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In Belgium and the Netherlands, nearshore
trials optimized blue mussel, oyster, and
seaweed cultivation systems, forming a solid
basis for offshore applications. Danish pilot
sites reported positive results for mussel and
seaweed systems, while German efforts
focused on NID strategies in the Baltic Sea
and tested mussel, seaweed, and submerged
oyster systems in the North Sea. These
activities provided key data on environmental
compatibility and scalability. By adapting
designs based on feedback, the project
ensures robust and efficient systems.
Nearshore sites also serve as preoperational
testing grounds, identifying and addressing
potential issues before offshore deployment.
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Executive Summary

The nearshore and experimental facilities tested under Task 4.1 play a crucial role
in the development and optimization of seaweed, oyster, and blue mussel
cultivation as well as nature inclusive design (NID) systems for offshore locations.
This task has been pivotal in refining design components, materials, and
operational handling to ensure successful offshore implementation. The partners
have worked collaboratively to integrate lessons learned from previous work
packages and the insights gained from WP3.

In Belgium and the Netherlands, nearshore testing has shown promising results in
optimizing the cultivation systems for blue mussels, oysters and seaweed. These
efforts have laid a solid foundation for successful offshore applications. The Danish
pilot sites, focusing on mussel and seaweed systems, also reported positive
outcomes, demonstrating the efficacy of these cultivation techniques in nearshore
environments. In Germany, particular attention was given to NID strategies, with
testing carried out in the Baltic Sea. Additionally, mussel and seaweed growth
systems were successfully tested in the North Sea, along with submerged oyster
cultivation systems. These initiatives have provided valuable data on the
environmental compatibility and potential for adaptation and scaling of these
systems for offshore use. By continuously adapting designs based on feedback
and lessons learned, the project ensures that the systems developed are robust
and efficient. The nearshore sites also serve as preoperational testing grounds for
innovative structures, which help to identify and mitigate potential failures before
they can impact offshore implementation.
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1. Introduction

Nearshore and experimental testing are crucial for successful offshore
implementation as they allow for the evaluation and refinement of design
components, materials, and equipment in a controlled, accessible environment.
This testing phase helps identify and mitigate potential risks, such as structural
failures or handling challenges, before full-scale offshore deployment. It also
enables iterative improvements based on feedback and ensures that nature-
inclusive, sustainable designs are optimized for specific conditions. By conducting
these preoperational tests, the likelihood of costly offshore installation failures is
significantly reduced, leading to a smoother and more reliable offshore
implementation.

The objectives of Task 4.1, Nearshore and In-Experimental Facilities Testing of
Design are:

1. Adapt Designs for Offshore Use: Test and modify design components for
offshore implementation. This includes evaluating materials, handling
procedures, and equipment in nearshore and experimental settings before
their use in offshore environments, as addressed in sections 2,3, and 4.

2. Adapt Nature-Inclusive Design: Develop and test sustainable, nature-
inclusive design features tailored to different locations. The designs must
be environmentally friendly and adapted to site-specific conditions,
ensuring that the cultivation systems harmonize with the surrounding
ecosystem. Addressed in sections 5.

3. lterative Design Process with WP3: Engage in an iterative design loop with
WP3, continuously refining and adapting the cultivation techniques and
equipment based on feedback from the nearshore testing phase.
Addressed in section 2, 3, 4 and 5.

4. Preoperational Testing. Use nearshore sites as preoperational testing
grounds for innovative structures. This step is essential to mitigate risks of
offshore installation failures by ensuring that designs are robust and
effective in a controlled environment before full offshore deployment.
Addressed in section 2, 3, 4 and 5.

5. Risk Minimization through Testing: Conduct nearshore testing to identify
and address potential risks, such as material or equipment failures. These
tests will serve as a safeguard to minimize the possibility of operational
failures during offshore deployment. Addressed in section 2, 3, 4 and 5.
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6. Optimize Cultivation Techniques. Improve and refine methods for
cultivating seaweed, oysters, and blue mussels. These optimizations are
based on insights and lessons learned from the UNITED Project and WP3
findings, which will lead to adjustments and enhancements at the pilot sites.
Addressed in sections 2,3, and 4

The technological advancements achieved through the nearshore testing phase
of the EU project UNITED offered valuable insights into the complexities and
potential of multi-use platforms in maritime environments. One of the most critical
realizations was the need for site-specific adaptations. Offshore environments
presented harder and more demanding environments, such as variable wave
dynamics and water depths, which necessitated the development of resilient
designs. By tailoring infrastructure from nearshore to offshore conditions, the
project demonstrated improved structural integrity and operational efficiency.

A significant success factor in the project was the implementation of robust testing
frameworks. The use of real-time monitoring systems, including sensors and live
video feed, provided continuous feedback on environmental conditions and
system performance. This iterative approach to design allowed engineers and
researchers to refine and adept configurations, ensuring optimal functionality and
minimal disruption.

However, scalability emerged as a notable challenge when transitioning from
nearshore to offshore applications. The deployment and transportation of heavy
equipment in more remote and exposed environments require innovative
logistical solutions. This highlighted the need for technological flexibility and
advanced deployment techniques to bridge the gap between near-shore
feasibility and offshore scalability.

The UNITED project's nearshore testing phase underscored the importance of
adaptive design, real-time monitoring, and logistical innovation in advancing multi-
use settings.

Besides the already mentioned strong interconnections with WP3, experiences
from WP4 are used throughout all other WPs in ULTFARMS. Experience and
knowledge from P4 form the basis for hands on work of the project.
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2. Testing and Adaptation of Design: Blue Mussels

2.1 Danish Pilots

The farm design for mussels in the Danish pilots are described in D3.3. For both
sites and systems (long lines and tube+nets), existing farm designs from coastal
areas were used with adaptations in terms of anchoring and dimensions of rope,
chains etc. Dimensions were decided/calculated based on expected drag forces
at the sites.

The design for mussel cultivation at the offshore exposed site of @rsted windfarm
near the island Anholt will compare the performance of three available products
in terms of spat collection and final mussel biomass harvest. Two of the spat
collector types tested (Quality Equipment, New Zealand Rope and Twine
Manufactures) have a 3-dimensional structure of dewaxed fibrillated
polypropylene fibers with a weighted core and an expected life span of 10-15
production cycles (Figure 2.1).

Figure 2.1: Left: Mega Loop Spat Rope (‘spat-1"). Middle: Mega Loop Catch & Grow
Rope (‘spat-2"). Right: Bendler-type which is a 2-dimensional flat woven nylon. ©
Copyright 2022 Quality Equipment 1989 Limited

The spat collectors were deployed as continuous down-hanging loops in sections
of eight loops per type on two separate longlines. They were deployed on June 1%,
2024, still in time for the expected mussel spat recruitment on the surfaces. All
loops were 3 m long, covering a depth zone of 5.5 meters to 8.5 meters below sea
surface.

