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Executive Summary 

This report presents the outcomes of the first phase of the FOREMAST project’s Living Lab 

Romania (LL3), a virtual Living Lab developed to explore the potential of Small, Flexible, 

Automated, and Zero-emission (SFAZ) vessels in the unique and ecologically sensitive 

Danube Delta. This fully digital environment supports vessel design, scenario modelling, and 

simulation-driven assessment of sustainable inland logistics solutions, aligned with European 

Green Deal goals and the specific challenges of Romanian Inland Waterway Transport (IWT). 

A core contribution of this deliverable is the design and preliminary validation of a reference 

SFAZ vessel, specifically adapted to the Delta’s hydrological and ecological constraints. The 

selected monohull configuration, featuring an 8 m length, 0.8 m draft, and electric propulsion, 

was developed through hydrostatic and Computational Fluid Dynamics (CFD) analysis to 

ensure: 

• High maneuverability in narrow, shallow channels, 

• Minimal wake and emissions for compliance with strict environmental regulations, 

and 

• Operational autonomy and payload capacity suitable for micro-logistics and last-mile 

delivery. 

This deliverable lays the simulation foundation for testing maneuverability, energy 

performance, and logistics efficiency using digital twins integrated with geospatial data 

layers. A representative business scenario is defined, connecting a central transshipment hub 

to remote, road-inaccessible villages, with preliminary economic feasibility assessed through 

FOREMAST Total Cost of Ownership tool. 

A notable feature of this deliverable is the extensive scoping of the Danube Delta’s socio-

economic, ecological, and regulatory landscape. The report presents a detailed analysis of 

current transport services, infrastructure gaps, biodiversity protections, and regulatory 

barriers, establishing a comprehensive context for SFAZ deployment. This background 

analysis ensures that the vessel and simulation framework are not only technically robust, but 

also aligned with community needs, ecological imperatives, and policy frameworks. 

This deliverable contributes to the overall FOREMAST objective of enabling sustainable 

waterborne freight transport through innovative vessel technologies and digital planning 

tools. LL3 demonstrates how virtual validation can reduce the need for disruptive physical 

trials, while ensuring that environmental, technical, and economic requirements are met for 

sustainable IWT in protected regions like the Danube Delta. 
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1. Introduction 

Task 3.3 supports the development, simulation, and validation of a reference Small, Flexible, 

Automated, and Zero-emission vessel (SFAZ) concept tailored to the unique operational and 

environmental conditions of the Danube Delta. Through a fully virtual Living Lab approach, it 

defines a logistics scenario aligned with regional needs, integrates Digital Twin–based 

simulation components, and establishes performance baselines for energy consumption, 

maneuverability, and lifecycle efficiency. This deliverable presents the outcomes of the first 

phase, including the design of a low-draft, zero-emission vessel; the setup of a simulation 

framework and Key Performance Indicators (KPIs); and the formulation of an operational 

scenario to be executed and evaluated in the next phase of the task. 

1.1. Deliverable Scope 

Task 3.3 aims to design a SFAZ vessel tailored for cargo transport in the Danube Delta, one 

of Europe’s most ecologically sensitive and logistically challenging inland waterway regions. 

This task underpins FOREMAST third Living Lab (LL3), a Digital Twin–based virtual Living Lab 

designed to explore vessel design, propulsion configuration, vessel maneuverability, and 

operational strategies suitable for shallow and protected waterways. 

The specific objectives of Task 3.3 are to:  

• Define a reference SFAZ vessel concept tailored to Romanian Inland Waterway 

Transport (IWT), including hull shape and propulsion system supported by 

hydrodynamic analysis and CFD simulation, powering sources and automation 

features; 

• Simulate and optimise vessel performance, within the context of a scenario 

representative of the Danube Delta multi-faceted needs, through a Digital Twin 

platform; 

• Assess the environmental, economic, and societal impacts of SFAZ deployment using 

scenario-based simulations and KPIs; 

• Compare LL3 findings with those of other Living Labs (LL1 and LL2) and 

• Contribute to the development of transferable SFAZ adoption blueprints in 

coordination with Task 3.5. 

This deliverable presents the outcomes of the first phase of Task 3.3, focusing on the 

ecological, socio-economic, and regulatory context of the Danube Delta; the design and 

hydrodynamic analysis of the LL3 SFAZ vessel; and the preparation of simulation workflows 

through digital twin integration and business scenario definition. 

1.2. Relevance to FOREMAST project  

The activities conducted under Task 3.3 and reported in this first deliverable make a concrete 

contribution to the FOREMAST project goals, particularly the introduction of new vessel 

concepts designed to enable the sustainable transport of goods along inland waterway, 
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lowering greenhouse gas emissions, and enhancing accessibility. The LL3 Living Lab 

showcases how virtual, simulation-based experimentation can support the development, 

evaluation of SFAZ vessels for future adoption. 

LL3 is both informed by and contributes to the ongoing work in Work Package 1 (WP1). 

Specifically, the LL3 setup demonstrates how the techno-economic framework developed in 

Task 1.2 can be operationalised in a simulation environment, while also providing scenario-

specific inputs to help refine that framework further. This includes the definition of KPIs 

related to environmental impact, cost efficiency, and logistics effectiveness, which are 

expected to evolve over the course of the project based on iterative validation in the Living 

Labs. The business case definitions and operational constraints developed under Task 1.3 

have played a key role in shaping the assumptions and scenario parameters for LL3. 

Moreover, LL3 leverages the Total Cost of Ownership (TCO) tool developed in Task 1.1, not as 

a final evaluation instrument, but as a pre-simulation analytical layer. The tool supports rapid 

cost estimation and comparison of SFAZ versus conventional vessels (and other transport 

modes), offering early insights into economic feasibility.  

From a technical standpoint, LL3 builds directly on the technical developments of Work 

Package 2 (WP2), particularly the foundational work on vessel design, propulsion system 

technologies, and digital infrastructure. The SFAZ vessel designed in LL3 complements the 

range of vessel types studied in Task 2.1, thereby expanding the palette of SFAZ 

configurations developed within FOREMAST. This diversity is critical to demonstrating the 

adaptability of the SFAZ concept to different waterway conditions, operational requirements, 

and logistics use cases. In addition, LL3 simulations incorporate energy system specifications 

from Task 2.3, enabling assessment of zero-emission hybrid propulsion performance under 

varied environmental and routing scenarios. Task 2.2 provides valuable insights on 

automation and human-machine collaboration that can be modeled within the virtual LL3 

logistics scenario. Finally, as a fully virtual Living Lab, LL3 provides a highly adaptable and 

low-risk environment to test, refine, and extend the Digital Twin architecture developed in Task 

2.4, including the perfectioning of semantic vessel models, spatial data layers, and physics-

based simulation modules. 

Unlike LL1 and LL2, which centre on physical vessel retrofitting and pilot deployment, LL3 

focuses on model-based validation of new vessel designs tailored to shallow, ecologically 

sensitive waterways. This includes the development of energy consumption and 

maneuverability models, including platooning behaviour, and routing under infrastructure 

constraints. These models, validated within LL3, are designed to be reusable and scalable, 

supporting ongoing activities in LL1 and LL2 and enhancing the interoperability of the DT 

platform across scenarios and regions. 

Beyond technical validation, the outputs of LL3 directly feed into impact assessment efforts 

in WP3, especially those under Tasks 3.4 and 3.5, which aim to define transferrable SFAZ 

deployment blueprints. These blueprints will synthesise environmental, economic, and 

operational KPIs to demonstrate the real-world potential of SFAZ adoption, based on Living 

Lab demonstrators. The insights generated will serve as evidence for stakeholder 
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engagement and adoption strategies in WP4 (T4.1), including stakeholder-specific guidance 

(T4.2), regulatory gap assessment (T4.3), and dissemination and policy messaging (T4.4). 

In summary, while LL3 explore the application of innovative vessels in a challenging ecological 

and logistical context, it also serves as a cross-cutting demonstration of how digital 

simulation, system integration, and impact quantification can accelerate green inland 

waterway transport solutions across Europe. 

1.3. Deliverable Structure 

This deliverable presents the first-phase results of Task 3.3, focused on the development and 

simulation setup of the Living Lab Romania (LL3), a virtual Living Lab dedicated to evaluating 

SFAZ vessel operations in the Danube Delta. It defines the ecological, infrastructural, and 

logistical context for LL3 and introduces a digital twin-based operational scenario that will 

serve as the basis for full-scale simulations in the second phase of T3.3. 

The report documents the integration of the LL3-specific SFAZ vessel design into the 

FOREMAST Digital Twin platform, the environmental and navigational modelling context, and 

a representative logistics scenario between a central transshipment point and a remote, 

water-access-only village. It also outlines how maneuverability and energy consumption 

models will be deployed within the simulation framework and presents a preliminary 

economic assessment using the Total Cost of Ownership (TCO) tool. 

The next deliverable under Task 3.3 (D3.6) will report on the execution of simulations, 

quantitative KPI analysis, and the LL3 contribution to cross-Living Lab comparison and 

blueprinting activities. 

Chapter 2 of this deliverable provides an overview of the ecological, socio-economic, 

regulatory, and transport characteristics of the Danube Delta, framing the relevance and 

constraints for deploying innovative logistics solutions. Chapter 3 introduces the new shallow-

draft mono-hull vessel designed specifically for LL3, including hydrodynamic and CFD 

analyses that inform maneuverability and energy modelling. Chapter 4 presents0 the 

integration of FOREMAST vessel templates and models into the Digital Twin platform and 

describes the Danube Delta waterway network. Chapter 5 outlines the core simulation 

components, including the maneuverability model, the hybrid energy consumption model. It 

details the operational business scenario simulated between a transshipment hub and a 

remote village and presents preliminary results to evaluate the economic viability of the LL3 

SFAZ vessel. 
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1.4. Mapping of FOREMAST outputs 

Table 2 Adherence to FOREMAST Grant Agreement deliverable and work description 

FOREMAST 
GA 

Component 
Title 

FOREMAST GA Component 
Outline 

Respective 
Document 
Chapter(s) 

Justification 

DELIVERABLE 

D3.5 Living 
Lab-Romania 
v1  

 

LL Setup and configuration of 
quick wins pilots 

all This deliverable presents the 
outcomes of the first phase, 
including the design of a 
shallow-water, zero-emission 
vessel; the setup of 
simulation assets and KPIs; 
and the formulation of an 
operational scenario to be 
executed and evaluated in the 
next phase of the task. 

 

T3.3 LL3: 
Living Lab 
Romania – 
Virtual Living 
Lab 

Produce a reference SFAZ 
design to optimise the 
navigation, hull, propulsion 
system, energy systems, 
controllers, and operational 
procedures for Romanian urban 
and peri-urban transport of 
goods 

all Task 3.3 supports the 
development, simulation, and 
validation of a reference 
SFAZ vessel concept tailored 
to the operational and 
environmental conditions of 
the Danube Delta. Through a 
fully virtual Living Lab 
approach, it defines a 
logistics scenario aligned 
with regional needs, 
integrates Digital Twin–
based simulation 
components, and establishes 
performance baselines for 
energy consumption, 
maneuverability, and lifecycle 
efficiency.  

ST3.3.1 

LL3 Setup 

Establish the simulation 
baseline by defining KPIs, 
configuring digital assets, and 
creating a Digital Twin to 
support design and lifecycle 
optimization 

Chapter 3,4 and 
5 

Chapter 3 described the 
development of the reference 
SFAZ vessel, including 
hydrodynamic and CFD 
analyses. Chapter 4 explains 
the setup of vessel templates 
and LL3 contribution to the 
DT architecture. Section 5.4 
introduced KPI categories. 

ST3.3.2 LL3 
Execution 

Implement a phased simulation 
approach, with shallow-water 
hull design, green propulsion 
and autonomous features, all 

Chapter 5 Chapter 5 describes the 
phased simulation plan, 
details the simulation models 
developed or under 
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validated through FOREMAST 
Digital Twin 

development, and defines the 
LL3 reference scenario. 

ST3.3.3 LL3 
Results 
collection, 
validation 
and 
evaluation 

Collect and analyse simulation 
results against KPIs to assess 
SFAZ viability, optimise design 
iterations and support 
recommendations for scalable 
deployment and cross-LL 
comparison 

Chapter 5 Chapter 5 demonstrates the 
early use of the TCO tool to 
SFAZ economic viability and 
outlines how KPIs will be 
used for evaluation. Section 
5.3.4 outlines how full results 
will be obtained and reported 
in the next deliverable (D3.6) 

 



2. Living Lab Context and Objectives 

2.1. Ecological and Socio-Economic Context of the 

Danube Delta 

The Danube Delta, where the Danube River meets the Black Sea, is one of Europe’s most 

ecologically rich and hydrologically complex natural systems. Spanning over 5,700 km² of 

interconnected lakes, channels, reed beds, and wetlands, the Delta supports over 5,000 

species of flora and fauna and is recognised as a UNESCO Biosphere Reserve, as well as a 

protected area under the EU Natura 2000 network and the Ramsar Convention. It is a critical 

site for biodiversity conservation, water purification, flood protection, and climate adaptation. 

The Danube Delta Biosphere Reserve includes 20 strictly protected areas with a total surface 

of 50,904 ha, representing about 9% of the Delta’s surface. These areas are extremely 

important for breeding, feeding, and resting of rare and endangered species. For example, the 

Roșca-Buhaiova site (9,625 ha) is the largest nesting colony of white pelicans in Europe. The 

Sacalin-Zătoane complex (21,410 ha) is a nesting place for swans and other waterfowl. The 

Letea Forest is a strictly protected area covering 2,825 ha. The Ceaplace Island, with a surface 

of 117 ha, is one of the only three locations in Romania where the Dalmatian pelican nests. 

Other protected sites include Grindul Lupilor, Chituc, and Periteașca-Leahova, which are 

important areas for fish spawning and bird wintering. 

