability 
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Operator knowledge (𝐾𝑁𝑖,𝑡) accumulates from multiple sources –including direct 

experiments, exposure to demonstration projects, and spillovers from other operators’s 

experiences. The average knowledge across all operators represents a balance between two 

factors:  

- Improvements stemming from interactions with technology providers, infrastructure 

owners, and regulatory bodies (enhancing understanding of integration and 

interoperability)  

- Greater operator awareness of best practices, operational procedures, and typical use 

of SFAZ vessels (gained through collective learning)  

As collective knowledge grows, the technical risk perceived by the operators declines 

following an inverted S-shaped curve (see Figure 7), like in [36]. This reflects slow initial risk 

reduction, accelerated reduction during widespread knowledge diffusion, and tapering off at 

high knowledge levels.  

 

Figure 7 Perceived technical risk reduction as average operator knowledge of SFAZ vessels increases 

The technical risk at time 𝑡 + 1 is updated as:  

𝑅𝑖𝑠𝑘𝑡+1 = 𝑅𝑖𝑠𝑘𝑡 − (
∑ 𝐾𝑁𝑖,𝑡

𝑁
𝑖=1

𝑁
 × (

𝑅𝑖𝑠𝑘𝑡

𝑅𝑖𝑠𝑘𝑡=0
)) (eq. 8) 

where:  

- 𝑅𝑖𝑠𝑘𝑡 is the technical risk at time t 

- 𝐾𝑁𝑖,𝑡 is the knowledge of operator i at time t 

- N is the total number of operators  

- 𝑅𝑖𝑠𝑘𝑡=0 is the initial risk level (normalisation constant) 
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This formulation ensures that as the average operator knowledge increases (due to 

experiments, demos, spillovers), the perceived technical risk decreases progressively. The 

relationship captures the collective confidence-building process where increasing familiarity 

and validation of SFAZ technologies reduces perceived uncertainties.  

It is assumed that a doubling of the cumulative numbers of SFAZ vessels adopted results in 

a percentage reduction (denoted as LR, learning rate) in the capital cost of SFAZ vessels. This 

reflects learning-by-doing effects through production efficiencies, supply chain 

improvements, and technological maturation as more vessels are built and deployed.  

LR is set at 10%, consistent with analogous maritime and renewable technology learning 

curves [47] [48]. Additionally, vessels deployed within demonstration projects are also 

counted as installed units, contributing to the cumulative adoption total and accelerating cost 

reductions. Figure 8 presents an indicative capital cost reduction curve, with a starting value 

of 5 million euros 

 

Figure 8 Learning curve illustrating capital cost decline with cumulative adoption of SFAZ vessels 

Vessel operator expectations regarding the benefits and performance of adopting SFAZ 

vessels are updated each period based on the realised operational profit (or loss) from their 

own adoption experiments:  

𝐸𝑋𝑖,𝑡+1 = 𝐸𝑋𝑖,𝑡 +  𝑂𝑃𝑖,𝑡  (eq. 9) 

Additionally, expectation spillover effects occur as vessel operators are influenced by the 

operational outcomes (profits or losses) experienced by the direct network neighbours who 

have adopted SFAZ vessels. This spillover effect, reflecting important information transfer, is 

scaled by an expectation spillover effect 𝐸𝑋𝑠𝑝𝑖𝑙𝑙𝑜𝑣𝑒𝑟 , similar to how knowledge spillovers are 

handled.  
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For vessel operators who have not adopted SFAZ vessels, their expectations are subject to 

small random fluctuations that capture external factors –such as changing regulatory 

landscapes, public discourse, technological hype, or industry trends. This is modelled as:  

𝐸𝑋𝑖,𝑡+1 = 𝐸𝑋𝑖,𝑡 +  (𝑉𝑖,𝑡 − 𝑎)  (eq. 10) 

where: 

- 𝑉𝑖,𝑡~𝑈(0, 𝛽) is a random number from a uniform distribution 

- 𝛼, 𝛽 are parameters that will follow similar logic with [4] 

Logistics partners update their expectations based on the average expectations of all vessel 

operators, reflecting a dynamic perception of the attractiveness and reliability of engaging 

with SFAZ-operated services: 

𝐸𝑋𝐶,𝑡+1 =
1

𝑁
∑ 𝐸𝑋𝑖,𝑡+1

𝑁

𝑖=1

 
(eq. 11) 

The whole decision-making process is depicted in Figure 9.  