It was obvious at farm inspection in fall 2024 that the flat “Bendler” type spat
collector with a negative buoyancy of 300 grams per loop was not sufficient to
stabilize the vertical down-hanging position of the substrate below the main line
(Figure 2.2).
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Figure 2.2: Left: Mussels growing in the main line at 5 meters depth. Middle: Example
of the down-hanging loop design of spat collectors. Right: Most of the weighed
Bendler-type spat collector was twisted around the main line at time of inspection in
August 2024. This is why the biomass for this spat collector type could only be
estimated from the few spots which were not entangled.

The Bendler-type had twisted around the mainline whereas the two other types
of spat collectors with a 1 L concrete block attached to the bottom of each loop
had not twisted. In addition to the down-hanging loops, three loops of spat
collector NZ-type were deployed in an upright vertical position above the mainline
by means of positive buoyancy from a 7 L buoy in the top of the loop. The upright
vertical deployment of loops was done to validate whether collection of mussel
spat would be higher or lower in the top part of the water column. However, the
upright loop design was not present any more at inspection in August 2024 and it
was thus concluded not to be sufficient for offshore sites. 87 days after
deployment on June 1% 2024, the two types of 3-dimensional spat collectors held
a mussel biomass in the range of 1400-2800 grams of fresh weight mussels
(including shells) per meter spat collector (Figure 2.3). The mussels showed a
range of shell length of 0.5-3 cm.
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Figure 2.3: Spat collection yield from three different spat collectors

The Samse site is testing a commercially available surfacing tube-net system
(Smart Farm AS, Norway) developed for coastal areas at an offshore site. The two
smart farm tubes (PEHD @315mm) each with 100 meter polypropylene nets were
deployed at the site June 13, 2024. At farm inspection later in the summer after a
storm event it was obvious that the tube installation was not sufficient to withstand
storm events (see photos below). The thickness of the tube wall (10 mm) was too
thin causing breakage on both of the deployed tubes. Despite attempts to repair
at site, this was not successful. However, the nets showed good catch of mussels
spat in the area and support substantial biomass growth as mussels showed
length up to 3 cm in late August 2024 (Figure 2.4).

X .: ,.1. “:\ :
Figure 2.4: Deployed tubes at the Samseo location.
In addition to offshore testing, the Danish pilot is testing and developing a
submersible tube in Limfjorden at near-shore conditions. Two tubes have been

designed and built in spring 2024 and are currently undergoing tests in Limfjorden
(Figure 2.5).
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Figure 2.5: Pictures of the submersible tubes before deployment.

A near-shore test site was preferred to have a better opportunity for frequent
monitoring and adjustments of the system. The submergibility of the tubes is
based on a buoyancy control principle that adjusts buoyancy by putting air under
pressure. As mussel spat settles on the nets and the system gets heavier, the
buoyancy can then be adjusted and keep the tube and net in the right water level.
Monitoring of the tube shows good recruitment of mussels on the net and in
November 2024, the first adjustment of the buoyancy by adjusting the air pressure
in the tube was conducted with success directly on site.
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2.2 German Pilots

To establish an offshore aquaculture site at FINO3, German legislation requires
delineation buoys to mark the designated area. However, deploying single
mooring objects in such a dynamic marine environment presents significant
challenges due to various factors that must be carefully considered as explained
underneath

The FINO3 site is located in a high-energy environment and experiences a
predominant tidal direction of NW-SE, with surface current speeds reaching up to
1.2 m/s. The significant wave height is 9.2 m and can reach a maximum wave
height of 17.9 m (50 years mean, BSH Dataset). These conditions in combination
with the close OWPs require the use of light polypropylene buoys, to limit the risk
of damaging surrounding infrastructure in the unlikely event of loosing a
delineation buoy. This requirement imposes limitations on the mooring load
capacity.

To address these challenges, testing of a new buoy design was conducted in a
controlled harbor setting. The design ensured that the buoy remained visible
above the water under normal sea conditions, allowing a maximum ballast weight
of 140 kg to be suspended from the buoy. Calculations determined the buoy's
maximum buoyancy force at 2400 N, considering a minimum required submersion
depth and incorporating a total ballast weight of 100 kg, including the buoy's own
weight.

Based on the harbor/nearshore experiences, two mooring configurations are
currently being tested with a total of four buoys. Two buoys are anchored using 11
m Hercules steel wire ropes, paired with 40 m long link chains, while the other two

Max. Wave
height 1779 m
ﬁ Buoancy: approx. 240 kg
A
l Weight + Ballast:
~100 kg
25m Wire/Chain

‘ underneath  HAT:
110 kg 20 kg

‘Figure 2.6: schematic drawing of mooring design and nearshore site testing of buoy
load
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employ 35 m and 15 m link chains. The freely suspended chain or wire from the
buoys is limited to a maximum weight of 140 kg. At the highest astronomical tide
(HAT) of 24 m water depth, the chain imposes a load of approximately 110 + 20 kg
on the buoy systems, leaving sufficient safety reserves to account for wave peaks,
currents, and wind loads.

By deliberately extending the chain length to allow a portion to rest on the seabed,
a dampening of movement was achieved, mitigating horizontal loads on the
anchor, minimizing horizontal stress. The seabed portion of the chain, as illustrated
in Figure 2.6, is reinforced to withstand additional friction and abrasion, significantly
enhancing the durability of the mooring system.

These improvements in single-mooring design have been shared within a hybrid
workshop organized by the ULTFARMS consortium. The ongoing exchange of
technical specifications among pilot projects, as outlined in Deliverable 3.1, has
been identified as a critical factor for the broader success of this initiative.

The offshore performance, the
effect of the waves and the | A B C
behaviour of the mooring .

designs, of both the seaweed & ———— §
and mussel system are being /‘\\ A0
subject to numerical modelling ‘

and will be presented in detail in
D32 (UGent). Moreover, the
overall suitability of the longline
setups, has been proven within -
the predecessor project UNITED
which limits the need for
nearshore testing. | —
Nevertheless, the support buoys, \ /
specialized so-called “pencil- ___\®
shaped” buoys, were used
(Figure 2.7 a). Also new buoy ?
designs have been tested

(Submersible floats, Figure 2.7. _ ,
b), in addition to two main buoys Figure 2.7: Three different buoy designs tested as

with a volume of 620 Liters buoyancy compensation at the mussel system
(Polyaqua600, Figure 2.7¢).
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design of the mussel system (Mytilus edulis) at FINO3.

Setup with four different net structures (Net 1, Net 2, Net 3, Net 4) with one being a
control for settlement (Net 4).