The climate in the Danube Delta is continental-Black Sea transitional, characterised by mild 

winters, hot and humid summers, low precipitation, and frequent fog and winds. These 

climatic conditions influence the lifestyle and activities in the Delta, especially transport and 

accessibility. The population density in the Danube Delta is extremely low, about 3.3 

inhabitants/km², making it the least populated region in Romania. 

From a socio-economic perspective, the Delta is home to sparsely populated, aging 

communities whose livelihoods depend on small-scale fishing, eco-tourism, subsistence 

agriculture, and seasonal employment. Many of these communities are isolated from regional 

centres due to poor road access and highly limited logistics infrastructure. Waterways remain 

the primary mode of transportation, yet existing services are either infrequent, oversized for 

shallow channels, or environmentally unsustainable (https://ddbra.ro/ ). 

Waterway transport in the Danube Delta is essential, given that many areas are inaccessible 

by road or railway, with access only possible by boat. Currently, most transport is done using 

traditional vessels, which are often outdated and polluting. The infrastructure for ports, docks, 

and logistics is underdeveloped or absent in many localities, especially in or near strictly 

protected areas. Seasonal variations, such as ice, floods, or low water levels, further 

complicate access and transport. Environmental legislation restricts navigation in protected 

areas – vessels must not disturb the hydrological regime, must not emit pollutants, and must 

have a minimal environmental footprint (e.g. low wake, reduced noise, no risk of introducing 

invasive species). Navigation in the Delta is shaped by a combination of hydrological 

https://ddbra.ro/
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variability, infrastructure limitations, and environmental regulations. Table 3 summarises the 

main constraints and operational requirements that affect vessel design and routing, based 

on the viadonau Manual on Danube Navigation and regional operational insights [1].  

Table 3 Main constraints and operational requirements affecting vessel design and routing 

Aspect Description 

Hydrological Conditions Complex network of waterways with shifting channels, 

sedimentation, and varying water depths. 

Draft Limitations Shallow draft vessels required due to low water depths and 

seasonal fluctuations. 

Vessel Sise Restrictions Larger vessels limited to main channels; smaller vessels 

needed for remote and shallow areas. 

Navigation Aids Buoys, beacons, and markers essential but less developed in 

the Delta compared to other sections. 

Environmental Sensitivity Navigation regulated to minimise impacts on protected 

habitats and biodiversity. 

Seasonal Constraints Ice, floods, and droughts affect navigability and safety 

throughout the year. 

Fleet Requirements Need for specialised, shallow-draft vessels and innovative 

logistics to improve connectivity. 

 

The need for low-impact, flexible, and automated transport solutions in this region is urgent, 

not only to enhance connectivity for essential goods and services, but also to align with 

national and European environmental objectives. In this context, LL3 explores how SFAZ 

vessels can support circular logistics operations (e.g. delivery of food or medical supplies and 

return of waste) while minimising hydromorphological disturbance, wake generation, and 

greenhouse gas (GHG) emissions. 

By focusing on virtual simulations and decision-support tools, LL3 responds to both the 

ecological sensitivity and logistical inaccessibility of the Danube Delta. The lab contributes to 

the integrated management objectives of the Danube Delta Biosphere Reserve Authority 

(DDBRA) while supporting EU Green Deal, Horizon Europe, and Sustainable and Smart Mobility 

Strategy goals. 

2.2. Regulatory Framework 

Navigation Regulations in the Danube Delta Biosphere Reserve 

The Danube Delta Biosphere Reserve (DDBR), designated as a UNESCO World Heritage Site 

and protected under both Romanian and international legal frameworks, is subject to strict 

regulatory oversight concerning the navigation of vessels. Central to this regulatory 

framework is GD 538/2015 [2]; Law No. 82/1993 [3] ARBDD regulations, which delineates the 

conditions for access, navigation, environmental protection, and enforcement within the 

DDBR. 
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To mitigate the ecological impact of navigation and safeguard biodiversity, a comprehensive 

set of restrictions governs both the technical parameters of vessels and the manner of their 

operation. Navigational speed and engine power are strictly regulated to prevent shoreline 

erosion, disturbance to wildlife, and habitat degradation. The maximum limits for speed are 

as follows: 

• 15 km/h on most internal lakes and channels; 

• 40 km/h on selected major circulation corridors (Annex 1 to GD 538/2015); 

• 5 km/h in ecologically sensitive zones adjacent to bird colonies (Annex 3 to GD 

538/2015). 

The maximum engine power is limited to: 

• 100 horsepower (HP) on main circulation channels (Annex1 to GD 538/2015); 

• 40 HP on general-access lakes and channels; 

• 10 HP in protected ecological niches and breeding zones (Annex 3 to GD 538/2015). 

In addition to speed and power limitations (Government Decision No. 538/2015; Law No. 

82/1993; ARBDD regulations): 

• Navigation is strictly prohibited at night unless vessels are properly equipped with 

approved navigation lights and signalling equipment; 

• The use of high-impact motorised vehicles such as jet skis, hovercrafts, and hydrofoils 

is explicitly forbidden within the DDBR. 

• Mooring is permitted only in designated areas established by the ARBDD; 

• Entry into strictly protected scientific or conservation zones is prohibited without 

special authorisation. 

Environmental Protection and Waste Management 

Given the Danube Delta Biosphere Reserve’s designation as a vital biodiversity ecosystem, 

environmental protection is central to its navigational regulations, as outlined in Government 

Decision No. 538/2015 [2], Law No. 82/1993 [3], and ARBDD regulations. 

Vessel operators navigating within the DDBR are required to establish and maintain effective 

waste management systems. All vessels must be equipped with holding tanks for greywater 

and blackwater, as well as appropriate containers for solid and oily waste. Discharging any 

form of waste—including wastewater, fuel residues, or garbage—into the natural environment 

is strictly prohibited, except at authorised disposal facilities. 

Operators must accurately record all waste transfer and storage activities in standardised 

logbooks, which must be readily available for inspection by ARBDD officers. In the event of 

accidental spillage or environmental contamination, immediate notification to the ARBDD is 

mandatory. Operators are also responsible for promptly implementing containment and 

mitigation measures to minimise environmental impact. 
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Environmental Monitoring 

Electronic tracking devices installed on vessels enable real-time monitoring of vessel location, 

speed, and operational compliance. This system facilitates enforcement and assists in the 

early detection of rule violations or ecological incidents. 

The ARBDD (Government Decision No. 538/2015; Law No. 82/1993; ARBDD regulations) is 

the primary authority responsible for supervising compliance with navigational and 

environmental rules within the DDBR. Enforcement operations are conducted by authorised 

inspectors, who possess the right to board and inspect vessels, verify documentation, and 

issue sanctions where necessary. 

Regulatory Status of Electric Vessels in the DDBR 

Electric propulsion is increasingly promoted in conservation areas due to its minimal 

environmental impact, particularly in terms of noise, vibration, and emissions. However, 

electric vessels operating within the Danube Delta Biosphere Reserve remain subject to the 

same regulatory framework as vessels with internal combustion engines, in accordance with 

Government Decision No. 538/2015, Law No. 82/1993, and ARBDD regulations. To navigate 

within the DDBR, electric vessels must obtain the standard navigation permit issued by the 

ARBDD. They are also required to be equipped with tracking devices and must comply fully 

with established waste management obligations, including the safe handling and containment 

of batteries and any related auxiliary waste. Despite their lack of combustion emissions, 

electric vessels must adhere to all applicable speed limits and access restrictions, which are 

determined based on ecological sensitivity rather than propulsion method.  

Currently, there are no formal exemptions, preferential permitting terms, or fee reductions 

specifically granted to electric vessels. In recent years, the ARBDD and local authorities have 

shown increasing policy support for electric mobility, particularly in applications such as 

tourist transport, scientific monitoring, and local passenger shuttles operating in protected 

areas. 

Certain pilot programs and EU-funded initiatives—such as those under the LIFE or Interreg 

frameworks—provided financial or operational support for electric propulsion as a sustainable 

transport solution. Such benefits are limited to specific projects and are not embedded within 

the core regulatory framework. 

It’s important to note that engine power limits (in HP or kW equivalent) still apply even for 

electric propulsion. For example, in areas where the limit is 10 HP (~7.5 kW), an electric vessel 

must remain within that power threshold. 

Comparable Policy Models for Electric Vessel Integration 

Several protected natural areas with navigable waterways have implemented targeted policies 

promoting electric vessels, offering useful models for potential regulatory development in the 

Danube Delta Biosphere Reserve: 

i. Venice Lagoon, Italy (UNESCO World Heritage Site). In response to chronic water 

pollution, noise, and wave damage, Venice has introduced an e-mobility transition plan 
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aimed at phasing out fossil-fuel boats by 2030 in certain canals. Measures include 

subsidies for converting traditional boats to electric, preferential docking and licensing 

for zero-emission vessels, and speed and engine restrictions in sensitive lagoon 

zones. 

ii. Weerribben-Wieden National Park, Netherlands. Only electric boats are permitted on 

designated quiet routes. Local operators use solar-assisted boats, supported by public 

charging infrastructure and provincial environmental laws. 

iii. Lake Königssee (Berchtesgaden National Park), Germany. A strictly protected alpine 

lake, Königssee has allowed only electric ferries and rental boats since 1909, making 

it a pioneer in electric-only navigation within a national park. 

iv. Po Delta Regional Park, Italy. Sharing ecological features with the Danube Delta, the 

Po Delta has introduced pilot zones for electric boat corridors. Eco-tourism operators 

are encouraged to adopt solar-electric vessels, supported by EU Natura 2000 and LIFE 

program initiatives. 

Although electric vessels are legally allowed within the Danube Delta Biosphere Reserve 

(DDBR), they remain subject to the same procedural, spatial, and technical regulations as 

conventional vessels. From a policy and sustainability perspective, authorities actively 

support the use of electric propulsion—especially for tourism, environmental monitoring, and 

local transport in ecologically sensitive areas. The regulations aim to balance nature 

conservation with the needs of local communities and economic activities in one of Europe’s 

most important wetlands.  

2.3. Current Transport Services and Opportunities for 

Innovation  

2.3.1. Transport in Danube Delta 

The Danube Delta is traversed by a complex network of natural and artificial waterways, with 

the Sulina, Chilia, and Sfântu Gheorghe branches serving as the main navigable routes. Among 

these, the Sulina Channel is the only one maintained to international navigation standards, 

offering a direct maritime connection to the Black Sea and allowing access for seagoing 

vessels. However, the majority of the internal Delta waterways are shallow and narrow, 

accommodating only small inland vessels and barges. These internal routes are often subject 

to sedimentation, requiring regular but environmentally sensitive dredging. The limited depth 

and seasonal variability in water levels constrain reliable year-round cargo transport, 

especially in peripheral villages where logistics are already fragile. 

2.3.2. Passenger Transport 

Passenger transport in the Danube Delta is vital for connecting remote settlements, many of 

which lack road access. Villages such as Crișan, Sfântu Gheorghe, Mila 23, and Periprava rely 

heavily on waterborne mobility for access to healthcare, education, commerce, and 

administration in Tulcea or Sulina. The transport system also supports seasonal tourism, 



 

21    
 

which is a key economic activity in the Delta, attracting visitors. Figure 1 shows a schematic 

map of travel routes connecting various settlements in the Danube Delta region. 

 
Figure 1 Navrom Delta scheduled routes (https://www.navromdelta.ro/) 

Scheduled public services. Scheduled public services in the Danube Delta consist primarily 

of ferry and fast boat connections linking Tulcea—the main administrative and logistic hub—

with key settlements such as Sulina, Crișan, and Sfântu Gheorghe. These services are typically 

operated by private or semi-public companies under subsidised frameworks to ensure basic 

mobility for residents. The fleet includes a mix of older riverboats and faster hydrofoil-type 

vessels, with departures scheduled once or twice daily depending on season and route. 

Navrom Delta S.A. is the principal public operator providing regular passenger connections 

between Tulcea and remote settlements within the Danube Delta. The company’s fleet 

includes a range of vessels designed to meet diverse passenger needs: Large vessels (up to 

300 passengers): Banat, Moldova, Vrancea; Medium vessels (up to 150 passengers): Mircești, 

Maramureș; Small vessels (20–60 passengers): Fieni, Adriatica, Fregata. Few examples of 

this type of vessels are presented in Figure 2. 

  
a) Mircești Vessel b) Delta Express Vessel 

Figure 2 Transport solutions offered by Navrom Delta S.A. (https://www.navromdelta.ro/ ) 

https://www.navromdelta.ro/
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Figure 3 Giurgiu Vessel in operation (https://navarapidadiana.ro/) 

Route Frequency: Services to Sulina operate daily, while connections to Sfântu Gheorghe run 

six times per week. The route to Periprava is served four times weekly. Travel duration varies 

by vessel type: 3.5 hours by classic vessels (Figure 2.a), 2.5 hours by semi-fast vessels (Figure 

2.b) and 1.5 by rapid ship (Figure 3). 

However, reliability remains an issue, as timetables are often affected by low water levels, fog, 

or technical delays, and service frequency drops significantly outside the peak tourism 

months, limiting access for isolated communities. 

Private and informal transport services play an important role in the Danube Delta, particularly 

in areas not regularly served by scheduled public routes. These include small motorboats, 

water taxis, and privately owned vessels that provide flexible, on-demand transportation for 

both residents and tourists. While these services offer valuable mobility—especially for urgent 

travel or reaching remote settlements—they typically operate without standardised schedules, 

fixed tariffs, or formal oversight. As a result, safety standards, passenger capacity limits, and 

environmental regulations are often inconsistently applied. Despite these shortcomings, the 

adaptability and availability of informal services make them an indispensable component of 

the Delta’s transport ecosystem, especially during peak tourist season or in emergencies. 

ViziteazaDelta.ro caters primarily to tourists and locals needing flexible transport options 

across the Delta. Their fleet includes speedboats (4–12 passengers) for fast transfers (Figure 

4.a), covered boats (8–20 passengers) for comfort in all weather and open leisure boats for 

excursions and wildlife tours (Figure 4.b) . 