 

Figure 9 Expectation Convergence component of the niche model dynamics 

3.4.4. Model Calibration 

Unlike previous ABMs that model the adoption of a single technological innovation, the SFAZ 

model simulates the adoption of a multi-component bundle consisting of: 

• Small vessel size (for shallow waterways below Class I) 

• Flexible operational profile (e.g. platooning, multi-purpose and multi-stop routing) 

• Automated navigation/control (e.g. steering, mooring) 

• Zero-emission propulsion (e.g. electric, hydrogen, hybrid) 

This bundling implies that stakeholders must evaluate the combined performance, risks and 

payoffs of several interrelated innovations. Therefore expectations, risk perceptions, technical 

knowledge, and learning are all shaped by the perceived feasibility and benefit of the whole 

SFAZ concept, not its components in isolation. In future phases, stakeholder interviews will 

help elicit realistic values for all these parameters.  
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To calibrate this multi-dimensional model, we follow the Werker-Brenner approach for model 

calibration and validation [49] [50]. This approach recognises the limited availability of direct 

empirical data for agent-based parameters and instead promotes theory-driven calibration, 

triangulated with stylised facts from historical diffusion patterns.  

For parameters lacking direct empirical grounding such as social learning rates, threshold 

expectations, or perceived risk tolerances, we adopt calibration against stylised diffusion 

curves, akin to the Bass model. Calibrating against such stylised benchmarks ensures that 

the SFAZ model replicates expected system behaviour in idealised conditions, offering a 

credible baseline for exploring the effects of adoption barriers. 

The ultimate aim is not only behavioural realism at the agent level, but also system-level 

credibility, such that the model can reproduce macro-level dynamics like S-shaped diffusion 

curves under plausible assumptions. This enables structured counterfactual analysis of policy 

and market interventions (e.g. subsidies, demonstration projects, regulatory shifts) on 

adoption timing, saturation levels, and diffusion velocity. 

As stakeholder interviews progress in future phases (see Section 4.2), parameters in Table 3 

will be refined, improving both the construct validity and plausibility of simulated adoption 

pathways.  



Table 3 Overview of key simulation parameters for calibration and stakeholder validation 

MLP 
Parameters 

Sub-
Parameters 

Description Notes Relevant Stakeholders Interview Focus 

Riskt Riskt 
Combined risk of failure (S: reduced 
capacity, F: platooning connectivity, 
A: risk of accident, Z: Battery range 

To be refined via stakeholder input; 
expected higher than for single tech 

adoption 

Vessel owners, Port 
Authorities, Technology 

Providers 

Risk tolerance, 
failure modes 

EXi,t 

EXi,t – Niche 
Expectation of niche supporters 

toward full SFAZ concept 
To be refined via stakeholder input 

Vessel owners, 
Logistics providers 

Time/cost savings, 
emissions, 

reputation gains 

EXi,t – Regime 
Expectation of regime actors 

(traditional operators) 

Lower than EXi,t- Niche ; reflects industry 
conservatism; to be calibrated via 

interviews 

EXsupport EXsupport 
Threshold of expectations at which 

niche actors adopt SFAZ 
Most likely will adopt the value used in 
[11] and [4] and calibrated afterwards 

EXC,t EXC,t Expectations of logistics providers 
Likely critical in urban logistics use 

cases 

EXincr EXincr 
Expectation increase from 

experimentation or observation 
May vary by component (e.g. autonomy 

vs zero-emission) 
Vessel owners, 

Technology providers 

Perceived impact 
of direct interaction 
(e.g. trial, meetings, 

demos) 

EXmax EXmax 
Maximum expectation increase by 

observation 
Assumption Vessel owners N/A 

Fi,t = Fcons-I x 
Fprice-t 

Fcons-i 
Energy consumption (kWh/month) 

of typical SFAZ vessel 
Estimated based on operational 

scenarios 
Technology providers, 

Vessel owners 

Energy system 
specs, range, 

charge frequency 

Fprice-t 
Energy cost per kWh (e.g. 
electric/hydrogen fuel). 