To identify the most ideal substrate setting, four nets (polypropylene) have been
chosen. Net 1-3 are 6,66 x 4 meters with a varying mesh width: Net 1: 200 x 200
mm; net 2, 135 x 135 mm and net 3: 90 x 90 mm. Net 4 is 1.8 x 4 meter called

‘Christmas tree rope'

' 250 x 250 mm. Furthermore, by including a very

heterogeneous surface area (“Christmas tree"), the settlement rates are compared
to the other net types. This experimental setup allows for a replicated yield
comparison and raise insights into the ideal net setup (Figure 2.8).

Figure 2.9: Novel design of
probe with  protective
cage.
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As already explained in greater detail in deliverable D3.4,
based on the existing Fluoro Probe, a Toxic algae bloom
detector is developed in ULTFARMS by the partner BBE.
Testing of the probe took place at the nearshore site in
Kiel. Samples taken from the pilot sites FINO2 and FINO3
were used to finetune and calibrate the probe. The aim is
to correctly identify the presence of potentially toxic
diatoms and dinoflagellates. Both microalgae are taken
up as food by mussels and can lead to accumulation of
toxins, rendering the mussels not suitable for human
consumption. By developing a remotely operable probe,
an early warning system can be established to determine
whether to harvest or not to harvest mussels. Also, after
testing, the probe was equipped with protective housing
(Figure 2.9) for installation at FINO 3.
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Focus of the Belgium pilot is given to oyster and seaweed cultivation. However,
the system tested for seaweed cultivation will also be feasible for cultivation of
mussels.

Due to an unforeseen and yet unexplained disconnection of the oyster longline,
the decision was taken to decommission the seaweed longline prematurely. Upon
retrieval of the seaweed longline it was noted that one side had also disconnected.
The cause of the technical failure is currently under investigation and will be
reported in upcoming deliverables. Mussel cultivation tests are therefore no longer
possible within the Belgian pilot, however upscaling oyster cultivation will be
tested with a flip farm system in a nearshore test location in collaboration with a
commercial oyster farmer.
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3. Testing and Adaptation of Design: Seaweed

The farm design for seaweed in the Danish pilots are described in detail in D3.3,
but was overall based on existing longline farm designs from coastal areas with
adaptations in terms of anchoring and dimensions of rope, chains etc. Dimensions
were decided/calculated based on expected drag forces at the site. Also wave
height was taken into consideration when choosing how deep the long lines were
established. In the case of Anholt, the lines were established at 5 meters depth.

The chosen seaweed cultivation design at the exposed offshore site near Anholt
(@rsted windfarm) combines a test of single components (type of substrate, effect
of water depth, seaweed species) as well as whole system i.e., the longline system
(Figure 3.1: Seed lines and system design). The deployment design in season 2024-
2025 builds on the experiences from the previous season 2023-2024 as an attempt
to increase biomass yield of both species using the longline system. Findings from
the first season, fall 2023 to summer 2024, reveal that all seeded rope types (@2-
6mm) proved strong enough to withstand the physical forces at the farm site at a
water depth of 5-14 meters. With this observation in mind the result indicates that
using a cultivation depth of 5-14 meters to protect the seed-lines from
entanglement might have caused relatively low biomass yields, yet a highly clean
biomass. Thus, the aim for the second growth season, fall 2024 to summer 2025, is
to test some of the rope types in the upper water column (1-5 m water depth) in
comparison to 5-9 m water depth. In addition to deploying young seed-lines in fall
2024 which will be harvested in summer 2025 we aim to compare the harvested
biomass yield and quality to seed-lines which has either remained at the farm
since the beginning in fall 2023 (over-summering at sea) or seed-lines which over-
summered in land-based facilities before re-deployed for the second growth
season (fall 2024).
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Figure 3.1 Seed lines and system design.

From the inspection of seaweed lines August 27™, one positive result is that lines
with sugar kelp, which originally were grown at 5-9 meters from deployment in fall
2023 until June 1% 2024 where they were submerged to 10-14 meters , had grown
substantially in the 2.5 month period. This positive effect of over-summering sugar
kelp near bottom waters was less profound for Palmaria palmata.

We expect to improve the harvest yield of a single-season line with the newly
deployed seed-lines growing in the top of the water column compared to last
season's yield obtained from a cultivation depth of 5-9 meters. We also expect the
highest biomass yield achieved with the over-summered two-season seed-lines
for both species.
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The longline configuration for the seaweed cultivation system was initially
outlined in deliverable D3.1 and further explained in deliverable D3.3. This setup
serves as the foundation for experimental work on seaweed growth and aims to
provide comprehensive insights into the performance and feasibility of different
cultivation techniques under varying conditions.

To investigate seaweed growth, a test design was carefully developed and refined
(Figure 3.2) to compare two established seeding techniques: twine-based seeding
and direct seeding. Twine-based seeding typically produces higher yields due to
its robust attachment, bigger seedling size at deployment and higher survival rates
of seeded material. In contrast, direct seeding is more suited to large-scale
applications due to its simplicity and efficiency. By incorporating both methods,
the project aims to evaluate the seaweed'’s growth under different conditions and
optimize seeding strategies for broader applications. Efforts within ULTFARMS
focus on standardizing protocols to ensure consistent methodologies and
comparable results across sites, see also deliverable D3.1. These standardizations
aim to support cross-pilot comparisons and identify regional growth patterns and
geographic-specific variations in performance.
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Figure 3.2: Schematic drawing of the seaweed system at FINO3. A combination, twine
based (twine) and direct seeding on the net is used to test different algae cultivation
methods

Seaweed samples for establishing a regional cultivation strain were conducted in
the North Sea on the island of Helgoland, the closest location to FINO 3, where
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sugar kelp (Saccharina latissima) is growing naturally. Fertile seaweed were
collected twice, in 2022 and 2023, shipped to Hortimare for production of seaweed
seeding material for both applications (net und twine).

A collaboration was established with a local Club of Rome School in Kiel. As part
of an annual project, a local sugar kelp strain was selected, sporulation was
induced, and twine was pre-seeded.

In a small experimental setup in Kiel Bay, students installed six parallel frames with
different rope types for settlement. They managed the experiment, took
measurements, and completed the entire cycle of seaweed cultivation. After six
months of growth, approximately 100 seaweed samples from each frame were
measured (Figure 3.3: Measurements of length and width of 100 algae each from
6 different algae frames, cultivated in a school project by pupils in Kiel BayFigure
3.3), showing growth and giving insight in future material selection.