They offer both scheduled and customisable routes, departing from Tulcea and Murighiol, 

emphasising convenience and short travel times. 
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a) Corsar boat b) Quicksilver boat 

Figure 4 Flexible transport offered to tourists and local population by ViziteazaDelta.ro 

2.3.3. Cargo Transport 

Tulcea, the gateway city to the Delta, functions as the main logistics hub, offering limited port 

infrastructure for cargo handling and intermodal transfer. The port of Sulina provides maritime 

access but remains underutilised due to logistical challenges and sediment accumulation. 

Other smaller piers, such as those in Crișan, Mahmudia, and Murighiol, serve local 

communities but are generally lacking in modern infrastructure, such as loading ramps, 

storage facilities, or electrified berths. Scheduled cargo services are scarce, and most 

transport is performed on a demand-driven basis. In this context, cargo transport remains 

opportunistic and insufficiently integrated into broader regional or national transport 

networks, despite its strategic potential for improving accessibility and reducing road traffic 

in sensitive ecological zones. Types of Cargo includes: 

Agricultural and food products. A significant portion of the cargo transported within the 

Danube Delta consists of agricultural products originating from the surrounding rural areas. 

These include cereals (wheat, maise, barley), oilseeds (sunflower, rapeseed), and other 

seasonal crops that are collected in small-scale depots and transported to larger logistic 

centres such as Tulcea or to downstream connections like Sulina. Due to the fragmented 

agricultural landscape and limited mechanisation, cargo volumes are typically small and 

transported using low-capacity vessels. Additionally, locally produced foodstuffs—such as 

fish, honey, and vegetables—are occasionally transported to regional markets. However, the 

absence of refrigerated or hygienic cargo compartments limits the potential for transporting 

perishable goods at scale. 

Construction materials and energy supplies. The Delta’s isolated villages rely heavily on the 

transport of construction materials such as gravel, sand, cement, and timber, particularly for 

housing renovation and infrastructure maintenance. These materials are often shipped in bulk 

on open-deck barges or pushed convoys adapted to shallow draught operations. Energy 

supplies—including diesel fuel, bottled gas, and firewood—are also transported regularly to 

meet residential and institutional needs, especially in areas with limited access to centralised 

energy networks. The transport of these goods poses environmental and safety risks due to 
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the lack of standardised procedures for handling hazardous or flammable materials, 

underlining the need for specialised logistics solutions and regulatory oversight. 

Consumer goods and local provisions. Beyond bulk commodities, a diverse range of 

consumer goods—including packaged food, hygiene products, household items, and 

electronics—are transported into the Delta to serve both permanent residents and the 

seasonal tourism sector. These goods are usually delivered via small cargo boats or 

combined passenger-freight vessels that supply rural shops and local service providers. The 

volume and frequency of such deliveries vary greatly, depending on accessibility, water levels, 

and market demand. In some cases, floating markets or boat-to-door services are used to 

distribute essential items in areas with no road access. This category of cargo highlights the 

importance of maintaining flexible, reliable, and community-oriented logistics chains tailored 

to the specific spatial and social structure of the Danube Delta.  

Small inland cargo vessels and barges. The primary mode of cargo transportation within the 

Danube Delta consists of small inland cargo vessels, such as shallow-draught barges and 

pontoons. These vessels are often pushed or towed by low-powered pushers or tugboats and 

are specifically adapted to operate in the narrow, winding, and shallow channels of the Delta. 

Cargo is generally loaded and unloaded manually or with basic lifting equipment, given the 

lack of modern port infrastructure. These crafts are suitable for transporting bulk 

commodities such as sand, gravel, fuel, and agricultural produce over short distances. Their 

low draft makes them essential for year-round operations, particularly during dry seasons 

when water levels drop, though their carrying capacity and operational efficiency are relatively 

limited. Figure 5 shows an older tugboat pushing a weathered barge along a river, likely used 

for transporting bulk materials such as sand or gravel. Both vessels display signs of aging, 

including rust and a dated structural design, suggesting they have been in operation for 

several decades. Such tugboat is typically powered by a diesel combustion engine. 

  
(https://turismdelta.ro/transport-delta-dunarii/) (https://stelmarnavigation.ro/) 

Figure 5 Small Tug and barge operating in Danube Delta 

Private boats and informal transport services. A significant portion of small-scale cargo 

movement in the Danube Delta is carried out through informal or privately operated boats. 

These include family-owned fishing boats, aluminium or fiberglass utility boats, and even 

small motorboats modified with cargo space. Figure 6 shows a modern aluminium utility boat 

https://turismdelta.ro/transport-delta-dunarii/
https://stelmarnavigation.ro/
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loaded with a diverse cargo that includes food supplies, beverages, cars and metal containers 

for provisioning remote or riverside communities. The boat has an open deck with a reinforced 

bow ramp, indicating it is designed for easy loading and unloading in shallow or undeveloped 

docking areas. Its sturdy construction and relatively new appearance suggest it is well-suited 

for regular logistical operations in regions like the Danube Delta, where water transport is 

essential for delivering essential goods. The utility boat is powered by two outboard diesel 

engines. Diesel fuel remains the standard in these workboats. Another example is a fibre glass 

motorboat used for delivery service by Selgros market (Figure 7).  On the other hand, Figure 8 

reveals the characteristics of the typical waterways from Danube Delta. 

Used extensively in areas with no access to commercial transport services, these boats 

deliver goods between villages, from Tulcea, or from roadside access points into the Delta. 

While they offer flexibility and rapid delivery, especially for low-volume or urgent needs, this 

mode is highly informal and unregulated, often lacking safety protocols, insurance coverage, 

and emissions control. Despite their limitations, these private vessels fill a crucial logistical 

gap and are deeply embedded in the social and economic fabric of the Delta’s transport 

ecosystem. 

  
 

Figure 6 Modern aluminium utility boat loaded with a different type of cargo 

 

Figure 7 Fiber glass motorboat for delivery service (https://modernbuyer.ro/) 
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Figure 8 Shallow-draft vessels operating within Danube Delta channels (https://stelmarnavigation.ro/ ) 

 Mixed-use passenger and cargo vessels. In many Delta communities where dedicated cargo 

services are economically unviable, logistics are provided by mixed-use vessels that carry 

both passengers and goods. These vessels—usually converted fishing boats or small ferries—

play a vital role in delivering provisions, mail, fuel, and other necessities to isolated villages. 

While not optimised for cargo transport, their flexibility allows for the transport of varied loads, 

from small construction materials to parcels and food supplies. They operate on semi-regular 

routes between Tulcea and settlements such as Sulina, Crișan, or Sfântu Gheorghe. However, 

these vessels often lack compartmentalisation and safety features required for specialised 

cargo (e.g., hazardous materials or perishables), limiting their ability to scale or modernise 

without regulatory adaptation and investment. 

2.3.4. Challenges in Danube Delta Transportation 

Navigability and maintenance. The navigability of the Danube Delta is highly variable and 

depends on seasonal hydrological conditions, such as precipitation and upstream discharge. 

Sedimentation is a persistent issue, particularly in secondary and tertiary channels that are 

not part of the official navigation network. Many of these routes are not regularly dredged due 

to budgetary constraints or environmental protection regulations. As a result, shallow water 

depths and shifting sandbanks reduce the reliability of transport routes, disrupt cargo 

schedules, and limit vessel draft and capacity. These challenges are exacerbated during dry 

periods, when parts of the Delta become inaccessible to even the smallest cargo vessels, 

impacting the continuity and predictability of transport services. 

Infrastructure limitations. The Danube Delta suffers from inadequate transport infrastructure, 

particularly in rural and isolated settlements. Most of the existing piers and docks are small, 

unpaved, and lack cargo-handling equipment, storage facilities, or protective infrastructure. 

There is also a lack of standardised, modular facilities that could serve both cargo and 

passenger needs efficiently. Moreover, the integration between waterway transport and land-

based modes (such as roads or rail) is extremely weak, especially in Tulcea, which should 

serve as a key intermodal node. These deficiencies not only reduce the operational efficiency 

of cargo movements but also discourage private investment in modern logistics operations 

within the Delta. 
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Regulatory and Environmental Constraints. Operating cargo transport in the Danube Delta 

involves navigating a complex regulatory framework shaped by Romania’s national laws and 

the area's international environmental designations. As a Natura 2000 site and UNESCO 

Biosphere Reserve, the Delta is subject to strict regulations aimed at preserving biodiversity 

and limiting pollution, emissions, and wake effects. While these restrictions are essential for 

ecological protection, they also create limitations on vessel design, speed, emissions, and 

routing. For instance, the use of larger or more powerful vessels may be prohibited in certain 

zones. Additionally, permitting procedures for new infrastructure projects or transport 

operations can be slow and cumbersome, often delaying necessary upgrades or innovations. 

Economic viability. The low population density and limited industrial activity in the Danube 

Delta result in relatively low cargo volumes, which in turn affect the economic viability of 

maintaining regular cargo services. High fuel costs, low payload efficiency, and fragmented 

demand make it difficult for operators to sustain profitable transport routes without subsidies 

or state support. Furthermore, the lack of economies of scale prevents investments in more 

efficient or environmentally friendly vessels. Small-scale operators often rely on outdated, 

low-capacity boats that require frequent maintenance and offer poor fuel economy. In this 

context, cargo transportation in the Delta remains economically fragile, with limited resilience 

to cost fluctuations or policy changes. 

Motorboat-based delivery services. Today, the most common logistics model in remote Delta 

settlements relies on small motorboats. For example, a major wholesale retailer supplies an 

isolated communities along the Sulina and Sfântu Gheorghe branches using privately 

operated boats. While these ensure basic service continuity, they are carbon-intensive, 

manually operated, and poorly integrated with digital systems, offering little potential for 

optimisation, tracking, or emissions reduction. 

 

2.3.5. Emerging Solutions and SFAZ Opportunity 

To support the sustainable development of cargo transport in the Danube Delta, targeted 

interdisciplinary research is essential. Considering the ecological sensitivity of the area and 

the logistical challenges of operating in such a fragmented and dynamic environment, future 

interventions must be based on robust scientific and technical knowledge. The following 

priorities are identified: 

Hydrodynamic and morphological modelling of delta channels. There is a pressing need for 

high-resolution numerical modelling to better understand the hydrodynamics of the Delta’s 

intricate channel network. This includes studies on flow velocity distributions, sediment 

transport, and water level fluctuations under varying discharge conditions. Research should 

also focus on how seasonal sedimentation patterns affect navigability and how eco-friendly 

dredging strategies can be optimised. These models can be used to simulate different 

operational scenarios, helping authorities plan navigation corridors, dredging schedules, and 

vessel design parameters. 

Vessel optimisation for shallow and confined waters. Research is needed to design and 

optimise vessels that are compatible with the Delta’s shallow depths, narrow bends, and 
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environmentally restricted zones. This includes studies on hull forms with low wave 

resistance and reduced wake wash, low-emission or zero-emission propulsion systems 

(electric, hybrid, or hydrogen), and manoeuvring characteristics in tight waterways. Innovative 

solutions such as modular cargo units, amphibious craft, or autonomous small vessels should 

also be explored. Experimental validation, through scaled model testing or field trials, would 

provide valuable data for certification and deployment. 

Digitalisation and smart transport solutions. The implementation of digital technologies such 

as Digital Twins, real-time water level monitoring, vessel tracking, and intelligent routing 

algorithms requires dedicated research on how these tools can be adapted to the Delta’s 

unique geography and logistical needs. Pilot studies could evaluate the use of sensor 

networks, remote communication systems, and data platforms to enable smart traffic 

management and predictive maintenance of both vessels and infrastructure. Digitalisation 

could also improve transparency and coordination between stakeholders, reducing 

uncertainty and operational delays. 

Socio-economic and policy-oriented studies. Research should also examine the socio-

economic dimensions of cargo transport in the Danube Delta. This includes cost-benefit 

analyses of introducing green logistics chains, willingness-to-pay studies for transport 

services among local businesses, and assessments of how improved transport could support 

economic resilience in isolated communities. Moreover, legal and institutional studies are 

needed to streamline regulatory frameworks and reduce barriers to innovation, especially in 

protected areas. Cross-border governance studies are also important due to the transnational 

nature of the Danube River Basin. 

Integration of cargo transport with local development goals. Studies should explore how 

cargo logistics can support broader regional objectives, such as sustainable tourism, circular 

economy, and biodiversity conservation. Research could investigate the use of dual-use 

vessels for both passenger and freight transport, the role of floating logistics hubs, or the 

synergy between cargo services and local supply chains (e.g., food, construction, fuel). These 

studies should emphasise co-design approaches, involving local communities, SMEs, and 

environmental actors from the outset. 

2.3.6. Framing Priorities for Sustainable Transport in the 

Danube Delta 

The Danube Delta presents both a challenge and an opportunity for the development of 

sustainable cargo transportation. Despite its ecological sensitivity and logistical complexity, 

the Delta’s vast network of navigable channels offers a strategic yet underutilised inland 

waterway system. Current cargo transport operations remain fragmented, low in volume, and 

highly dependent on outdated infrastructure and informal practices. This limits economic 

viability and impedes integration with regional supply chains. 

However, with targeted investments in infrastructure modernisation, environmentally adapted 

vessel design, and digital tools for navigation and logistics, the Delta can become a model for 

low-impact inland waterway transport. Aligning cargo services with local development needs, 
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such as supplying isolated communities and supporting green economic activities, would 

enhance both social and economic resilience. 

Based on stakeholder needs and regional priorities, four key action areas emerge: 

• Decarbonised transport solutions: the introduction of SFAZ vessels with low 

emissions, noise, and wake impact, with the potential for autonomous or remote 

operations, for flexible micro-logistics. 

• Infrastructure modernisation: modular, low-footprint terminal upgrades and targeted 

dredging of critical corridors using eco-sensitive methods to maintain navigability 

while protecting biodiversity. 

• Digitalisation and smart logistics: the integration of real-time environmental 

monitoring, routing optimisation, and simulation tools through a Digital Twin platform, 

supporting predictive planning and stakeholder coordination. 