Depends on country and zero-emission 
tech pathway 

Tech providers, 
Infrastructure operators 

Energy pricing 
expectations, 

volatility concerns 

Ci,t Ci,t 
SFAZ operational and maintenance 

cost (thousand euros/month) 
To be differentiated from conventional 

vessels Technology Providers 
Technology 
Providers 

Kn Kn SFAZ capital cost (thousand euros) May range depending on size 

E (RE) E (RE) 
Expected operational efficiency 
gain (e.g. time, cost, emissions) 

May vary by component 
Early adopters, 

Technology providers 

Time savings, 
operational cost 

reduction, emission 
performance 

REi,t REi,t 
Realised efficiency gains sampled 

from distribution 
Expert elicitation needed 

DR DR 
Discount rate for investment 

decisions 
Stakeholder-specific 

Vessel owners, 
Financial advisors 

Investment 
decision-making 
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under uncertainty 
and time 

preferences 

RI,t RI,t 
Monthly revenue from conventional 

Class I vessel operations 
Assuming that the interviewees 

operate a Class I vessel 
Vessel owners 

Operational 
estimates 

INCi,t INCi,t 
Incentives/Subsidies or cost 
savings linked to SFAZ use 

May vary by component 
Vessel owners, 

Regulatory bodies 

Fuel cost savings, 
emission reduction 

incentives 

Pi,t Pi,t 
Probability that SFAZ operates as 

expected 
Assumption N/A N/A 

Pen Pen 
Proportion of revenue lost in case 

of system failure 
Higher perceived lost due to bundled 

tech dependence 
Vessel owners 

Risk exposure, 
failure mitigation, 

perceived 
consequences 

KNi,t KNi,t SFAZ technical knowledge 
Stakeholder-specific; 0 for regime; low 

for niche 
Vessel owners 

Learning curve, 
confidence in using 

new tech KNincr KNincr 
Knowledge gain from 

experimentation or observation 
Assumption 

Dradius Dradius 
Zone of influence of demonstration 

projects 
Assumption 

Vessel owners, 
Demonstration project 

leads 

Geographical 
proximity, Sectoral 

relevance, 
Professional 

Networks 

KNspillover KNspillover 
Technical knowledge spillover to 

connected actors 
Assumption Vessel owners, 

Demonstration project 
leads 

Peer influence, 
visibility of pilots, 
sharing practices EXspillover EXspillover 

Expectation spillover to connected 
vessel owners 

Assumption 

LR LR Learning rate affecting capital cost Will differ for each tech component 
Vessel owners, 

Technology providers 
Learning effects in 

operation 

N N Number of vessel owners Assumption N/A N/A 

TP TP 
Number of technology providers 

(e.g. for remote control, automated 
components, electric propulsions) 

Each may specialise in one or more 
SFAZ components 

N/A N/A 



3.5. Simulation Platform (PySoSimPl) 

As part of the ongoing methodological development within WP4, a Python module titled 

PySoSimPl (Python Social Simulation Platform) is under development to support the 

modelling of complex socio-technical systems, with a particular focus on technology adoption 

dynamics. The framework is being designed to accommodate a broad range of agent types, 

decision-making processes, communication mechanisms, and spatial interaction models.  

The modular architecture distinguishes between different types of citizen agents (e.g. 

individuals or households) and business agents (e.g. vessel owners, technology providers, 

demonstration projects). While citizen agents typically rely on a motive-based behavioural 

component, business agents employ a more economically rational decision-making logic. 