The EU implements different strategies to reduce plastics in the marine
environment e.g., in the European Maritime Fisheries and Aquaculture Fund or the
“‘Strategy for plastics in a circular economy”. The tests described above were
conducted to investigate the options to avoid or at least reduce plastic in
aquaculture. So natural materials, like sisal, were used in comparison to the
commonly used polypropylene for the seaweed cultivation lines. The overall
growth was limited. The result did not show a clear suitability of sisal for seaweed

Growth of S. latissima
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Figure 3.3: Measurements of length and width of 100 algae each from 6 different
algae frames, cultivated in a school project by pupils in Kiel Bay

ropes. These tests were also limited in time and magnitude. So further
investigations are needed to find further solutions to replace plastic aquaculture
ropes.

Another attempt to reduce plastic in the blue economy is the “evolution” of an
aquaculture system developed for the Baltic Sea. Plastics were replaced by metal
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as soon as intensive testing was conducted successfully. The details of the design
and testing phase are described below.

After multiple iterative rounds of development, three prototypes (net system,
polypropylene and metallic frame, Figure 3.4) were constructed and tested under
nearshore conditions. Together with the partners it was decided to aim for a small,
modaular design for the cultivation of Ulva on vertical lines, as close as possible to
the sea surface. After prototype construction, the first frame setup has been
thoroughly tested at the nearshore site (KMF) with two Ulva growth test trials in
2023 and 2024. After finding the best possible design, handling procedure, and
harvesting technique for the seaweed, the next generation of multi-frames
consists of metal.

A novel anchoring technique was developed (further detailed in Deliverables D3.1
and D3.2) to directly attach the cultivation system to the monopile of FINO2. After
thorough testing onshore and nearshore, the system was successfully installed at
the FINO2 platform in the Baltic Sea in autumn 2023 (first run) and spring 2024
(second run, ongoing).

A Twine
= | 3
-
3 ™
1 \ -
\ '
i Twine
\ v
i Net
Frame

Figure 3.4. Development of Algae frame setup. With Net and Frame prototypes
attached to the FINO2 monopile.
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3.3 Belgian Pilot

A focus of the Belgium pilot is to test and implement a novel submersible
cultivation system developed by Impactg for offshore seaweed cultivation. The
strong hydrodynamic forces experienced offshore in comparison to nearshore
locations, combined with limited opportunity for monitoring, require solutions to
minimize risk of damage from storm events and limited maintenance time given
the long transfer times to reach the offshore locations.

Extensive pre-testing of the submersible seaweed cultivation system allowed for
direct feedback loops in the design process. UGent (MTD) carried out numerical
simulations to design the system, adapting it for storm conditions with wave
heights of 11.8 m and periods of 9 s. A first 20 m long 2/3 scale prototype of the
submersible backbone system was built by Impactg and tested at the Bantry

Figure 3.5: Testing the submersible backbone system at Deltares

Marine Research Station in autumn 2023 for a month-long sea trial . During the sea
trial, the system experienced rough autumn conditions with wave heights of nearly
4m, validating buoyancy control and durability and allowing for further
optimization. Additional testing of the updated system following the first sea trials
at the Deltares Scheldt Flume examined material properties and buoyancy control
under standardized conditions (Figure 3.5).

Besides optimizing the submersible backbone structure for the seaweed
cultivation system, the Belgian pilot also assessed the seaweed net performance
and hydrodynamic forces under waves and currents at the Atlantic Basin of
Deltares (Figure 3.6). These results will help to improve modeling approaches of
hydrodynamic forces on seaweed cultivation systems using net structures and
therefore, minimize associated risks.
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Figure 3.6: Hydrodynamic tests using a full scale seaweed cultivation net and model
seaweeds to improve numerical modeling approaches.

The tests performed at the Deltares test facilities resulted in the identification of
the best performing materials which were then implemented in the full-scale
model (30 m) of the submersible seaweed cultivation system.

The full-scale model was assembled and successfully installed at the exposed
test site at the Bantry Marine Research Station in November 2024 (Figure 3.7),
together with the seaweed experiment, which aims to optimize seeding density of
two kelp species (Alaria esculenta and Saccharina latissima). The submersible
seaweed cultivation system experienced the first storm one day after installation.
Therefore, the system was submerged to 5-8 m belowsurface before the storm.
Once the weather had calmed, the system was successfully brought back to the
surface. Throughout the winter of 2024/25, the system and seaweed development
will be closely monitored until the anticipated harvest in May 2025. The installation
at the exposed nearshore test site allows for frequent monitoring and testing of
the submersible mechanism without the allocation of an extensive budget which
would have been required for the tests within an offshore wind farm limiting the
lessons learned and further improvement of the submersible seaweed cultivation
system.
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Figure 3.7 Installed submersible seaweed cultivation system at the exposed
nearshore test site.

During the H2020 UNITED project, a seaweed longline was installed at the offshore
test site to facilitate both mussel and seaweed testing. However, as mentioned
earlier, the longline was decommissioned prematurely after one side of the
seaweed line was found to have detached from the screw anchor. The cause of
this technical failure remains unknown, prompting the precautionary removal of
the seaweed line.

The data collected from the different tests will be analysed and reported on in
deliverable 3.2 and following deliverables.
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4. Testing and Adaptation of Design: Oysters

4.1 German Pilot

The design process for the oyster setup resulted in an on-bottom system for eight
oyster baskets intended for a growth trial of one year. Expert consultation led to
the most suitable design, followed by a review of suppliers for the oyster baskets.
Oyster cultivation in so-called oyster baskets comes in various shapes. However,
all established systems are designed for the intertidal zone or nearshore

7173
)

b Oyster system Releaser

Figure 4.1: Oyster Cultivation System: Top left: Schematic drawing of the deployed
system. Top right: System before deployment. Bottom left: Automated retrieval
system (rope and buoy).

deployment. Therefore, a novel, on-bottom system design has been developed
by FUE, considering the specific needs (sufficient spacing of oysters in cages,
sufficient water flow through cages) for the chosen oyster growth period and the
hydrographic conditions at the FINO3 location (low sedimentation rate, low
average current speed of 018 m/s at -25m, Figure 4.1). Most vital, an acoustic
release system was integrated, attached on top of the steel cage to allow remote
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release and retrieval (Figure 4.1), The reliable functioning of this system was tested
under nearshore conditions within the Kiel harbour.

At the Belwind offshore wind farm, optimization tests for oyster cultivation were
planned using a longline system installed during the H2020 UNITED project, as
well as additional structures set up at the start of the ULTFARMS project. Drawing
on insights from this pioneering experiment—the first of its kind within a wind
farm—the goal was to advance the technology readiness level (TRL) by adopting
the proven Seapa basket system. However, as mentioned earlier, before
transitioning from the initial design tested during the first year of ULTFARMS to a
redesigned setup with Seapa baskets, the offshore oyster longline system became
disconnected and had to be retrieved shortly afterwards.