• Integration with local development goals: the alignment of transport services with 

regional priorities, including medical delivery, waste recovery, eco-tourism, and circular 

economy initiatives. Potential for floating logistics hubs and mobile distribution 

models. 

These priorities justify the approach taken by LL3, which leverages Digital Twin–driven 

simulations to design, test, and validate SFAZ logistics scenarios before deployment. By 

enabling virtual exploration of operational, economic, and environmental trade-offs, LL3 

provides a replicable framework for delivering sustainable, last-mile logistics in ecologically 

sensitive inland waterway systems. 

2.4. LL3 Objectives and Virtual Approach 

LL3 objectives are threefold: 

1. Design a reference SFAZ vessel suitable for shallow, ecologically sensitive 

environments, equipped with hybrid propulsion (electric + hydrogen fuel cell), 

advanced energy management, and high maneuverability. 

2. Simulate navigational and logistical scenarios using Digital Twin components that 

integrate vessel performance data, energy consumption models, and geospatial 

information derived from EuRIS and OSM-enhanced waterway networks. 

3. Evaluate transferability and operational feasibility, using the simulation framework, 

vessel twins and data layer supported by the DT platform as a reference, contributing 

to the project's broader transferability and blueprinting goals (Tasks T3.4 and T3.5). 

LL3 will demonstrate how virtual testing can support conservation-compatible logistics 

innovation in protected areas, reducing the need for costly and potentially disruptive pilot 

deployments while still providing robust data for policy and design decisions. Unlike LL1 and 

LL2, which focus on physical prototyping and retrofitting, LL3 will also serve as a functional 

demonstration of FOREMAST Digital Twin platform, showcasing its ability to integrate 

geospatial data, vessel models, and simulation tools to support planning, evaluation, and 

operational decision-making needed for deploying SFAZ vessels in ecologically sensitive and 

logistically complex environments. 
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2.5. Infrastructure Gaps and SFAZ Potential in the 

Danube Delta 

Although the Danube Delta is naturally connected to national and international waterway 

networks via several strategic ports, including Constanța Port (Romania’s largest and a major 

Danube–Black Sea gateway), Galati Port (an industrial logistics hub), and the Ust-Danube 

Commercial Seaport in Ukraine, its internal transport infrastructure remains severely limited. 

Large vessels can typically access only the main Danube branches and a handful of deep, 

permanent channels. In contrast, most settlements, ecological monitoring points, and 

logistical destinations within the Delta are located along narrow, shallow, or seasonally 

variable waterways. This creates a persistent accessibility gap that limits both freight and 

passenger mobility, affecting the delivery of food, medicine, energy, construction materials, 

and waste management services. 

This challenge is compounded by aging fleets, inadequate docking infrastructure, and a lack 

of standardised navigation aids in the inner Delta. Despite the presence of public and private 

operators, a substantial number of remote villages remain underserved or entirely cut off from 

regular supply chains, especially during flood, drought, or ice seasons. 

To address these limitations, ongoing cross-border environmental cooperation and hazard 

management efforts, including projects like Danube Hazard, involving Romania, Ukraine, and 

Moldova) [4], and the International Commission for the Protection of the Danube River 

(ICPDR), have emphasised the need for infrastructure that balances accessibility with 

ecological integrity. These initiatives underscore that innovation in transport must go hand-in-

hand with risk mitigation, pollution reduction, and biodiversity protection. 

Within this context, the deployment of SFAZ vessels represents a unique opportunity. These 

vessels can serve as last-mile connectors, transferring cargo and passengers from larger 

vessels at main ports (e.g. Tulcea or Sulina) to the most isolated and environmentally 

sensitive locations of the Delta. Designed for shallow drafts, low wake generation, and zero 

emissions, SFAZ vessels could be a transformative solution for: 

• Improving regional connectivity without major infrastructural expansion. 

• Reducing fuel consumption and pollutant emissions. 

• Supporting conservation-compatible logistics (e.g. eco-tourism, medical supply, waste 

return loops). 

• Enhancing resilience to climate-induced disruptions such as floods and droughts. 

The LL3 Living Lab leverages these insights to explore how virtual design and simulation of 

such vessel concepts can accelerate innovation while aligning with local conservation 

strategies. It aims to validate operational feasibility and environmental suitability of these 

vessels before physical deployment. 
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2.6. Strategic Alignment with European Inland Waterway 

Policy 

The European Inland Waterway Transport (IWT) Platform [5] plays a key role in promoting 

sustainable, efficient, and modern inland navigation across Europe. While the platform does 

not focus specifically on the Danube Delta, it actively contributes to broader initiatives that 

influence this ecologically sensitive and logistically important region. 

A cornerstone of this alignment is Pan-European Corridor VII, which links the North Sea with 

the Black Sea via the Rhine, Main, and Danube rivers. The Danube Delta forms the easternmost 

segment of this corridor and serves as a strategic terminal point for both cargo and passenger 

flows. The IWT Platform supports continuous improvement of navigability and infrastructure 

along this corridor through coordinated policies and technical programs [6] 

In parallel, the platform promotes balanced waterway planning that accounts for both 

economic efficiency and ecological sensitivity. This is especially relevant in the Delta, where 

navigation must comply with strict conservation regulations. The IWT Platform’s efforts to 

integrate environmental protection into transport planning are directly aligned with LL3’s 

mission to explore low-impact, modular transport solutions. 

One key initiative is the Fairway Rehabilitation and Maintenance Master Plan, developed under 

the EU Strategy for the Danube Region (EUSDR). This plan targets critical bottlenecks and 

infrastructure upgrades along the Danube and its tributaries, including those near the Delta. 

These improvements provide an enabling framework for testing next-generation SFAZ vessels 

that could interoperate with upgraded infrastructure while serving remote Delta communities. 

2.7. Synergies with Ongoing and Previous Projects 

The design and implementation of FOREMAST SFAZ vessels are informed by, and aligned 

with, several ongoing and past European projects addressing inland waterway transport, 

environmental management, and rural connectivity: 

• GREEN DANUBE (Interreg DTP) focused on harmonising environmental standards and 

reducing air pollutant emissions from inland vessels along the Danube corridor. 

FOREMAST leverages GREEN DANUBE’s outcomes — particularly its policy 

recommendations and emission modelling frameworks — to define low-impact 

operational protocols for shallow-draft, zero-emission vessels operating in protected 

deltaic zones. 

• GRENDEL (Interreg DTP) promoted fleet renewal and new business models for IWT. 

LL3 supports this objective through the exploration of small-scale, flexible vessel for 

micro-logistics, reflecting a new generation of vessel typology and circular operational 

concepts (e.g. last-mile cargo delivery and return loops for waste collection in the 

Delta). 

• DAWetRest (Horizon Europe) addressed wetland restoration and eco-compatible 

infrastructure. FOREMAST incorporates these goals by designing and simulating 
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vessels with minimal impact on sedimentation, biodiversity, and hydrological patterns 

while supporting restoration through responsible logistics, such as waste retrieval and 

medical supply delivery. 

• SUNDANSE (Horizon Europe) explored climate adaptation in Danube regions. LL3 

contributes by modelling how SFAZ vessels can improve resilience in isolated 

communities vulnerable to climate disruption. 

The FOREMAST project builds upon both the technological insights and policy frameworks 

developed in the following projects. Together, these synergies position LL3 as both a 

technology testbed and a policy sandbox, bridging sustainability objectives with applied 

innovations in green waterborne logistics.  
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3. LL3 SFAZ Design  

Designing a ship adapted for the Danube Delta channel network presents a distinct set of 

challenges that resides from the region’s complex combination of geographical features, 

dynamic hydrological conditions, sensitive ecological status, and limited navigational and port 

infrastructure described in the Chapter 2. The design approach employed in this study follows 

the structured methodology outlined in FOREMAST Deliverable 2.1 [7]. 

One of the most important challenges in designing vessels for the Danube Delta is the need 

to operate safely and efficiently in shallow and fluctuating water depths. Many of the Delta’s 

secondary and tertiary channels experience significant seasonal variations in water levels due 

to upstream discharge changes, local precipitation, and sediment accumulation. This requires 

hull designs with shallow drafts, usually less than 0.8m, to prevent grounding and ensure 

operability all over the year. Flat-bottom or shallow-V hull forms are typically preferred for their 

ability to navigate over sandbars and through narrow passages, but they may compromise 

stability and maneuverability, particularly in open or wind-exposed areas.  

The network of narrow channels in the Danube Delta poses significant navigational challenges 

for cargo vessel design. Many waterways have tight curves, sharp bends, and limited visibility, 

requiring ships to exhibit very good maneuverability performance. To navigate these 

constrained routes safely, vessels must be compact in length and beam, and equipped with 

advanced steering systems such as bow thrusters, twin-screw propulsion, azimuth thrusters 

or z-drive systems. The risk of grounding or collision is heightened in these meandering paths, 

especially where markers are sparse or vegetation encroaches upon the navigable width. As 

a result, vessel design must prioritise responsive handling, shallow draft, and reliable control 

at low speeds, ensuring that ships can safely access remote settlements. 

The underdevelopment of port infrastructure in the Danube Delta presents a major constraint 

for cargo vessel operations. Most rural settlements lack formal docking facilities, cargo 

handling equipment, or paved embankments, which forces vessels to operate with a high 

degree of self-sufficiency. To accommodate these conditions, ships must be equipped with 

features such as onboard cranes, winches, or roll-on/roll-off ramps that enable loading and 

unloading without shore-based assistance. Additionally, vessel structures must be robust 

enough to withstand berthing at unprotected or uneven riverbanks, often without fenders or 

mooring points. These aspects demand versatile and resilient vessel designs capable of 

performing safe and efficient cargo operations in isolated and infrastructure-poor 

environments, where flexibility and adaptability are essential for maintaining reliable transport 

services. 

Operating in the Danube Delta requires strict adherence to environmental regulations due to 

the region's designation as both a UNESCO World Heritage Site and a Natura 2000 protected 

area. These regulations impose stringent limits on vessel emissions, noise levels, and wave 

generation to protect the delicate ecosystems, including bird habitats, aquatic vegetation, and 

shoreline stability. As a result, ships must incorporate low-impact technologies such as 

electric, or hybrid propulsion systems and hull forms optimised to minimise wake and 
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sediment disturbance. Wastewater and bilge discharge are also tightly controlled, 

necessitating onboard retention and treatment systems. Compliance with these standards 

not only influences the technical configuration of the vessel but also requires a careful 

balance between operational efficiency and environmental stewardship. 

The cargo transport market in the Danube Delta is characterised by low volumes and highly 

fragmented demand, posing a significant challenge for designing economically viable vessels. 

Most settlements are small and geographically dispersed, generating irregular and limited 

freight needs that vary by season and local activity. Consequently, vessels must be designed 

for maximum versatility, capable of carrying mixed cargo types such as agricultural products, 

building materials, and essential supplies, in relatively small batches. Modular cargo spaces, 

flexible deck configurations, and rapid loading/unloading capabilities are essential features 

to accommodate diverse and fluctuating transport requirements.  

3.1. Main Vessel Characteristics 

The Danube Delta is structured into a complex and dynamic network of primary, secondary, 

and tertiary channels, each serving distinct hydrological and navigational functions within the 

broader deltaic system. The Danube Delta features a hierarchical network of waterways 

classified into primary, secondary, and tertiary channels, each with distinct morphological and 

functional characteristics, as shown in Table 4.  

The design of vessels (hereafter DaNube Barge - DNB) intended for operation in the Danube 

Delta must be closely aligned with the physical characteristics of the region’s channel network 

to ensure safe, efficient, and environmentally compliant navigation. In primary channels, 

where widths range from 80 to 250 meters and depths reach up to 7 meters, larger inland 

vessels or sea-river ships with lengths up to 110 meters, beams of 11–14 meters, and drafts 

of up to 3 meters can be accommodated—particularly along the Sulina branch, which is 

regularly dredged and maintained for commercial traffic. Secondary channels, being narrower 

(20–60 meters wide) and shallower (1.5–3.5 meters deep), require more compact ships with 

lengths between 15 and 40 meters, beams of 3–6 meters, and drafts limited to around 1.5 

meters. These vessels must also possess excellent maneuverability for navigating bends and 

variable depths. In tertiary channels, with widths under 20 meters and depths often less than 

1.5 meters, only very small, lightweight boats—such as canoes or electric flatboats with drafts 

below 0.5 meters—are suitable, primarily for ecological monitoring or local access rather than 

cargo transport. This correlation underscores the necessity of tailoring vessel dimensions and 

capabilities to the specific navigational context of each channel category. 

Table 4 Typical channel characteristics in Danube Delta 

Channel category Typical channel dimensions Typical ship dimensions 

Primary Channels 

 (e.g. Sulina, Chilia, Sf. 

Gheorghe) 

- Width: 80–250 m 

- Depth: 3.5–7 m 

- Strong currents 

- Heavily trafficked 

- Length: up to 80–110 m 
(Sulina) 

- Beam: 11–14 m 

- Draft: up to 3 m 
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Secondary Channels 

(e.g. Canal 36, Mahmudia, 

Dunavăț) 

- Width: 20–60 m 

- Depth: 1.5–3.5 m 

- Irregular depth and bends 

- Length: 15–40 m 

- Beam: 3–6 m 

- Draft: 0.8–1.5 m 

Tertiary Channels 

(narrow creeks, reed 

corridors) 

- Width: 5–20 m 

- Depth: 0.5–1.5 m 

- Very limited navigation 

- High ecological sensitivity 

- Length: 6–12 m 

- Beam: 1.5–3 m 

- Draft: <0.5 m 

 

Considering the above-mentioned challenges, a preliminary SFAZ vessel dimensions of 8 m 

length, of 3 m beam, and of 0.8 m draft represents the minimum limit for navigational and 

ecological constraints of the Danube Delta that can achieved. These dimensions allow the 

ship to access not only a significant portion of the tertiary channels, which are narrow (5–20 

m wide) and shallow (0.5–1.5 m deep), but also the less restrictive secondary channels, where 

depths typically range from 1.5 to 3.5 meters. A design draft of 0.8 meters was selected as 

an optimal compromise between the vessel’s payload capacity and the navigational 

constraints imposed by the depth of the Danube Delta’s secondary and tertiary channels. This 

vessel draft ensures sufficient displacement to carry a targeted payload of 7.5 tonnes while 

maintaining operability across most of the inland waterway network under typical seasonal 

conditions. Its shallow profile enables safe year-round navigation, including during low-water 

periods or in sediment-prone areas. The selected dimensions promote high maneuverability, 

minimal ecological disturbance, and reliable operation in shallow or infrastructure-limited 

regions—ideal for delivering cargo to remote settlements and ecologically sensitive areas. 