This includes financial evaluation criteria such as Expected Net Present Value and Expected 

Operational Profit to assess innovation uptake. In parallel, additional modules are being 

developed to handle knowledge diffusion, social influence, and risk perception.  

The PySoSimPl module is being designed with extensibility, transparency, and usability in 

mind. It incorporates unit testing, comprehensive documentation, and validation protocols to 

ensure reliability. The simulation framework will ultimately support the empirical calibration 

and scenario analysis activities foreseen in later stages of the project. The final version will 

include a graphical user interface structured around user-defined simulation configurations, 

enabling experimentation across different transition scenarios. This tool will serve as a key 

enabler for evaluating the effectiveness of policy interventions and the expected diffusion 

trajectories of SFAZ innovations. 
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4. Model Validation and Testing  

4.1. Validation Methodology 

Validation in ABM is inherently challenging due to the open-ended generative nature of 

complex systems and the difficulty in securing empirical data for calibration. To address this 

challenge, we adopt an iterative, mixed-method validation approach that draws from 

participatory modelling, behaviourally grounded ABM, and triangulation techniques.  

This approach resonates with calls in the literature to improve validation of socio-technical 

models through stakeholder engagement and theoretical grounding. For instance, [51] 

highlights that meaningful validation in ABM should assess the credibility and explanatory 

power of the model within its intended context, rather than solely on statistical fit. Similarly, 

[49] emphasises the role of empirical grounding and modular design when simulating 

technological adoption. Our process aligns with participatory modelling traditions, where 

stakeholders are engaged not only as data sources but as co-creators and validators of model 

assumptions and structure.  

The validation process unfolds iteratively in four main stages:  

1. Theoretical and conceptual validation, where behavioural rules and system logic are 

informed by existing literature and innovation diffusion framework (in particular, the 

MLP methodology) 

2. Empirical elicitation, consisting of semi-structured interviews with external 

stakeholders (see section 4.2) to capture contextualised perceptions of risk, benefits, 

costs, and social influence.  

3. Model calibration and testing, where interview-derived data are integrated into the 

simulation and tested through scenario experiments.  

4. Stakeholder feedback and refinement, in which early model outputs are revisited with 

internal stakeholders (FOREMAST partners) to assess plausibility and refine 

assumptions or rules accordingly.   

This looped structure ensures that both agent rules and system-level dynamics remain 

grounded in real-world constraints and perspectives. Rather than seeking precise prediction, 

the model aims to offer plausible adoption scenario. This strategy allows for sensitivity testing 

of key parameters and better identification of leverage points for policy.  

In recognition of the difficulty in quantifying social variables such as a norms, expectations, 

or trust, we complement structured elicitation with triangulation –leveraging academic 

studies, pilot project data, and sensitivity analysis. This process improves robustness and 

ensures the model maintains both construct validity (fidelity to conceptual constructs) and 

face validity (alignment with stakeholder intuition).  
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4.2. Interviews with External Stakeholders  

The interviews will be designed to explore how stakeholders perceive and evaluate the 

adoption of SFAZ vessels as a bundled innovation encompassing vessel size, energy system, 

automation, and operational flexibility. Instead of following a linear script, the interview 

structure adopts a cyclical flow that mirrors how real-world decision-making unfolds: 

beginning with initial motivations (value proposition), moving into perceived challenges 

(barriers), then to specific operational and technological requirements, before looping back to 

a reassessment of the SFAZ value proposition in light of these practical considerations 

(Figure 10). 

 

 

Figure 10 High-level structure of interviews 

The interview protocol begins with a short introduction to the SFAZ concept and its key 

components. From there, participants are guided through a semi-structured cycle: 

1. Value Proposition: Stakeholders are first asked to articulate their primary motivations 

for technology adoption (e.g. cost savings, safety, regulatory compliance, reputational 

value). This provides a baseline understanding of what they find valuable in new 

solutions and what benefits they anticipate from SFAZ adoption. 