To address this setback and explore the upscaling potential of oyster baskets for
commercial applications, we plan to conduct alternative trials using a nearshore
flip farm system. This test, scheduled for spring-summer 2025, will be conducted
in collaboration with a Belgian commercial oyster cultivator, providing a controlled
environment to evaluate the feasibility and efficiency of the basket system for
large-scale oyster production.
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5. Testing and Adaptation of Design: Nature Inclusive

Design

5.1 Danish Pilots

The nature-inclusive design has only been evaluated at the Anholt pilot site. Here,
the effect of the actual farm structure and its culture organisms is the only things
being assessed, as no further implementations of structures or designs have been

implemented at the pilot site.

The nature-inclusiveness of the farm will be assessed by biodiversity monitoring
within the farm and outside the farm in three campaigns: one before establishment
of the farm, one after establishment of the farm (structure only - no aquaculture
organisms), and one at peak biomass of seaweed and blue mussels on the farm
(likely spring 2025). The approach is described in more detail in D7.1.

5.2 German Pilot

Figure 5.1 A: NID installation, B: field of view and

(NID) is a key priority for the
German pilot sites, with
specific installations
developed for each location.
Detailed descriptions of the
design and NID strategy are
provided in Deliverable D7.2.

For the German Baltic Sea

distance design. C: Stationary underwater camera Site near FINO2, the NID

design intended as being the main compartment of
the monitoring strategy.

installation focuses on a
habitat complexity
restoration trial.

As the NID frame is very similar to the Ulva cultivation frame tests for both
structures were the same and are described for the Ulva cultivation frame in

chapter 3.2.4.
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The novel anchoring technique for the seaweed cultivation frame, NID frame and
cameras was rigorously tested under nearshore conditions in Kiel. Testing took
place on metallic surfaces that closely resembled the FINO2 monopile structure
(Figures 5.1 and 5.2). A key objective of the testing was to assess the carrying
capacity of the anchoring system. During the two-week nearshore test

: - . 1 s S 9 Vo o i o R e K
5‘1 . P : "‘( v 1 4(‘) = 0. - (@ ““;‘ ‘(’Hy

Figure 5.2: A,B: Nearshore site underwater camera setup. C: Photo of juvenile fish and
green macroalgae taken by camera; D, E: water leakage and wiper malfunction
resulting in growth of fowling organisms .

deployment, the magnetic anchoring system was found to be sufficient to support
the calculated loads.

As part of the monitoring strategy, all cameras were tested at the German
nearshore site (KMF). The primary focus was to determine the optimal camera
settings, including picture quality and wiper frequency, to ensure that the target
organisms and macroseaweed frame installation were clearly captured. One
critical risk identified was low background contrast, which could reduce the
effectiveness of identification during later analysis. Additionally, extensive testing
was conducted to determine the ideal field of view and the appropriate distance
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from the objects of interest. These factors were essential, as all data is stored

locally, and any issues with these parameters could compromise the quality of the
subsequent information.

During the testing period, two hardware malfunctions were identified: one camera
was found to be malfunctioning due to leakage, while another camera’'s wiper
function failed within the first two weeks of testing. These issues highlight the
importance of conducting thorough nearshore testing of critical components
before deploying sensitive setups offshore (Figure 5.2).
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Although the Semi-Submersible Mussel Farm (SMF)'s design and construction
were not part of the ULTFARMS project, it was undertaken by OOS, who secured
a permit for direct installation in the offshore wind farm Borssele before the
project's start. Hence, the Dutch pilot does not include nearshore testing. However,
testing the nature-inclusive design underneath the SMF became overly complex
due to permitting issues. As a result, this testing (Task 7.2) is conducted at a
nearshore oyster restoration site, fitting under the license of a partner in the ARK
Rewilding project. A biodegradable design was developed and was installed at the
end of June 2024.

Four different designs were used. (1) Pressed clay bricks coated in BESE
(Biodegradable EcoSystem restoration Elements) reef paste, designed to attract
larvae of Ostrea edulis, about 7 kilos each (30x14x7cm). In this set-up we pile the
bricks up on the seafloor (20 blocks per pile) to create a 3D habitat with nooks and
crannies (Figure 5.3). (2) Circular plates placed off-bottom to collect oyster larvae
from the water column. After which the material degrades and falls to the seafloor
to form a reef. Ideally the plates would hang from an aquaculture site. In the
current set-up we most likely place them on wooden sticks (Figure 5.3). (3) 15-layer
BESE-element (95x45x30cm) on the seafloor to promote reef formation. The
BESE-element block is filled with oyster shells (7 kilo of shell material) to create a
settlement que for oyster species within the BESE-elements (Figure 5.3). (4) BESE-
mesh spat collector is a biodegradable netting filled with oyster shell (4 kilo) to
promote settlement of oyster and mussel larvae. The collector can be tied to the
floating marine infrastructure, using nothing more than the biodegradable material
itself. In this set-up the mesh bags hangs from floaters/buoys to mimic them
hanging in the water column (Figure 5.3).
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Figure 5.3: Different NID designs used in the Dutch pilot. From top left to bottom right:
Bricks coated in BESE Reef paste; circular plates made form BESE Reef paste; 15 layer
BESE-elements; BESE Mesh spat collector

A baseline to survey the seabed using an AUV was carried out in August 2024 to
assess any spontaneous reef development. Tests utilizing an ROV to estimate
mussel biomass and biodiversity on the longlines are planned for 2025, when the
mussel dropper lines are installed, with the collected images being used for Al-
driven machine learning. See also deliverable 3.4
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5.4 Belgian Pilot

Figure 5.4: 2 Left: frame with spat collectors at the time of deployment. Right: Lifted
tripod (developed by VLIZ) during deployment procedure. ©lInstitute of Natural
Sciences/ Wannes De Clercq

In 2024, the Royal Belgian Institute of Natural Sciences (RBINS) and Ghent
University's Aquaculture and Artemia Reference Center (UGent-ARC) successfully
conducted a field experiment focused on assessing the vertical migration patterns
of Ostrea edulis (European flat oyster) spat in the Belgian Part of the North Sea at
the Belwind offshore wind farm, 46 km off Ostend, Belgium. To facilitate this, three
platforms of the Artificial Hard Substrate Garden (AHSG, Figure 5.4) managed by
RBINS, were utilized. A gabion previously employed in the Horizon 2020 UNITED
project, filled with mature oysters, was attached to a tripod Figure 5.485),
developed by VLIZ, to introduce these oysters into the marine environment. This
method was selected over the traditional use of substrate tables, which require
recovery by scientific divers—a constraint set by the Belwind permit holder. The

--------

the need for diving.