Given the limited channel width and strict draft constraints in the Danube Delta, a monohull 

configuration is preferred, as it allows for more efficient vertical volume distribution, 

maximising cargo capacity without exceeding navigational limits, while also reducing 

construction costs. 

Selecting an optimal cruising speed for a cargo vessel operating in the Danube Delta requires 

balancing legal compliance with hydrodynamic performance and environmental sensitivity. 

According to GD 538/2015, the maximum permitted speed is 15 km/h on most internal 

channels and lakes, with stricter limits of 5 km/h in ecologically sensitive zones, such as areas 

adjacent to bird colonies. From a hydrodynamic consideration, theoretical hull speed (𝑉𝑇 =

2.43√𝐿𝑊𝐿 [Knots]) is an estimate of the maximum efficient speed a displacement-hull vessel 

can travel without requiring a disproportionate increase in power. It is based on the physics 

of wave generation as the hull moves through water. For an 8-meter vessel its theoretical hull 

speed it is around 12.8 km/h for thereby minimising wave-making resistance and reducing 

wake energy. Operating at this speed a better hydrodynamic efficiency is expected, supporting 

both operational sustainability and regulatory adherence. On the other hand, to comply with 

these regulations while ensuring efficient navigation, a cruising speed of approximately 10–

12 km/h would be recommended. Later on, this speed range will also be checked using the 

CFD simulation. 
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Preliminary estimation of the displacement and payload. The estimated displacement of the 

vessel is calculated based on its principal dimensions and an assumed block coefficient 

suitable for shallow-draft aluminium workboats. With a length of 8 meters, beam of 3 meters, 

and a draft of 0.8 meters, and considering a block coefficient of about 0.65, the resulting 

displaced volume is about 14 cubic meters. When multiplied by the density of freshwater 

(1,000 kg/m³), this yields a total displacement of approximately 14 tonnes, which represents 

the maximum weight the vessel can safely carry, including its light ship weight and payload. 

Based on previous experience the light weight of the ship would be around 6.5-7 t, which 

consequently leads to a payload of about 7 t, corresponding to 5-to-7-euro pallets. 

 The design of a vessel supposes the consideration of three key aspects:  

1. Proper volume distribution, to ensure: 

- Sufficient displacement to support light ship and deadweight; 

- A minimal variation in draft to maintain complete propeller immersion in the light 

load condition to provide consistent thrust generation and propulsion efficiency;  

- And prevent excessive changes in draft that could impact cargo loading and 

unloading. 

2.  Ensuring the premises for sufficient stability: The designed configuration must provide a 

sufficient metacentric height (GM) value, preventing excessive inclining angle. The GM value 

is influenced by several hydrostatic parameters as a waterplane area, hull shape and vertical 

centre of buoyancy (KB) and vertical centre of gravity (KG). 

3. Power requirements: To support zero-emission operations, SFAZ vessels are equipped with 

electric propulsion systems, ensuring compliance with modern environmental standards. 

Thus, predictions based on CFD are needed to check if the design fulfils power requirements 

at an early stage. 

Based on the defined operational profile, dimensional constraints, and hydrodynamic 

requirements specific to the Danube Delta, the initial hull form was developed following 

established naval architectural principles for shallow-water, inland cargo vessels. A shallow 

V-shaped hull form was adopted, rather than a flat-bottom configuration to maximise 

displacement volume and ensure minimal draft that ensure the complete propeller immersion 

at light weight draft. Special attention was given to stern shaping, which was optimised with 

a semi-tunnel profile to ensure adequate propeller immersion even in lightship condition and 

to mitigate the risk of aeration or ventilation under low-speed operation. The transom and 

buttock lines were carefully faired to provide favourable flow characteristics, while also 

maintaining sufficient clearance for the installation of a protected propulsion system. The hull 

form was modeled to achieve a block coefficient of approximately 0.65, providing sufficient 

buoyancy to support the 6.5-tonne lightship and a 7–7.5-tonne payload. The block coefficient 

CB is a non-dimensional geometric parameter used in naval architecture to describe how full 

or slender a ship’s hull form is relative to a rectangular block with the length, beam, and draft 

(𝐶𝐵 =
𝑉

𝐿∙𝐵∙𝑇
). This initial hull geometry serves as a baseline for further hydrodynamic refinement 

and integration with propulsion and deck layout requirements (Figure 9).  
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Figure 9 Initial hull form 

Finally, the principal geometric and hydrostatic characteristics of the SFAZ hull form are 

summarised in Table 5. 

Table 5 Main characteristics of the monohull SFAZ concept design 

Dimension  Value Units 

Max Overall Length Lmax 9.3 m 

Length of waterline LWL 8.3 m 

Target Beam B 3.3 m 

Loaded Draft T 0.8 m 

Min Freeboard (Fully Loaded) F 0.5 m 

Design speed VD 10 km/h 

Maximum speed vmax 14 km/h 

Autonomy A 100 -120 km 

Estimated engine power  2 x 14 kW 

Payload  7.5 t 

 

A preliminary power prediction performed using the empirical regression-based method 

developed by Holtrop and Mennen [8] for estimating ship resistance and propulsion 

characteristics indicated an effective power requirement of approximately 4 kW at a design 

speed of 10 km/h, as it is shown in Figure 10. Assuming a propulsion efficiency of 0.5, the 

corresponding delivered power would be approximately 8 kW. At the vessel's maximum 

speed, the estimated power demand increases to approximately 26 kW. At the first glance, a 

RIM propulsion system of 14 kW used in LL2 would be feasible to be used for monohull DNB 

SFAZ. 

 

Figure 10 Preliminary power estimation using Holtrop-Mennen method 



 

38    
 

Based on the available data, best design practices, and prior experience, a preliminary 

estimate of the vessel's weight was conducted by evaluating the individual masses of key 

components, including the structural elements, propulsion system, energy storage units, and 

cargo capacity. This methodology enables an initial assessment of the vessel’s displacement, 

draft, and stability under both full load and lightship conditions. All relevant data have been 

compiled into a mass journal, which details the weight distribution of each component across 

different loading scenarios, as illustrated in Table 6. 

Table 6 Estimation of ship weights 

No. Item [kg] 

1 Hull 1250 

2 Deck with structure 600 

3 Superstructure 600 

4 Bulkheads 250 

5 Engines 100 

6 Accumulators 1300 

7 Deck protection 300 

8 Rubber fender 100 

9 Gunwale 100 

10 Cargo 7500 

11 Other masses 1400 

12 Total full load mass 13500 

13 Ship light weight  6500 

 

3.2. Hydrostatics and stability 

In naval architecture, hydrostatics refers to the study of a vessel’s equilibrium and buoyant 

behaviour under static conditions, when the ship is at rest and not subject to dynamic 

influences such as waves or propulsion forces. Hydrostatic analysis yields fundamental 

parameters such as the waterplane area (Aw), displacement and the centre of buoyancy (C_B) 

are presented in Table 7. These parameters are essential for evaluating the vessel’s buoyancy 

equilibrium, initial stability, and floating position.  

Table 7 DNB hydrostatics 

i z XF Aw V Displ. XB KB BMt BML 

 m m m2 m3 t m m m m 

1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - - 

2 0.10 0.383 7.746 0.473 0.473 0.372 0.062 3.439 31.151 

3 0.20 0.329 12.287 1.483 1.483 0.360 0.124 3.681 18.274 

4 0.30 0.255 15.799 2.897 2.897 0.327 0.187 3.509 13.679 

5 0.40 0.170 18.245 4.608 4.608 0.285 0.248 3.003 11.279 

6 0.50 0.068 20.032 6.525 6.525 0.237 0.307 2.458 10.013 

7 0.60 -0.283 22.949 8.661 8.661 0.156 0.368 2.066 11.465 

8 0.70 -0.256 23.345 10.976 10.976 0.067 0.427 1.657 9.527 

9 0.80 -0.227 23.695 13.328 13.458 0.012 0.484 1.382 8.219 
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10 0.90 -0.206 24.018 15.714 15.714 -0.023 0.540 1.185 7.276 

11 1.00 -0.189 24.320 18.130 18.130 -0.046 0.594 1.037 6.564 

12 1.10 -0.170 24.602 20.577 20.577 -0.061 0.649 0.921 6.003 

13 1.20 -0.158 24.892 23.051 23.051 -0.072 0.702 0.829 5.569 

14 1.30 -0.143 25.141 25.552 25.552 -0.080 0.756 0.753 5.188 

15 1.40 -0.443 10.742 27.115 27.115 -0.091 0.790 0.232 4.105 

Stability assessments are conducted to determine static stability curve, commonly referred to 

as the GZ curve, which characterises the vessel’s righting arm and righting moment at various 

heel angles. The stability assessment is carried out for the intact condition. The subsequent 

section presents a summary of intact stability calculations for the aluminium monohull at light 

and full load displacement. GZ curves are used to evaluate the vessel’s stability, but these 

following factors, among other things, should be assessed: the metacentric height (GM), the 

maximum value of the righting lever (Gzmax) and the point of vanishing stability. The shape 

of the righting lever curves, the metacentric height (GM) and value of the righting lever (GZ) 

are dependent on the form of the vessel and its loading case. In this regard, the freeboard and 

the ratio between the vessel’s breadth and depth are very important. 

Figure 11and Table 8 present hydrostatic stability parameters for the monohull DNB design, 

showing how different vertical centres of gravity (ZG) values affect stability parameters, 

including the initial metacentric height (GM), Righting moment, the heel angle at maximum GZ 

and the angle of vanishing stability (AVS). 

Stability diagrams for two loading conditions 

  
Light weight ship loading condition Full load ship loading condition 

Figure 11 Stability diagrams for two loading conditions 

Table 8 Hydrostatic stability parameters for the Catamaran design 

  
ZG Initial GM 

Maximum angle of 

heel 

Angle of vanishing 

stability 

Light 
condition 

0.60 2.23 46.3 >90 

0.85 1.98 37.3 >90 

1.10 1.73 33.5 77.5 

0.75 1.07 39.25 >90 
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Full load 
condition 

1.00 0.82 33 79.25 

1.25 0.57 25.75 57.25 

 

ZG estimated for the light weight case is 0.85. The angle at which maximum righting moment 

occurs remains around 37 degrees, showing a consistent stability characteristic. In addition, 

if an inclining moment of about 2.4 tm is considered, the heeling angle varies between 11 and 

16 degrees. 

ZG estimated for the full load case is 1.00. The angle at which maximum righting moment 

occurs remains around 33 degrees. This diagram shows the sensitivity of a vessel’s stability 

to the vertical position of centre of gravity. In this case it emphasises the importance of 

avoiding a CoG higher than 1.00 m to ensure a strong and wide-ranging righting capability, 

which is critical for safety and operational performance. In addition, if an inclining moment of 

about 2.4 tm is considered, the heeling angle varies for ZG=1.00 m it will be between 9 and 17 

degrees. 

3.3. CFD analysis for the design of hull 

In the preliminary design phase, Computational Fluid Dynamics (CFD) serves as a 

hydrodynamic analysis tool for evaluating ship resistance, assessing hull form variations, and 

supporting propulsion power estimation. By numerically solving the Reynolds-averaged 

Navier-Stokes equations for viscous flow around the hull, CFD provides detailed insight into 

the distribution of pressure and shear forces contributing to the total calm-water resistance. 

It also supports rapid assessment of hull form variations, allowing designers to iteratively 

refine geometry with respect to hydrodynamic efficiency, flow separation, and wake 

characteristics. CFD enables accurate prediction of resistance components (frictional, 

pressure, and wave-making resistance) across a range of speeds and loading conditions, 

providing essential input for powering calculations and sizing of the propulsion system. In this 

way, CFD reduces reliance on empirical methods during the early design phase and facilitates 

informed decisions for hull shaping, displacement optimisation, and preliminary engine power 

estimation, thereby improving performance predictions and reducing design risks. 

The CADENCE/FineMarine commercial code has been employed to compute the flow solution 

around the SFAZ hull. The implicit solver uses the finite volume method to build the spatial 

discretisation for the governing equation in order to solve the incompressible steady RANSE 

in a global approach developed by Guilmineau et al [9]. The k-ω SST turbulence model with 

wall function formulation is used for turbulence closure in this CFD study. Free-surface 

capturing strategy is based on multi-phase flow approach using Volume of Fluid method with 

high-resolution interface schemes. Incompressible and non-miscible flow phases are 

modelled using conservation equations for each volume fraction of phase/fluid [10]. All the 

computations are performed with respect to a fixed cartesian reference frame with two 

degrees of freedom including sinkage and trim motions and they were conducted in 

accordance with the ITTC – Recommended Procedures and Guidelines: Practical Guidelines 
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for Ship CFD Applications [11]. This ensures methodological consistency, validation 

standards, and industry-recognised best practices in the assessment of ship hydrodynamics. 