2. Barriers and Concerns: The discussion then shifts to explore perceived risks and 

challenges, such as technological immaturity, uncertainty about regulations, 

operational disruptions, or lack of trust in automation. This reveals the cognitive 

dissonance between expected benefits and perceived drawbacks. 

3. Technological and Operational Requirements: Participants are asked to specify the 

operational realities that condition their willingness to adopt, such as cargo types, 
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average distances, infrastructure compatibility, energy needs, and range expectations. 

These inputs provide concrete data to inform model parameters such as distance-to-

energy conversions, required autonomy levels, and system compatibility. 

4. Reassessment of Value Proposition: Finally, stakeholders are encouraged to reflect on 

how their view of SFAZ value might shift once operational feasibility and adoption 

barriers are taken into account. This step helps capture dynamic expectation 

adjustments that can be directly translated into agent re-evaluation logic in the model. 

This cyclical structure enhances the realism of the data collection process and aligns directly 

with the behavioural dynamics in the simulation model, where agents periodically reassess 

the attractiveness of SFAZ adoption based on updated expectations and contextual learning. 

In addition to qualitative narratives, targeted quantification prompts (e.g. acceptable payback 

period, perceived cost savings, confidence levels) are integrated throughout the cycle to 

support parameter calibration. The resulting insights will inform both agent decision rules and 

scenario conditions, ensuring that the simulation reflects grounded stakeholder perspectives. 

Below are some recommended questions that address the different model variables, as they 

were presented in Table 3. These will be refined when we design the semi-structured 

interviews and we finalise the list of stakeholders that will participate.  

1. Perceived Risk (RiskT, Claim, DR) 

• How risky would you consider investing in SFAZ (Likert scale) 

• What do you see as the main points of failure – technical, operational, 

financial?  

• If such a vessel were to fail during operation, what would be the consequence 

for your business? Could you estimate the revenue you would lose in such a 

case?  

• Would you prefer to invest now in promising but unproven tech, or wait until 

others have adopted it first? (Likert scale) 

2. Expectations about SFAZ benefits (EXi,t, EXsupport, EXc,t, E(RE)) 

• In your view, what potential advantages does a SFAZ vessel offer?  

• Do you believe this bundle can improve operational efficiency, environmental 

impact or flexibility? (Likert scale) 

• What minimum performance improvement (e.g. in time, cost, emissions) would 

you expect before considering adoption? 

3. Market Actors and Innovation Drivers (EXsupport, EXi,t, Kn, INCi,t, Pen) 

• Do you see traditional vessel owners (barge owners) as likely early adopters of 

SFAZ vessels? Why or why not? 

• What role do you expect large logistics service providers (e.g. DHL) to play in 

driving or resisting SFAZ adoption? 

• Do you think new entrants are more likely to lead the SFAZ transition than 

incumbent IWT actors? 

4. Energy Use and Cost (Fcons-I, Fprice-t) 
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• Based on your experience or estimates, what would the energy usage per 

month look like?  

5. Costs and Financial Viability (Kn, Cn)                                                                                      

• What is your estimate of the total capital cost to acquire a SFAZ vessel?  

• What recurring costs (e.g. maintenance, software updates) would you 

anticipate?  

• What’s the maximum acceptable payback period you’d require to consider 

adoption 

6. Learning and Knowledge (KNi, KNinc, KNspillover, TPEXincr, LR) 

• How familiar are you with technologies like automated navigation or zero-

emission propulsion? (Likert scale) 

• What kind of training or experience would give you confidence to operate such 

a vessel? 

• Have you learned about such systems through other operators or pilot 

projects?  

• After a demo or trial, how much more confident are you in the value of these 

vessels?  

• Do you anticipate cost reductions or performance improvements as more 

SFAZ vessels are deployed? (Likert scale) What factors will drive those 

improvements (production, experience, data, automation) 

7. Adoption Influences (EXspillover) 

• Do decisions by peers or competitors influence your own investment decision? 