The spat collector plates were crafted with 3D printing technology to create
various levels of structural complexity, allowing observation on how different
habitats (Figure 5.5) influence oyster larvae settlement.
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In early June 2024 the spat
collectors and tripod were
deployed strategically positioned
along the primary SW-NE current
axis to monitor dispersal. One
collector was placed
approximately 1 km northeast of
the tripod, and the other 1 km
southwest, with exact locations
approved by the permit holder
and coordinating scientist. to
evaluate the effectiveness of the
setup in studying spat settlement
and migration patterns. After the
summer, the collectors were
successfully retrieved. Despite the

. - . challenging North Sea conditions,
Figure 55: State-of-the-art 3D printing 5| jnstalled  settlement plates

technology and standardised clay plates were still present. Young O. edulis
used to install as active restoration in the individuals were observed during

Belgian pilot offshore in Belwind © Wannes the sampling campaign on both

the settlement plates and on the structures holding these plates. Further analysis
of these plates in the laboratory will allow the quantification of O. edulis and will
provide insights into how the structural complexity of these plates affects oyster
settlement. hopefully yielding valuable data on settlement rates and patterns. This
research is expected to significantly aid in creating more effective conservation
strategies for European flat oysters in the Belgian part of the North Sea.

The coastal engineering research group at UGent has undertaken a nature-
restorative initiative to implement an artificial reef system at the Belgian pilot site.
This effort supports the project objective of rehabilitating the degraded North Sea
floor by introducing artificial hard substrates. The initiative aims to provide a
platform for stimulating local biogenic reefs beneath aquaculture sites, particularly
by species such as Blue mussels and European flat oysters.

The primary goal is to evaluate the feasibility of establishing such a reef system in
an offshore environment by integrating artificial blocks into the existing scour
protection system around wind turbine structures. Suitable reef block concepts
are selected and tested under laboratory conditions to assess their stability against
relevant forcing conditions, and to identify an effective reef layout.
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The scour protection rock layer (Figure 5.6) at the base
of the wind turbines provides an ideal platform for the
installation of artificial reef units due to the relative
protection it offers against sedimentation, as well as the
opportunity for reef-dwelling species to thrive in a low-
activity environment. Full details on the selection of reef
unit concepts for installation at the Belgian pilot site are
provided separately in D32. The selection process
considered the units ability to offer refuge to marine
species, their surface area for hosting a critical bivalve
mass to sustain the reef, the site-specific wave climate,
as well as installation techniques.

Accordingly, two form factors are adopted: reef cubes®
and reef pyramids (Figure 5.7), with two sizes (40 and 60
cm), and two wall thicknesses (6 and 8 cm) in each
design, resulting in eight reef unit concepts. The units
are cast from concrete with a density of 2550 kg/m3. The
proposed block dimensions and weights offer flexibility
in supporting various installation methods. The smallest
units can be deployed manually or by fall pipe, crane or
rock-dumping vessels.

The artificial reef units are tested to assess their
behaviour under hydrodynamic loading, and to identify

blocks over scour
protection base of an
offshore wind turbine.
©Behnam Shabani,
UGent

the smallest block that meets the conditions at the Belgian pilot site. This also
supports reducing the carbon footprint by minimising concrete usage. A target is
set for the reef units to withstand an ocean forcing event with a return period of 50
years, which corresponds to an annual exceedance probability of 2%, or an 18%
likelihood of occurrence within a decade in the Belgian pilot (Figure 5.8). This is a
conservative target, given that a biogenic reef is expected to form and take over
in a relatively short period, with an anticipated reef growth rate of 20 mm per year
(Pfennings et al., 2024), which further contributes to the resilience of the system

over time.
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Block Form b (cm) & (cm) m (kg)

C40X6 Cube 40 6 97
C40X8 Cube 40 8 114
C60X6 Cube 60 6 245
C60X8 Cube 60 8 302
P40X6 Pyramid 40 6 62
P40X8 Pyramid 40 8 72
P60X6 Pyramid 60 6 161
P60X8 Pyramid 60 8 196

Figure 5.7. Selected artificial reef blocks: (Left) Reef Cube® and (Right) Reef pyramid,
along with block dimensions and masses (m). ©Behnam Shabani, UGent
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| Max: Tp=94s Proj. Life Exceedance Probability 8%
£ Hs=6.0m 10-Year Exceedance Probability 18%
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Figure 5.8 Wave climate at the Belgian pilot site: (Left) Wave occurrence probabilities
derived from Thornton-South wave buoy records. Occurrences are based on 0.25 m
and 0.25 s wave height and period bins, (Right) Design conditions. ©Behnam Shabani,
UGent,

Physical modelling and testing of the artificial reef system take place in the large
wave flume of the Coastal Engineering research group at Ghent University. The
30-meter long wave flume, with a depth of 1.2 m, is equipped with an active wave
absorption system and a piston-type wave paddle capable of generating waves
up to 35 cm high. The facility also features a current-generating system allowing
for model testing under the influence of currents. The full specifications of the
experiment design are detailed separately in D3.2. A brief overview, however, is
provided here for continuity.
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Figure 5.9. Laboratory experiments: (Left) Setup, (Right) Test section. ©Behnam
Shabani, UGent.

The laboratory experiments are conducted at 1:12 scale, with model reef blocks
fabricated from an epoxy-stone powder mixture placed over a hydraulically stable
stone bed (ds=13.8 mm) designed to represent the scour protection system (Figure
5.9). The ratio of reef block sizes (b) to the median rock size (dso) is in the 2.4-3.6
range. The flume is instrumented with wave gauges and a velocimeter to capture
waves and nearbed flow velocities, as well as top and side cameras to monitor the
behaviour of reef blocks under hydrodynamic loading (Figure 5.9).

Hydrodynamic forcing conditions are expressed in terms of nearbed horizontal
wave orbital velocity (uw), current speed (uc), and wave period (7), and are scaled
down for laboratory testing using Froude scaling. Extreme wave and current
events often occur independently rather than simultaneously. They are however
conservatively assumed here to occur simultaneously. Furthermore, periodic flow
fields (waves) are known to generate larger hydrodynamic forces, and therefore
greater reef block instabilities, than a steady current with the same velocity.
Therefore, a conservative approach was adopted to combine both wave and
current velocities (uw*uc), and represent them using a wave height that generates
an oscillatory bottom flow of the combined magnitude.