To investigate the influence of hull form on hydrodynamic performance, four hull 

configurations were developed, each incorporating targeted geometric variations in the bow 

and stern regions. DMB1 features a slender type bow, a cylindrical midship section, and a 

moderately raised stern overhang designed to accommodate the propulsion units while 

remaining above the waterline in lightship condition. DMB 2.1 introduces a fuller bow profile 

to improve flow behaviour at varying trim conditions, retains the cylindrical midship geometry, 

and includes a more pronounced curvature in the bottom structure (hull framing), with the 

stern overhang still slightly above the lightship draft. DMB 2.2 builds upon DMB2.1 by 

incorporating a longitudinal skeg (keel fin) to enhance course keeping and improve flow 

alignment toward the propeller plane. In DMB3, the bow remains consistent with DMB2.1, 

while the stern overhang is significantly extended downward to reach near the full-load draft. 

These variations were designed to systematically assess their impact on resistance and 

effective power through CFD simulations, and their characteristics are presented in Figure 12. 

    
DMB1version DMB2.1 version 

    
DMB2.2 version DMB3 version 

Figure 12 Side and front view for each version of SFAZ hull 

A series of CFD simulations have been performed over a speed range of 8 to 14 km/h to 

evaluate the hydrodynamic performance of the SFAZ vessel under full load conditions, with a 

focus on the service speed of 10 km/h. The objective was to quantify the influence of stern 

geometry refinements by comparing the resulting effective power (PE) requirements across 

multiple hull configurations. These simulations provided detailed insights into the resistance 

characteristics and flow behaviour in the aft-body region, where geometric variations affect 

pressure recovery and propeller inflow quality.  

Analysing the slope of the resistance curves provides insight into how quickly resistance 

increases with speed, which is used for understanding propulsion energy requirements and 

hydrodynamic vessel performance. The resistance curves of the four SFAZ vessel variants, 

DNB1, DNB2.1, DNB2.2, and DNB3 respectively, demonstrating a typical non-linear increase in 

total resistance (Rt) with speed (v), are presented in Figure 13. At lower speeds (8-10 km/h, 

the resistance values are close for all variants. Variants DNB1 and DNB3 show slightly lower 

resistance, potentially indicating better efficiency at low speeds. The differences between 

DNB1, DNB3 and DNB2.1, DNB2.2 become more pronounced at the speed range 10 to 12 

km/h, where it supposes that the ship will sail the most, showing an increased efficiency for 

the former curves (DNB1, DNB3). Around speed value of 12km/h all curves significantly 

steepen, consequently a faster increasing of the required power. 
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The computed effective power values for each variant are presented in Figure 13, illustrating 

the sensitivity of powering performance to local hull modifications and enabling selection of 

the most energy-efficient configuration for the targeted operational profile. Focusing 

specifically on the 10–12 km/h speed range, one can see that at 10 km/h, the service speed, 

all variants exhibit similar effective power values, between 3.95 and 4.86 kW, but indicating a 

difference of about 18% (DNB3-DNB2.2). At 12 km/h the difference increased in absolute 

value about 2 kW, which corresponds on to a relative value of 22%. The analysis of the 

effective power at the 10–12 km/h range reveals DNB3 as the most effective design in terms 

of power requirements. A comparative analysis of the effective power curves reveals a 

notable inflection point near 12 km/h in the CFD-derived results, indicating a steeper increase 

in resistance and corresponding power demand beyond this threshold. This divergence 

suggests that the preliminary power estimates based on the Holtrop-Mennen method may 

underpredict the required effective power at higher operating speeds. Consequently, the 

estimated propulsion power requirements exceed the maximum output capacity of the RIM 

system, indicating the need for an alternative propulsion configuration to meet performance 

demands. 

  
Ship resistance curves for hull shapes Effective power curves for hull shapes 

Figure 13 Ship resistance and effective power curves for different versions of DNB 

The images from Figure 14 presents the volume fraction distribution on the hulls of four SFAZ 

vessel variants, illustrating the interaction between air (blue) and water (red). This type of 

visualisation offers insights into hull submersion and potential wave resistance behaviour. 

DNB1 bow seems more immersed with a stronger gradient. In contrast, the refined bow shape 

of DNB2.1, DNB2.2 and DNB3 seems to experience an efficient water inflow and smoother 

gradients along the bow. Analysing the stern flow behaviour, DNB1 shows smoother transition 

at transom comparing with the modified stern versions. A difference in behaviour might be 

noticed comparing DNB2.1 and DNB3, where the stern is less immersed.  

  
DNB1 DNB2.1 
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DNB2.2 DNB3 
Figure 14 Volume fraction distribution on the hulls of four SFAZ vessel variants 

In the same manner, the free-surface wave patterns (wave elevation in m) around the hulls of 

the four SFAZ vessel variants, at a sailing speed of 10 km/h are displayed in Figure 15. The 

colour map highlights wave crests in red and wave troughs in blue, revealing the influence of 

hull geometry on wave-making characteristics and energy loss due to wave resistance. Based 

on the qualitative analysis of the free-surface topology and volume fraction, DNB3 seems to 

have the streamlined hull with cleaner flow separation correspond to smoother free-surface 

patterns, meaning reduced energy loss to wave generation. 

  
DNB1 DNB2.1 

  
DNB2.2 DNB3 

Figure 15 Free-surface topology for different vessel designs 

The SFAZ vessel developed for LL3 is a direct response to the Danube Delta’s challenging 

operational context. Its shallow-V monohull, optimised for reduced draft and enhanced 

maneuverability, reflects a careful balance between environmental sensitivity, navigational 

limitations, and functional cargo needs. This design ensures year-round access to remote 

areas without compromising ecological integrity. Through detailed hydrostatic, stability, and 

power estimations, the vessel configuration demonstrates technical viability for low-emission 

operations in shallow waters. The chosen dimensions (8 m length, 3 m beam, 0.8 m draft) and 

payload capacity (approx. 7.5 t) align with both logistical demands and regulatory compliance, 

establishing a robust baseline for further simulation and prototyping efforts. 
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4. SFAZ Digital Twin Environment 

The FOREMAST Digital Twin (DT) platform serves as the central technological infrastructure 

for integrating simulation models, vessel designs, geospatial data, and performance metrics 

across the project’s Living Labs. Built to support both design-phase analysis and operational 

scenario evaluation, the DT platform enables partners to test, validate, and compare 

innovative vessel solutions under realistic environmental and logistical conditions. 

The platform combines a semantic knowledge base (including vessel templates stored in a 

Neo4j graph), physics-informed simulation models (e.g. maneuverability, energy 

consumption), and spatial data layers to support dynamic scenario modelling. In the context 

of LL3, the DT platform is used to simulate and evaluate SFAZ deployment in the Danube Delta, 

focusing on the integration of design-specific parameters, waterway constraints, and 

sustainability objectives. A detailed technical description of the platform architecture and 

services is provided in the dedicated deliverable D2.7 [12]. 

This chapter presents the LL3-specific integration of SFAZ vessel designs into the DT 

platform, the environmental and infrastructural simulation context for the Danube Delta, and 

the operational business scenario that will guide simulation-based evaluation in the next 

phase of T3.3. 

4.1. Integration of SFAZ Vessel Designs 

4.1.1. Overview of SFAZ Vessel Designs 

The FOREMAST project builds on prior design work from projects such ReNEW (Horizon) and 

InnoWaTr (Interreg North Sea) and introduces three vessel configurations, each associated 

with a specific Living Lab and tailored to distinct geographical and operational environments. 

All vessel concepts are led or co-developed by UGAL and share a focus on energy efficiency, 

maneuverability in constrained inland waterways, and readiness for automation. 

LL1 – AVATAR II and III 

The AVATAR vessels were originally designed and prototyped during the ReNEW project as 

modular, battery-electric mono-hulls for inner-city logistics in Ghent [13], [14]. These 

aluminium vessels feature a low-draft hull optimised for shallow canals, a 30-60 kW electric 

propulsion system, and cargo capacities ranging from 20 to 39 tonnes. 

In FOREMAST, these vessels are being retrofitted with additional systems for partial 

automation, including a sensor suite for situational awareness (e.g. cameras and LiDAR for 

object detection), mooring automation support, and integration of a modular hybrid 

battery/fuel cell energy solution [15] [16]. The vessels are also used for validation of 

simulation results and feedback to the DT platform. 
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LL2 - Catamaran and Trimaran Designs 

LL2 investigates multi-hull SFAZ configurations suitable for urban delivery missions in the 

Caen area. These include both catamaran and trimaran designs with varying deck areas, 

displacement profiles, and propulsion setups. The final catamaran version (Cat 2.4.1) 

combines stability and energy efficiency with a zero-emission twin-pod propulsion system [7] 

Within FOREMAST, the LL2 prototypes are also instrumented for situational awareness and 

autonomy research, including the deployment of multi-beam sonar for bathymetric mapping, 

and a Guidance, Navigation and Control (GNC) module to support automated steering and 

waypoint tracking.  

LL3 – Virtual Mono-hull SFAZ Design  

Unlike LL1 and LL2, the LL3 Living Lab is fully virtual and is implemented through a collection 

of simulation modules integrated into the Digital Twin (DT) platform. The LL3 vessel design is 

a compact mono-hull, 8 meters in length (see Chapter 3), tailored for operation in the narrow, 

shallow, and ecologically sensitive inland waterways of the Danube Delta. 

The vessel is designed around a hybrid energy system combining electric propulsion with 

hydrogen fuel cell support and optimised for minimal draft and low-speed manoeuvring. While 

no physical prototype is deployed for LL3, the design is used to simulate realistic use cases 

(section X), evaluate hybrid energy performance, and inform blueprint recommendations for 

scalable deployment in other protected areas. 

4.1.2. Vessel Digital Templates in the DT Platform 

All vessel designs are represented as structured digital templates within the DT platform. 

These are stored as nodes in a Neo4j knowledge graph [12], which is aligned with a vessel 

taxonomy and semantic model developed for the project. This allows for interoperable data 

exchange between simulation modules, user interfaces, and analysis tools. 

Each vessel entry is described by a standardised set of attributes, categorised as follows: 

• Physical Dimensions: Length, beam, draft, and air draft are specified to determine 

CEMT class compatibility and bridge clearance. Displacement and block coefficient 

are also included to support CFD-based resistance modelling. 

• Operational Characteristics: Key parameters include design and maximum speed, 

cargo capacity, range, and maneuverability features (e.g. turning radius, thruster 

types). 

• Energy and Propulsion Systems: Each template documents the propulsion 

configuration (e.g. battery-electric, hybrid with hydrogen fuel cell), system power, 

battery architecture, and energy storage layout. These properties are directly linked to 

the Energy Consumption Model (ECM) and charging/fuelling infrastructure models 

(see section 5.2). 

• Hydrodynamic Parameters: Vessels are enriched with resistance and drag lookup 

tables from CFD simulations, as well as empirical or simulated maneuverability data. 

These attributes are referenced by the maneuverability and energy modules (see 

sections 5.1 and 5.2) during route-level simulations. 
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By housing vessel templates in the DT semantic layer, the platform ensures that all simulation 

components, from energy modelling to automation scenarios, can access consistent, 

queryable vessel data. This structure also allows Living Lab partners to test the transferability 

of results across different designs and contexts using a harmonised digital framework. 

4.2. Environmental and Navigational Simulation Context 

To enable realistic simulations of SFAZ vessel operations in the Danube Delta, a critical step 

was the development of a detailed and navigable inland waterway network for the region. The 

goal is to accurately represent the environmental and infrastructural constraints that impact 

vessel routing, maneuverability, and energy demand in LL3 simulations. 

The primary data source is the European River Information Services (EuRIS) platform [17], 

which offers harmonised and standardised geospatial information on waterway network and 

infrastructure and conditions across major European inland navigation corridors.  EuRIS 

provides high-quality data on elements such as fairway status, lock dimensions, bridge 

clearances, traffic status, and water levels. In the context of LL3, it provides waterway network 

and infrastructure data for the three main branches of the Danube River. 

However, EuRIS coverage does not extend into the secondary and tertiary waterway networks, 

such as the narrow river sections, man-made channels, and seasonal canals that define the 

complex hydrological environment of the Danube Delta. These minor waterways are precisely 

the zones where small and flexible vessels are most needed and where LL3 simulations aim 

to explore new logistics opportunities. 

To address this limitation, we developed an augmented inland waterway network by fusing 

EuRIS data with OpenStreetMap (OSM) contributions [18]. While OSM does not provide 

structured navigation attributes such as depth, width, or speed limits, it offers extensive 

coverage of smaller watercourses and channel geometries that are critical for last-mile 

access and environmental routing. 

The integration process involved several key steps: 

1. Topological merging: We performed spatial alignment and reconciliation of the EuRIS 

and OSM networks. This included identifying overlap regions, snapping nearby OSM 

segments to EuRIS endpoints, and removing disconnected segments unlikely to be 

navigable. 

2. Attribute enrichment: Since OSM lacks quantitative depth and width data, we 

introduced probabilistic attribute modelling based on normal distributions. For 

example: 

• Small canals were modeled with width ~ N(10 m, 2 m) and depth ~ N(1.8 m, 0.3 m) 

• Small rivers were modeled with width ~ N(15 m, 5 m) and depth ~ N(2.5 m, 0.5 m) 

These estimates allow the simulation to evaluate navigability with realistic uncertainty 

bands. 

3. Network filtering and validation: The resulting composite network was filtered to 

retain only those segments that connect to the main arteries of the Danube Delta, 
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ensuring physical plausibility and strategic connectivity. This step helps simulate 

operational scenarios where SFAZ vessels serve remote destinations but remain 

interoperable with the larger inland freight network via multimodal hubs and 

transshipment points. 

The final waterway model, illustrated in Figure 16, is accessible via the DT platform’s spatial 

data layer to support both route simulation and scenario testing for SFAZ deployment. It 

enables fine-grained assessment of environmental constraints, such as minimum navigable 

depth, ecological protection zones, and infrastructure limitations, and forms the spatial 

backbone for integrating hydrodynamic resistance data and energy consumption estimates. 