(Likert scale) 

• Would seeing a nearby company using SFAZ successfully encourage you to 

consider it? (Likert scale)  

• Has direct engagement with SFAZ technology providers influenced your 

perception of their potential benefits? (Likert scale) 

8. Business Models (RI,t, EXi,t, REi,t, Kn) 

• What portion of your current cargo volumes (or routes) could realistically shift 

to SFAZ vessels in the next 5-10 years? 

• Do you foresee entirely new cargo segments or clients emerging if SFAZ 

becomes available? 

• Which types of cargo are least/most suitable for SFAZ deployment? 

• Do you expect SFAZ to displace current inland vessel or road transport, or serve 

new logistics niches? 
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5. Conclusions  

5.1. Implications for Inland Waterway Transport  

SFAZ vessels can access smaller ports, operate on-demand or in platoons, and integrate with 

smart logistics systems, thereby increasing the viability of IWT for last-mile urban logistics, 

hinterland connections, and decarbonised transport corridors. 

The systemic adoption of SFAZ could significantly alter the cost structure, planning routines, 

and governance models of inland waterway operations. Port authorities may need to update 

traffic management systems to accommodate automated or semi-autonomous vessels, while 

operators might restructure services to capitalise on the flexibility and low operating costs of 

these vessels. At the same time, SFAZ opens the door to new business models based on 

shared vessel services, platform-based scheduling, and energy-as-a-service for battery-

charging or hydrogen refuelling. However, these benefits are contingent on addressing key 

uncertainties related to learning curves, investment risks, regulatory clarity, and 

interoperability with existing infrastructure and fleets. Thus, stakeholder alignment, targeted 

policy support, and continuous feedback from demonstration projects will be crucial to ensure 

that the transition enhances the resilience and sustainability of IWT systems. This deliverable 

has laid the theoretical foundations for simulating SFAZ adoption pathway, offering a policy-

aware and system-level perspective on transition dynamics.  

5.2. Limitations 

The current model assumes homogenous agents with a single vessel each, which does not 

capture fleet-level learning, economies of scale, or differential risk exposure among firms. As 

a result, the model may underestimate the speed of diffusion for operators with the capacity 

to scale up successful trials across multiple vessels. 

Moreover, the model does not yet incorporate sector-specific heterogeneity such as firm size, 

access to capital, regulatory differences across waterways, or incumbent responses to 

disruptive innovations — factors known to influence adoption dynamics. The bundled nature 

of SFAZ increases complexity, as barriers to one subcomponent (e.g. energy infrastructure) 

may stall adoption of the entire concept. 

Finally, demonstration projects and policy interventions are treated in simplified form. Future 

work could use this model as a base to explore dynamic feedback mechanisms, or the 

unintended consequences of failed pilots. Such enhancements, particularly when informed by 

empirical data, could improve both the robustness of the model and its applicability to wider 

policy questions across transport modes. 

5.3. Future Work and Research Directions 

Building on the conceptual, methodological, and technical foundations laid out in this 

deliverable, the next phase of the work will focus on the design and execution of simulation 
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scenarios that reflect plausible futures for the adoption of SFAZ vessels. These scenarios will 

be grounded in the MLP framework and the previously identified socio-technical barriers and 

policy levers, allowing for a structured exploration of how different intervention strategies may 

influence the diffusion of SFAZ technologies under diverse real-world conditions.  

A critical input to this next phase will be a series of semi-structured interviews with key 

external stakeholders, including public authorities, technology providers, vessel owners, 

logistics operators, and port representatives. These interviews, guided by the simulation 

requirements and parameters detailed in this deliverable (expectations, risks, costs, policy 

exposure, learning rates etc.) will serve to validate model assumptions, provide empirical 

estimates, and ensure contextual relevance. The findings will directly inform the design of 

scenario parameters.  

The simulation scenarios will be implemented with the PySoSimPl platform, which is currently 

being developed. The final deliverable (D4.2) will present the results of these scenario 

experiments. This framework will ultimately serve as a decision-support tool for evaluating 

pathways toward a more sustainable and technologically advanced IWT system.  
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