Three sets of experiments are performed. The first set examines the hydrodynamic
forcing of individual reef blocks under regular waves, where each block is tested
across a wide range of wave periods (T) from 2.0 to 3.5 sat 0.25 s intervals. For each
wave period, the bottom wave orbital velocity acting on the blocks is progressively
increased in steps of approximately 0.02 m/s (via increased wave height) until reef
block instability is reached. The tests are repeated 4 to 6 times, resulting in about
250 tests, each lasting 100 wave periods. The high-resolution regular wave tests
are used to identify the instability threshold (u.) for each reef block. The
comprehensive nature of the resulting dataset also allows for the derivation of
empirical hydrodynamic coefficients (added mass C,, drag Cq and bed friction u
coefficients) for the blocks, when used in conjunction with theoretical calculations
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regarding forces (Morrison equation) and block instability mechanisms (reef block
overturning and sliding).

The second set of tests focuses on the specific hydrodynamic conditions at the
Belgian pilot site, with blocks tested under random waves in a 50-year return
period scenario (Figure 5.8). Two artificial reef concepts were selected for the
random wave tests. The selection was based on earlier regular wave test results,
which helped identify the most suitable blocks capable of withstanding wave-
induced velocities associated with the highest waves in the spectrum, combined
with current speeds. Each reef block was tested 12 times under random waves for
a duration of 1,000 wave periods. The third set of tests investigates the reef layout,
and explores the effects of deploying arrays of blocks over the scour protection
structure in various configurations: sparse, loose, compact, and bulk-released
arrangements.

3

| Wave Period (s) Ml 12.1 M 11.3 104 Mo5 W87 78 69|

The experiments identified the
instability threshold of the reef
blocks by measuring the critical
near-bed velocity (uc) at which
the blocks become unstable
(Figure 5.10). Notably, despite
its lighter weight, the smallest
pyramid reef unit outperformed
all cube blocks due to its lower
centre of gravity and reduced
surface area. This makes the
pyramid reef an optimal choice,
balancing cost efficiency and a
redulcfed Carbon. fOOtprlnt' ° C40X6 C60X6 C40X8 C60X8 P40X6 P60X6 P40X8 P60X8
Additionally, all units showed a Atificial Reef Block

reduced capacity to withstand
hydrodynamic forces in shorter Fl'gure 5.10. ReefblOC/? /nstablllty thresholds (u.) at

wave conditions, due to greater full scale (11) from regular wave experiments.
near-bed flow acceleration and ©Behnam Shabani, UGent

therefore larger inertial forces

in such circumstances.

(m/s)

Cl

Pbesign Forcing (1% Highest Waves)

Instability Threshold u

The selection of concepts for further testing with random waves is based on the
50-year return period conditions at the Belgian pilot site (Belwind). The associated
nearbed velocities considered are the 1% highest wave-induced orbital velocities
in the random wave field (u.), calculated using Soulsby and Smallman (1986), and
combined with nearbed currents (Figure 5.10: black line). Results from the regular
wave tests indicate that all reef concepts likely withstand this design condition
(Figure 5.10), although the cube block C40X6 only marginally meets this
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requirement. C40X6 and its pyramid counterpart P40X6 are identified as
candidates for subsequent random wave tests.

Final candidate concepts were tested under the 50-year return period Belgian
pilot climate, and the stability of the reef blocks was monitored using side and top
cameras (e.g., Figure 5.11: left). The results indicate that the P40X6 concept fully
meets the Belgian pilot requirements, achieving an 8% failure rate, corresponding
to 1 instance of instability out of the 12 tests performed. In contrast, the C40X6
concept failed to reliably withstand the target forcing conditions in random wave
tests, exhibiting a failure rate of 50%. This outcome aligns with earlier regular wave
tests, which showed that the C40X6 concept only marginally met the design
requirements.

The observed dominant mode of failure was the sliding of blocks over the rock
bed. To further quantify instability, a measure of the severity of instabilities is
introduced, based on the average movement of the blocks (§) across all tests,
normalised by the block size (b). For the C40X6 concept, the average block
movement was 1.8 times the block size, whereas the P40X6 concept experienced
a normalised average movement of 0.13. It may be noted that, in all tests, any block
with a displacement of less than 0.5b was considered stable.

|y : Y ER S ¥ % "3 royl :;
: oo

‘ %
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Figure 5.11. Blocks under random wave loading (top camera). Colour units represent
the block positions before wave loading, while greyscale blocks indicate their
positions after wave loading. (Left) Blocks directly facing the waves. (Right) Blocks
positioned at a 45° angle relative to the wave direction. @Behnam Shabani, UGent

The concepts were also put to test with respect to their orientation relative to wave
and flow direction (Figure 5.11: right). Earlier regular wave tests indicate that the
reef blocks facing 45 degrees to the waves (edge-on configuration) exhibit a
reduced instability threshold compared to the same blocks facing the flow (face-
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on configuration). This is due to the combination of increased surface area exposed
to the flow in edge-on configuration and changes in the drag coefficient. The
random wave tests under Belgian pilot climate indicate that C40X6 blocks
experience an increased failure rate of 67% in edge-on configuration, compared to
50% in face-on configuration. The failure of P40X6 blocks remains unchanged at
8%, which is due to their substantially higher instability threshold (Figure 5.10).
Naturally, despite this extra capacity, it is still recommended to deploy the P40X6
blocks facing the dominant waves at the Belgian pilot site in order to make efficient
use of their capacity to withstand forces and to further enhance reef protection
against failure.

It is assumed here that only the hollow internal spaces of the reef blocks provide
favourable flow conditions to support bivalves, such as oysters, and that a
minimum of 500 bivalves is necessary to sustain the initial development of a reef
system around a wind turbine. Based on this, it is estimated that a reef system can
be successfully initiated with 27 P40X6 units, or alternatively 14 C40X6 blocks. The
overall carbon footprint of the two concepts would be fairly similar with 0.66 m3 of
concrete required per wind turbine to manufacture the necessary P40X6 blocks,
versus 0.53 m3 per wind turbine for C40X6 blocks. This is a conservative estimate,
and by including the external surfaces of the reef blocks for hosting the bivalves,
the number of required blocks drops to fewer 10 per wind turbine. The reef layout
tests presented here are conducted with 30 blocks in line with the conservative
estimates for P40X6 blocks.

Sparse Layout ' Loose Layout Compact Layout Bulk Layout .

Figure 5.12. Various geometric reef layouts tested under random wave conditions.
@Behnam Shabani, UGent

While a single P40X6 reef unit has already been confirmed to meet the stability
requirements at the Belgian pilot site, four geometric reef layouts are considered
here to investigate the behaviour of the blocks in an array configuration (Figure
5.12). An objective of this set of tests is to assess whether an array arrangement can
rectify the unsatisfactory performance of the individual C40X6 blocks. The sparse
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(individual) layout tests are the same experiments presented in the previous
section. Other configurations considered here include the loose layout where the
block spacings are approximately equal to the block size, as well as the compact
layout with no spacing between the reef blocks. The bulk layout is closely
associated with the bulk release of the reef units from a rock-dumping vessel as a
deployment technique.