 

Figure 16 Map (made using the Folium Python library) showing the waterway network in the Danube Delta region, 
combining EuRIS and OSM data sources  
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5. Operation Simulation and Performance 

Modelling 

5.1. Maneuverability and Navigation Model 

Part of the outcomes of FOREMAST Task 2.1 was the decision to study the manoeuvring 

behaviour of SFAZ prototypes with a simplified 3 Degrees of Freedom (3DOF) model. To apply 

this model effectively, it is essential to identify a set of manoeuvring characteristics specific 

to the vessel design. For LL1 and LL2, these characteristics can be derived from full-scale 

manoeuvring tests using a physical SFAZ prototype. The tests serve as the empirical basis for 

system identification and model calibration. In contrast, for LL3, only a virtual model can be 

used, with the required manoeuvring characteristics extracted from a limited set of CFD 

simulations. The integration of this manoeuvring model within the overall scheme is shown in 

Figure 17. 

 

Figure 17 Integration of the manoeuvring model within a Digital Twin platform 

Given the high computational cost and complexity of CFD simulations, a key challenge lies in 

minimising the number of runs while still obtaining sufficient data to construct a reliable 

manoeuvring model. At present, it is foreseen that UGAL will conduct CFD-based simulations 

for turning circles, zig zag manoeuvres, and resistance and propulsion tests, the results of 

which will then be transferred to UGENT for further processing.  

If free-running CFD cannot be conducted, captive CFD tests provide a valid alternative. The 

minimum dataset required to identify of a linear manoeuvring model includes: 

• Resistance and powering presented in Section  3.3 

• At navigation speed: 

o Oblique test (e.g. drift -25°, -10°, -5°, -2.5° and +2.5°) 

o Harmonic sway test 
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o Harmonic yaw test 

o The above tests repeated with rudder -35°, -20°, +20°, +35° 

The simplified mathematical model is based on the well-known MMG model, following the 

methodology described by Mansuy et al. [19]. 

Once a mathematical model for the LL3 SFAZ design is constructed, it will be incorporated 

into FOREMAST DT environment. This will enable the simulation of various operational 

scenarios, including route planning and business case evaluation. 

An additional objective is to explore the platooning behaviour of two virtual LL3 SFAZ vessels 

using the developed manoeuvring model. In this context, platooning refers to a configuration 

where an identical follower vessel trails the leader vessel at close distance. This poses 

significant challenges. This is very challenging. To address this complex task, the planned 

approach is to: 

- Define a specific route between two points (A to B), including intermediate waypoints; 

- Evaluate whether the virtual LL3 SFAZ vessel can complete this route using a simple 

P(I)D controller and assess the deviations from the intended path; 

- Implement a line-of-sight (LOS) strategy for the lead vessel’s controller, allowing it to 

anticipate and adapt its heading and speed based on waypoint positions;  

- Adapt the P(I)D controller of the following vessel to use a dynamic LOS strategy, 

treating the lead vessel as a moving waypoint, as shown in Figure 18. This principle 

was investigated by Piaggio et al. [20], who demonstrated its effectiveness and 

robustness through experimental trials; 

- Finally, investigate the applicability of this concept to the LL3 SFAZ vessel pair, using 

the previously derived mathematical model based on the selected CFD dataset. A key 

challenge will be accommodating significant deviations in the lead vessel’s trajectory, 

which may necessitate a more sophisticated LOS strategy, potentially one that 

integrates both the leader’s position and fixed waypoints. 
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Figure 18 Geometrical overview of the moving LOS principle for a follower vessel [20] 

5.2. Vessel Energy Consumption Model 

The LL3 Living Lab introduces a hybrid energy consumption model (ECM) tailored for SFAZ 

vessels operating in environmentally sensitive inland waterways, notably the shallow and 

narrow channels of the Danube Delta. The ECM is a physics-informed simulation module 

integrated into the FOREMAST Digital Twin (DT) platform, designed to estimate vessel energy 

requirements across a wide range of operational conditions. 

At its core, the ECM models energy consumption dynamically over inland waterway routes, 

integrating vessel geometry, propulsion architecture, cargo profiles, and environmental 

variables such as current speed, wind conditions, and water density. It also accounts for 

infrastructure constraints (e.g. low bridges, narrow bends) and operational regulations (e.g. 

speed caps, protected zones), sourced directly from DT platform layers. 

The ECM is currently under development. The following sections outline the methodology 

used to design and implement the model, including how relevant data sources, vessel-specific 

parameters, and simulation logic are integrated to support accurate and operationally relevant 

energy assessments within the DT platform. 

5.2.1. Hybrid Energy System Logic 

The model extends beyond purely battery-electric propulsion by simulating a hybrid 

architecture in which a hydrogen fuel cell (H₂-FC) supports a primary LiFePO₄ battery system. 

The fuel cell acts as a range extender, reducing battery discharge during steady-state cruising 

and supplying additional power during intensive segments. The ECM dynamically adjusts 

load-sharing between the two energy sources across a simulated route, optimising for energy 

efficiency, operational autonomy, and battery longevity. 

This hybrid logic allows the ECM to simulate energy transitions over time, adaptively 

responding to route complexity, manoeuvring demands, and energy reserves. The model also 
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supports configuration of fuel cell activation thresholds (e.g. based on battery state-of-

charge) and can simulate different hybridisation strategies (e.g. constant assist vs. peak-load 

assist). 

5.2.2. Integration with the Digital Twin Platform 

The ECM should be fully embedded within the DT platform and interfaces directly with several 

other LL3 components: 

• CFD-based hydrodynamic models developed by UGAL and UGENT provide lookup 

tables for resistance, drag, and maneuverability parameters under varying speeds, 

drafts, and hull geometries. 

• Environmental and infrastructure datasets include detailed waterway profiles (depth, 

curvature, traffic constraints), real-time current conditions, and static structures (e.g. 

bridges, locks), formatted and ingested through the DT data pipeline. 

• Vessel digital twins for LL3 and other SFAZ designs offer the geometric and weight 

distribution inputs needed for accurate power demand estimation. 

The ECM aims to simulate full itineraries or individual route segments, returning energy use 

profiles and identifying key moments of battery depletion, fuel cell activation, or potential 

refuelling stops. This enables both real-time route planning and design-phase evaluation of 

propulsion strategies and energy autonomy. 

5.2.3. Model Outputs and Scenario Applications 

The ECM is used in two primary contexts: operational simulation and validation. In the first, it 

supports logistics planning for cargo transport missions (e.g. Galati–Tulcea), helping 

optimise energy use across different cargo loads and route constraints. In the second, it 

supports comparative analysis between SFAZ vessel variants, such as the LL3 mono-hull 

barge, the AVATAR series (LL1), and the LL2 catamaran/trimaran vessels, under uniform 

environmental and regulatory conditions. 

Key model outputs include: 

• Total energy consumption per route and segment (in kWh) 

• Relative energy contribution from battery and hydrogen systems 

• Effective battery discharge profiles and State of Charge (SoC) evolution 

• Time-resolved power demand, including manoeuvring peaks 

• Fuel cell runtime and activation patterns 

• Predicted battery degradation metrics (DoD cycles, thermal load) 

• Estimated cost per kilometre (based on dynamic electricity and H₂ pricing) 

• Projected emissions avoided versus diesel baseline 

These outputs are configured to support KPI evaluation and vessel performance 

benchmarking across the project. Auxiliary loads and safety margins can be enabled or 

adjusted to reflect specific scenarios or design constraints. 
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5.2.4. Simulation Workflow 

The ECM follows a multi-step simulation workflow within the DT platform: 

1. It parses the defined route into segments, aligning each with vessel configurations, 

load profiles, and environmental data. 

2. Hydrodynamic forces are retrieved from CFD-derived lookup tables based on hull 

geometry, draft, and speed. 

3. The model computes total effective power demand, accounting for auxiliary loads, 

manoeuvring effort, and canal bank effects. 

4. The hybrid energy logic selects and adjusts the contribution of the battery and H₂ fuel 

cell across the route. 

5. Energy usage, battery state-of-charge, hydrogen fuel status, and emissions savings are 

tracked cumulatively. 

6. A structured output is generated, detailing energy-related KPIs and enabling further 

integration with route optimisation or vessel design tools. 

This ECM is currently under development as a modular component within the LL3 simulation 

architecture. Its full integration into the DT platform is ongoing, including the refinement of 

hydrodynamic inputs, hybrid propulsion logic, and environmental data interfacing. In the next 

phase of the project, the model will be systematically validated and calibrated through a series 

of test scenarios based on the LL3 operational use case. These simulations will evaluate 

hybrid energy behaviour over representative inland waterway routes, including variations in 

cargo load, waterway geometry, and infrastructure constraints. The results will feed into the 

assessment of LL3’s energy efficiency, operational viability, and alignment with sustainability 

KPIs. Full results and their implications will be presented in the next deliverable, D3.6. 

5.3. LL3 Business Scenario  

5.3.1. The Challenge: Sustainable Logistics for Remote and 

Sensitive Areas 

The Danube Delta presents a unique combination of ecological fragility and logistical 

isolation. Many local establishments, including remote communities, hospitality businesses, 

research stations, and public services, are only accessible via narrow canals and shallow 

waterways. Current logistics practices involve transporting goods by truck or large river 

vessels to limited transshipment points, followed by delivery using small, fossil-fuel-powered 

motorboats. This fragmented model leads to high emissions, noise, and water pollution, while 

placing additional strain on the region’s already vulnerable aquatic habitats. 

The area also suffers from waste management inefficiencies, especially in relation to 

construction debris and commercial waste. Limited infrastructure and logistical coordination 

mean that waste often accumulates or is improperly handled, exacerbating environmental 

risks in protected zones. These constraints underscore the need for an integrated, low-impact 
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logistics solution that can provide both forward (delivery) and reverse (waste collection) 

transport services. 

5.3.2. The Solution: Digital-Twin-Driven Deployment of SFAZ 

Vessels 

The LL3 Living Lab proposes the use of a virtually tested SFAZ vessel as a scalable solution 

to these challenges. This mono-hull, shallow-draft vessel integrates zero-emission hybrid 

propulsion, automated platooning features, and modular cargo space, enabling it to serve as 

a multi-role platform for both good delivery and waste collection. The vessel’s virtual twin, 

hosted in the project’s DT platform, allows operators and planners to test routing, energy use, 

and scheduling scenarios without the ecological risks of real-world experimentation. 

Key sustainability and innovation features include: 

• Zero tailpipe emissions and low noise levels, supporting habitat conservation and 

compliance with Natura 2000 directives. 

• Minimal wake and sediment disturbance, enabled by hull optimisation and speed 

control through the Digital Twin’s maneuverability model. 

• Automated platooning capabilities, reducing dependence on manual labour and 

enabling flexible logistics operations (e.g. multi-stop deliveries). 

• Reverse logistics capability, allowing the vessel to return with sorted waste for 

centralised processing. This model supports a circular logistics approach tailored to 

the region’s constraints. 

The LL3 business scenario aligns with the needs and priorities of diverse regional and national 

stakeholders listed in Table 9. 

Table 9 Stakeholders and target group of LL3 use case scenario 

Target Group Interest/Value 

Ministry of Transport & DDBRA 
Sustainable access solutions balancing transport 

needs and ecosystem protection 

Construction & Logistics 

Companies 

Cost-effective, low-impact supply chains for 

materials and equipment 

Local SMEs and Tourism Operators 
Reliable, clean logistics improving service quality and 

environmental appeal 

Waste Management & Recycling 

Firms 

Efficient, low-emission waste collection and reverse 

logistics 

Policy and Regulatory Authorities 
Scalable reference model for green logistics in 

protected and remote environments 
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5.3.3. Operational Scenario: From Transshipment Hub to 

Remote Delivery Point 

To demonstrate the viability of this concept, a representative route simulation is defined 

between: 

• Crișan, a central transshipment hub on a main Danube branch where goods arrive via 

large vessels or trucks. 

• C.A. Rosetti (Letea), a remote village only accessible via shallow secondary canals, 

currently served by small motorboats and floating platforms for cargo offloading. 

 

Figure 19 Simulated route within the Danube Delta Waterway Network 

This scenario models the delivery of essential supplies (e.g. food, appliance, medical goods) 

to C.A. Rosetti using both the existing motorboat and the proposed SFAZ vessel. The route, 

illustrated by the green line in Figure 19, has a distance of roughly 28.5 km. Given the 

autonomy of the SFAZ DNB vessel of 100-120 km established in Section  3.1 (Table 5), the 

scenario guarantee the delivery of goods to the remote location, as well as the return of the 

vessel to the transhipment point. In the next phase of T3.3, other routes will be explored and 

the hypothesis of charging/swapping infrastructures tested.  

Table 10 below compares the vessel characteristics relevant to this scenario. 
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Table 10 Main characteristics of UGAL SFAZ (DNB) and a typical motorboat used for the simulated voyage 

Dimension  Units Typical boat SFAZ boat 

Length overall  m 9.35  9.3 

Waterline length  m 6.76 8.3 

Block coefficient  - 0.80 0.61 

Deadrise angle   12º 9º 

Waterplane area  m 15.71  23.8 

Wetted surface  m 18.60 32.14 

Beam  m 2.80  3.3 

Depth  m 1.10  1.35 

Maximal Draught  m 0.36 0.80 

Unloaded displacement  t 2.50 6.5-7 

Loaded displacement  t 5.80  14 

Payload  t 3.50  7.5 

Fuel  t 0.20  1.3 t batteries 

Crew  persons 2  2 

Navigation range Danube zones  3 & 4  

Power  CP/kW 300 CP 50-60 kW 

Speed max Km/h 32 14 

 

5.3.4. Future Plan: Simulation Execution and KPI-Based 

Evaluation  

The operational business scenario defined in this section serves as the foundation for 

upcoming simulation and evaluation activities in the LL3 Living Lab. The route between Crișan 

(as a transshipment hub) and C.A. Rosetti (Letea) (a remote settlement accessible only by 

shallow waterways) has been selected to represent a realistic logistics challenge that the 

SFAZ vessel is designed to address. 

This scenario links vessel-level innovation with broader regional development needs and the 

strategic objectives outlined in Section 2.1. It sets the stage for demonstrating how SFAZ 

vessels can contribute to sustainable, last-mile logistics in ecologically protected and hard-

to-reach areas. 