The tests indicate that the loose layout provides little benefit in terms of hydraulic
stability, even when the array spacing between the blocks is small (~b). Any
significant benefit only emerges when the block spacing is entirely eliminated. The
compact layout, where the reef units laterally support each other, demonstrated
a substantial enhancement of the blocks stability. For the C40X6 units in this
configuration, the failure rate dropped from 50% to 6%, and for the P40X6 blocks a
0% failure rate was achieved. The use of P40X6 blocks in a compact layout is
therefore recommended as the final solution for deployment at the Belgian pilot
site.

The failure of C40X6 blocks in the
compact layout predominantly occurs at
the outer corners of the array (Figure 5.13). $%%
In other words, the inner blocks are ¥
protected, and the overall stability of the §
reef system is improved at the expense of s
losing the corner units. While this could
be an appropriate remedy against a one-
off severe event, the array is expected to
continue to erode from its corners with
repeated event exposure. Furthermore, in &
the case of C40X6 blocks, the compact &
layout severely restricts flow circulation [&
in and around the individual reef units, w
providing unfavourable conditions for &
reef development. A recommendation is
therefore made against the use of C40X6 Figure 5.13. Compact reef layout under
units in a compact array configuration. random wave loading (top camera).
Colour units represent the block
positions before wave loading, while
greyscale blocks indicate their positions

Such drawbacks are not present for
P40X6 blocks, where the pyramid shape
of thg units allows for flow IC|rculat|on after wave loading, ©Behnam Shabani
even in a compact layout (Figure 5.12). UGent

Finally, in the case of the bulk layout, the

units similarly experienced an improvement in their stability (failure rate of 16% for
C40x6 and 8% for P40X6). However, small displacements short of complete failure
(6 < 0.5 b) were a frequent feature of this layout. It is therefore speculated that a
stable bulk layout may eventually become vulnerable with frequent exposure to
wave events. Accordingly, side release from a rock-dumping vessel is not
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recommended as an ideal deployment method in the context of the current
application.

The capacity of artificial reef units in restoring a reef system at the Belgian pilot
offshore environment, through multi-use of the wind turbines scour protection
substrate, is explored. The study is conducted using laboratory experiments with
8 reef concepts, focusing on the hydraulic stability, with attention to deployment
techniques and carbon footprint. Extensive regular wave tests are used in the
concept selection phase for a detailed investigation of the behaviour of reef blocks
under a broad range of wave and current forcing conditions. Final candidates
(C40X6 and P40X6 concepts) are extensively tested under random waves in 50-
year return period conditions specific to the Belgian site.

The tests are further extended to examine the geometric layout of the reef system
in accordance with the minimum requirements to kick-start and sustain a bivalve
reef system. C40X6 units proved to be capable of meeting the Belgian pilot site
requirements, when deployed in the compact configuration. However,
recommendations are made against using this design, largely due to concerns
regarding the long-term stability of the system under recurring exposure to severe
forcing events, as well as concerns regarding restricted flow circulation.
Furthermore, recommendations are made against using the bulk-release
deployment method in the current application.

The final recommended design involves the use of P40X6 units arranged in the
compact layout with fall pipe and craning as precision deployment techniques. It
is recommended that the reef units be deployed in face-on configuration in
accordance with the dominant wave direction at the Belgian pilot site.

Page 43 ULTFARMS Deliverable 4.1



This project has received funding from the European Union's

) . . * X
Horizon Europe research and innovation programme under
Grant Agreement No 101093888. Views and opinions expressed
are however those of the author(s) only and do not necessarily
reflect those of the European Union. Neither the European Union * 4k
nor the granting authority can be held responsible for them.

6. Conclusions

Task 4.1 has provided essential insights and innovations through testing and
refinement of cultivation systems for mussels, seaweed, and oysters, alongside
the development of Nature-Inclusive Design (NID) strategies. These
advancements address the complex challenges posed by offshore environments
emphasizing the need of near-shore and controlled experimental settings as
critical steps toward successful deployment.

Significant progress has been made in refining cultivation systems. In the Danish,
German, and Belgian pilot sites, tailored designs and materials addressed high-
energy marine conditions, such as strong currents and waves. Mussel cultivation
systems demonstrated effective spat collection and robust anchoring methods,
while seaweed systems showed promising growth and scalability under varying
conditions. Meanwhile, oyster cultivation benefited from innovative setups, such
as on-bottom systems with acoustic retrieval mechanisms, designed to suit site-
specific needs. Additionally, NID strategies, including habitat complexity
enhancements and biodiversity monitoring, were successfully trialed,
emphasizing the ecological value of aquaculture systems. The integration of
artificial reef structures at the Belgian pilot site further highlighted the potential for
fostering biogenic reef development within OWF scour protection zones.

The project also underscored the value of preoperational testing in controlled
environments. Nearshore and laboratory trials, such as wave flume experiments
and submersible system tests, validated the durability and performance of key
components, minimizing risks before full-scale offshore implementation. These
tests not only lead to iterative design improvements but also enhanced the
reliability and scalability of the systems being developed.

Although some setbacks were experiences due to bad weather, loss of sites and
delays in delivery of material, these obstacles were mitigated through adaptive
testing strategies, utilizing alternative sites and simulations to maintain progress.

The ULTFARMS project demonstrates that adapting LTA systems to offshore
environments requires a multidisciplinary, iterative approach. By integrating
engineering innovations, ecological considerations, and industrial expertise, the
project is advancing sustainable practices while promoting ecosystem restoration.
It underscores the feasibility of co-locating aquaculture with OWFs, aligning with
global goals for sustainability, circular economy principles, and the multi-use of
marine spaces.
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Description of the ULTFARMS project

The ULTFARMS project aims to move beyond the current application of Low-
Trophic Aquaculture (LTA) systems with novel engineering, technical, ecological
and biological processes to optimize production in harsh offshore conditions, low
salinities, and their integration within Offshore Wind Farms (OWFs). ULTFARMS wiill
cover the whole value chain expertise for LTA production in OWFs. The project is
working with research and industry partners to develop and operate six innovative
Low-Trophic Aquaculture Pilots (LTAPs) in six different OWF locations across the

North Sea and Baltic Sea.

These six pilots are in the following areas and work on implementing the different

mentioned cultivation systems (Tabelle 8.1).
Tabelle 8.1: Overview of the six LTA pilots of ULTFARMS.

* %

* * %

* 4 *

* 4 %

Member state Name of OWF LTA production

Belgium Belwind Seaweed-Oysters

The Netherlands Borssele Mussels

Germany FINO2 Seaweed

Germany FINO3 Seaweed-Mussels-Oysters
Denmark Anholt Seaweed-Mussels
Denmark Samse Mussels
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