The full-scale simulations will be conducted in the next phase of the project and presented in 

the second deliverable of Task 3.3 (D3.6). These simulations are contingent upon: 

• The completion of the SFAZ digital twins, including geometric and operational 

metadata as well as hydrodynamic parameters derived from CFD analysis. 

• The integration of maneuverability, energy consumption, and routing models into the 

FOREMAST Digital Twin platform. 

The simulation results will include: 
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• Energy usage and emissions comparison between the SFAZ vessel and the baseline 

motorboat. 

• Performance evaluation over constrained waterway segments using the 

maneuverability model. 

• Economic analysis using CIRCOE’s TCO tool, focusing on cost per ton-km and total 

monthly cost. 

• Calculation of KPIs related to GHG emissions, noise levels, logistics efficiency, and 

service accessibility. 

This analysis will provide a data-driven assessment of the SFAZ vessel’s potential to enable a 

green modal shift from conventional diesel-powered motorboats to clean, efficient inland 

waterway transport solutions, that are compatible with Natura 2000 zones and other 

regulatory frameworks. 

In addition, the LL3 simulation will feed into the cross-Living Lab synthesis under Tasks 3.4 

and 3.5, contributing to the project's blueprint for scalable deployment. It will offer insights 

into how sustainable logistics concepts tested virtually in LL3 could be adapted to other 

protected or logistically constrained regions across Europe. 

The following section introduces the KPI framework, alongside a preliminary economic 

assessment based on the CIRCOE TCO tool (see section 5.4.2). 

5.4. Key Performance Indicators for SFAZ Deployment in 

LL3 

5.4.1. KPI Framework and Evaluation Dimensions 

To assess the performance and viability of SFAZ vessels within the LL3 Living Lab, a 

structured KPI framework will be developed, building on the methodology defined in Task 1.2 

by the ITA partner. The goal is to establish a consistent and interoperable set of metrics that 

support simulation evaluation, policy alignment, and cross-LL comparison. 

These KPIs are organised across three strategic axes: environmental, economic, and societal, 

and are designed to reflect both quantitative performance and contextual impact. The 

framework draws on the criteria set in ST1.2.1, which were informed by the broader 

technoeconomic analysis in T1.1 [21]. 

Environmental Axis – Sustainability and Resilience 

This axis measures the ecological footprint and adaptability of vessel operations, with 

indicators such as: 

• GHG emissions per ton-km 

• Total energy consumption per mission (kWh) 

• Noise and wake impact on sensitive habitats 

• Fuel/energy type and carbon intensity 

• Adaptability to seasonal hydrological variability 
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These KPIs aim to capture both climate alignment (EU Green Deal goals) and habitat 

conservation relevance (Natura 2000, Ramsar obligations). 

Economic Axis – Cost Efficiency and Scalability 

This axis focuses on financial viability, resource use, and operational performance. 

Representative KPIs include: 

• Total Cost of Ownership (€/month or €/ton-km) 

• Operating cost per trip / rotation 

• Cargo throughput per day or month 

• Return on investment (RoI) or break-even time 

• Scalability potential (e.g. platooning readiness, modularity) 

These indicators support business case analysis, cost-benefit assessment, and potential 

public-private investment planning. 

Societal Axis – Accessibility, Safety, and Quality of Service 

This axis evaluates broader societal impact and alignment with local development goals, 

including: 

• Accessibility to underserved communities (e.g. delivery reach) 

• Safety compliance and incident risk reduction 

• Job transformation (e.g. from manual piloting to fleet oversight) 

• Service reliability under varying environmental and logistical conditions 

Together, these indicators provide a multi-dimensional perspective on the relevance and 

potential of SFAZ deployment in the Danube Delta and similar environments. 

KPI Interoperability with Digital Twin and Simulation Workflows 

Each KPI is being linked to outputs from Digital Twin modules, including the energy 

consumption model, routing algorithms and the TCO economic tool developed by CIRCOE. As 

LL3 progresses, these indicators will be continuously updated and refined through simulation 

runs, scenario testing, and results validation in the DT platform. A consolidated KPI dashboard 

is envisioned for the second deliverable of Task T3.3, enabling dynamic comparison across 

vessel types, missions, and environmental conditions, and informing Task T3.4 SFAZ 

transferability aspiration.  

5.4.2. Economic Evaluation Using CIRCOE’s TCO Tool 

This subsection presents an applied illustration of the "economic" axis from above, based on 
a methodological alignment with FOREMAST deliverable D1.1 and CIRCOE’s TCO tool [21]. 

5.4.2.1. Purpose and Approach 

To assess the economic viability of the SFAZ vessel designed under LL3, a comparative 

analysis was conducted using the Total Cost of Ownership (TCO) tool developed by CIRCOE. 

This tool allows for the detailed breakdown and comparison of fixed and operational costs 
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across different vessel types and propulsion systems, with a focus on last-mile delivery and 

micro-logistics scenarios. 

For the LL3 context, the TCO analysis compares the newly developed UGAL SFAZ mono-hull 

vessel with a conventional Brico-type motorboat, which is currently used for cargo delivery in 

the Danube Delta [22]. The goal is to identify the switch point, i.e. the operational scenario 

under which the SFAZ vessel becomes economically more competitive than the fossil-fuel 

motorboat. 

5.4.2.2. Input Data and Assumptions 

The analysis is based on representative data for both vessels. Key inputs are summarised in 

Table 11. 

Table 11 Comparison Inputs for TCO Analysis 

Parameter DNB SFAZ Motorboat (Brico) 

Vehicle Cost per Month (€) 833 361 

Rotation Frequency (trips/day) 2 2 

Distance Travelled per Day (km) 90 180 

Average Speed (km/h) 10 10 

Tonnage Capacity (t) 7.5 3.5 

Electricity Consumption 
(kWh/100 km) 

100 – 

Fuel Consumption (litres/100 km) – 33 

Energy Cost (€/kWh or €/l) 0.20 (electricity) 1.40 (diesel) 

Number of Employees 1 1 

Monthly Salary (€) 1,500 1,500 

Maintenance Cost per Month (€) 100 320 

Admin & Overhead (€) 1,500 1,500 

Insurance, Taxes, Fees, etc. (€) 200 200 

 

These figures reflect typical performance and cost data for the respective vessel types under 

Danube Delta operating conditions, and follow the methodology described in D1.1. 

5.4.2.3. Key Indicators and Expected Outputs 

The TCO tool produces a detailed monthly cost breakdown and calculates economic KPIs 

such as: 

• Total Monthly Cost (€) 

• Cost per Ton per Month (€/t) 

• Cost per Ton per Trip (€/t/rotation) 

• Break-even threshold or switch point: the tonnage, usage rate, or operational condition 

under which the SFAZ vessel becomes more cost-effective than the motorboat. 

The tool also allows for scenario variation, such as adjustments to fuel price, trip frequency, 

or load factor. 
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5.4.2.4. Results and Visualisation 

Figure 20 shows the TCO interface, comparing UGAL SFAZ DNB and the BRICO motorboat 

under baseline conditions (i.e. with a payload of 7 tons), while Figure 21 and Figure 22 

highlight the payload thresholds above which two and three SFAZ are needed, respectively. 

 

Figure 20 TCO at DNB SFAZ's maximum payload 

 

Figure 21 Payload point when 2 DNB SFAZ are needed 

 

Figure 22 Payload point when 3 DNB barges are needed 

Figure 23 summarises the quantitative assessment (i.e. the total cost per ton) generated 

using the TCO tool for the two vessels, assuming one or two trips. 

The preliminary results obtained with CIRCOE’s tool shows that there is not “switch point” 

between the two business models and that the DNB SFAZ is always more economically viable 
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and more environmentally interesting than the BRICO boat. Indeed, the BRICO vessel offers a 

smaller payload and has a fuel cost higher than the DNB electricity cost, which makes it less 

favourable. Some parameters taken into account for the NEAC and OHB barges in D1.1 are 

not included in the current calculation, such as the loading and unloading costs, port costs or 

rent, and are assumed equivalent for the DNB SFAZ and BRICO barges. Figure 23 shows that 

two BRICO boats are roughly equivalent in terms of cost per tons transported as one DNB 

vessel. 

 

 

Figure 23 Quantitative assessment for thresholds 

Furthermore, Figure 24 illustrates how the environmental impact of the BRICO boat skyrockets 

compared to the electric DNB SFAZ with an increasing cargo quantity.  

 

Figure 24 Environmental impact of DNB SFAZ and BRICO motorboat 
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5.4.2.5. Preliminary Insights and Outlook 

This preliminary analysis highlights clear economical and environmental benefits of using the 

DNB SFAZ in the Danube region as an alternative waterborne transport solution. It not only 

validates the business scenario outlined in Section 5.3 but also demonstrates how the TCO 

tool can effectively serve as a pre-assessment layer within FOREMAST DT-based simulation 

framework to support business applications beyond the project LL activities (T3.4). 

The findings will be integrated into the broader LL3 evaluation framework to support business 

case validation for SFAZ deployment and planning of route and fleet sizing. Full analysis 

results will be included in the second deliverable of Task 3.3 (D3.6), together with 

environmental impact indicators and route-level energy simulations from the DT platform.  

Note that the preliminary results offered by the TCO tool rely on the assumption that 

infrastructures exist or will be developed along the main arteries of the Danube Delta, to 

charge or swap the SFAZ energy sources (battery and hydrogen fuel), thus ensuring the 

autonomy of the vessel. For this reason, and as briefly mentioned in Section 5.3.3, other 

scenarios will be explored in the next phase of T3.3, including the location of infrastructures 

compatible with the SFAZ energy demands. These will be factoring in the simulation 

framework, specifically the energy consumption model and routing algorithm. 
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6. Conclusion and Outlook 

The Danube Delta presents both a challenge and an opportunity for the development of 

sustainable cargo transportation. Despite its ecological sensitivity and logistical complexity, 

the Delta’s vast network of navigable channels offers a strategic yet underutilised inland 

waterway system. Current cargo transport operations remain fragmented, low in volume, and 

highly dependent on outdated infrastructure and informal practices. This limits economic 

viability and impedes integration with regional supply chains.  

In response, the LL3 Living Lab targets three critical priority areas: 

• Decarbonised transport solutions: through the design of SFAZ vessels with low 

emissions, noise, and wake impact, tailored to the ecological and hydrodynamic 

conditions of the Danube Delta;  

• Digitalisation and smart logistics: by deploying a DT platform to simulate vessel 

behaviour, optimise routing, and integrate real-time environmental and geospatial 

data; 

• Integration with local development goals: by developing business scenarios that 

support essential services including good and medical supply delivery, waste return 

logistics, and eco-tourism operations. These services are key enablers of circular, low-

impact regional development, particularly in isolated communities where conventional 

transport options are limited or unsustainable. 

The SFAZ design concept presented in Chapter 3 defines a shallow-draft monohull SFAZ 

vessel specifically engineered to meet the ecological sensitivities and hydrodynamic 

constraints of the Danube Delta. With principal dimensions of 8 meters in length, 3 meters in 

beam, and 0.8 meters in draft, the vessel ensures operability within secondary and tertiary 

waterways while delivering enhanced maneuverability and minimised environmental footprint. 

The technical development process included hydrostatic assessments for displacement and 

stability, structural and propulsion system mass estimation, and initial propulsion power 

analysis using empirical methods. Additionally, CFD simulations were employed to evaluate 

resistance characteristics across hull variants and to validate effective power requirements. 

These analyses confirmed the vessel’s operational feasibility for low-emission, small-scale 

logistics, supporting a design payload of approximately 7.5 tonnes. Subsequent phases will 

focus on refining the hull geometry, incorporating a hybrid propulsion architecture utilising a 

H₂-FC developed by PEL, and executing detailed CFD-based propulsion and manoeuvring 

simulations in support of the manoeuvrability model developed by UGENT. 

Chapter 5 accounted for the development of energy consumption and maneuverability 

models, aimed to be integrated into FOREMAST Digital Twin platform. These contribute to the 

elaboration of a generic simulation framework for scenario-based performance evaluation, 

with clear potential for SFAZ transferability. This digital-first approach reduces reliance on 

physical prototyping in ecologically sensitive areas, while offering stakeholders a robust 

decision-support tool for planning future transport services and vessel deployments. The 
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manoeuvring model will be further developed to simulate a platooning configuration, and a 

new business scenario will explore the operation of two virtual SFAZ vessels in platoon. 

To support navigability and routing simulation, an improved geospatial dataset has been 

created by merging EuRIS inland waterway data with OpenStreetMap (OSM) contributions. 

The integrated dataset will serve as a foundation for the upcoming simulation phase. To 

address the limitations of OSM in representing narrow and shallow canals, we will explore 

possible enhancements through targeted bathymetric mapping using the environmental 

research vessel REXDAN. 

The representative business scenario introduced in Section 5.3 models a logistics route 

between a central transshipment hub and an isolated settlement within the Danube Delta. This 

scenario reflects real-world needs for delivering essential supplies, such as food, medicine, 

and construction materials. By simulating the full journey using Digital Twin components, the 

scenario highlights how SFAZ vessels can provide reliable, low-emission alternatives to the 

current transport methods used in the region. The scenario also serves as a template for 

extending SFAZ applications to other regional priorities such as eco-tourism, mobile services, 

and emergency support. 

Looking ahead, LL3 will advance into the execution phase, where full-scale simulations will be 

carried out using the developed vessel templates and digital infrastructure. These simulations 

will enable quantitative performance evaluation against key environmental, economic, and 

operational indicators. The results will support cross-comparisons with other Living Labs and 

contribute to the formulation of transferable SFAZ deployment blueprints. Ultimately, LL3 not 

only aims to respond to the Danube Delta’s pressing transport and sustainability challenges 

but it also aspires to demonstrate how digital-first innovations can enable environmentally 

sustainable and socially impactful solutions for inland waterway systems across Europe.  
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