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Executive Summary

Deliverable 3.4 of the ULTFARMS project represents a significant step in advancing
sensor technology to support low-trophic aquaculture (LTA) within offshore wind
farms (OWFs). This deliverable captures the outcomes of Task 3.4, focusing on
evaluating existing sensor systems, pioneering new designs, and refining data
transfer methods to enhance marine monitoring and management. The efforts
align with the project's overarching goal of integrating sustainable aquaculture
practices with renewable energy infrastructure.

Key advancements include the development and deployment of sensors
designed to monitor physical forces on aquaculture structures, collect
environmental data, and assess biodiversity. Novel attachment methods and
enhanced data transfer solutions were introduced to improve the durability and
efficiency of sensor systems in harsh offshore conditions. Advanced monitoring
tools, such as Autonomous Underwater Vehicles (AUVs) and cameras, provided
detailed insights into marine biodiversity and environmental changes.

Particular innovations included the automation of multibeam water column data
processing, enabling the efficient visualization and analysis of aquaculture
installations. These efforts have streamlined the generation of actionable insights,
reducing the time and resources needed for data interpretation. Furthermore,
biodiversity assessments using techniques such as hard-substrate sampling and
image recognition have been tailored to the unique conditions of the pilot site,
showcasing the adaptability of the project's methodologies.

The deliverable also highlights successful collaborations between project
partners, ensuring the integration of collected data into a centralized platform,
HiSea. This system provides stakeholders with real-time access to critical
information, supporting aquaculture optimization and informed decision-making.
Overall, Deliverable 3.4 reflects ULTFARMS' commitment to creating innovative,
sustainable, and scalable solutions for marine aquaculture within OWFs.
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1 Introduction

Deliverable D3.4 represents the culmination of Task 3.4: Sensor Technology
Design. This deliverable outlines the advancements in sensor technology aimed at
enhancing the monitoring and analysis of marine environments.

The objective of Task 3.4 is to advance and refine sensor technology for marine
environments by investigating and implementing both existing and novel sensor
types, as well as innovative data transfer methods.

Specifically, the task and therefore the Deliverable aims to:

1. Evaluate and Enhance Sensor Technologies: Assess various existing
sensors and develop novel implementations, including new attachment
methods and data transfer techniques, to improve the monitoring of
physical forces and other environmental parameters.

2. Integrate Sensor Data with Environmental Measurements: Link new
sensor data with existing environmental measurements, such as those
collected from measuring buoys and satellite images, to generate
comprehensive and relevant outputs for aquaculture and marine research.

3. Develop and Deploy Advanced Monitoring Systems: Implement advanced
monitoring systems, including ROVs and AUVs with automated image
recognition for biodiversity monitoring and “mobile fauna" cameras.

4. Conduct Specialized Analyses: Perform detailed analyses such as semi-
automated processing of multibeam water column data. Although planned,
metabarcoding and carbon sequestration could not be conducted as
sampling campaigns had to be aborted. Instead, a hard-substrate
biodiversity assessment through morphological identification was carried
out.

5. Design and Optimize Sensor Deployment Configurations: Design and
optimize sensor systems and their deployment configurations, including
AUVs and platform-mounted setups, to enhance data collection and
integration.

The data generated through these activities will be systematically linked to the
data platform proposed in WP6, ensuring a streamlined and integrated approach
to data management and analysis.

Overall, Task 3.4 aims to improve the accuracy, efficiency, and integration of sensor
data to support better decision-making and research outcomes in marine
environments.
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1.2 Knowledge transferal from and to other Work packages

The data and insights gathered from WP6, specifically from Task 6.1, played a
crucial role in Task 3.4 by providing a comprehensive understanding of the
monitoring needs and strategies of the partners. Deliverable 6.2 outlines the HiSea
data platform used by the pilots, explaining how local sensor data can be
automatically integrated for continuous or intermittent collection. D6.2 also
includes timelines indicating when the pilots' sensor data will be uploaded to the
HiSea platform.
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2 Monitoring of physical forces on the structures (with
load cells, accelerometers, depth sensors and novel
implementation of sensor attachment to the backbone)

At the German pilot site FINO 3 in the North Sea, an algae cultivation system, a
mussel farming system and an oyster cultivation system were designed, tested,
and validated for offshore use. While force measurements were not conducted at
this site—having been completed in a prior project—the team contributed through
calculations based on earlier measurements. This ensured that both systems were
well-prepared for deployment.

The designs of the algae and mussel systems were reviewed and verified by a
project partner and an independent third party. This process confirmed that both
systems were dimensioned with adequate safety factors to handle the challenging
conditions of the North Sea.

Figure 2.1: Numerical simulation model of the German mussel system

Figure 2.2: Numerical simulation model of the German seaweed system

To validate the designs, both systems were tested offshore over several months.
These trials demonstrated the systems' reliability and robustness. Neither the
algae nor mussel systems experienced any load-induced failures, and all
components functioned as intended.

The success of these tests highlights the durability and resilience of the systems,
showing their capability to perform effectively in harsh marine environments.

In close cooperation with Deltares a Bachelor thesis was conducted to calculate
occurring forces on single point mooring buoys in the existing mussel cultivation
system. Part of the study was research on the prevailing weather conditions based
on collected date in ULTFARMS, creating a model to analyse the performance of
different buoy types.
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For oyster cultivation, a bottom-culture design was adopted due to the high
physical forces present in the water column. Alternative cultivation types, such as
lanterns, were deemed unsuitable, as they would likely fail to withstand the waves
and currents.

Additionally, a GPS tracking system was implemented to monitor the new mooring
design of marking buoys. This mooring system was developed through iterative
collaboration with project parthers to ensure its capacity to resist the significant
forces exerted by the marine environment. These innovations collectively highlight
the project's commitment to developing robust and reliable offshore aquaculture
solutions.

At the German Baltic Sea pilot FINO 2 different industrial grade magnets were
tested attaching sensors to the FINO 2 monopile. Stronger magnets were used in
shallower water depths due to the higher dynamic forces caused by waves.
System attachments were designed differently in the deeper zones due to
expected lower forces. The lower frames which are attached 10 meters below the
water surface are each equipped with four gokg magnets. This results in a total
holding capacity of 360kg, which exceeds the expected weight forces many times.
The frame three meters below the water surface, on the other hand, was attached
with four 500 kg magnets to counter the higher forces in the wave zone in the
event of a storm. During the last inspection by divers, it was discovered that the
smaller magnets were reaching their carrying capacity due to higher loads
because of immense biofouling. The relevant components were therefore
adapted and fitted also with stronger magnets.

Visual inspection of all systems is performed frequently as one additional
monitoring method to prove whether the structures withstand the enormous
forces. Monitoring is done with a webcam, underwater camera and by offshore
staff operating the offshore research platforms.

The Belgian pilot was collaborating with the Dutch pilot on the physical forces
measurements. In the Dutch pilot site, Borssele wind farm, a load cell was installed
by OOS to measure the forces in their mussel semi-submersible system. The
details on the measured data and the instruments used are described in chapter
2.3. Ajoint study with the Dutch Pilot will be performed to analyze and interpret the
measured loads, as outlined in chapter 3.3. Furthermore, a collaborative study was
performed together with Deltares to quantify the hydrodynamic forces acting on
the seaweed net due to waves and currents. This was done by performing a series
of physical tests in Deltares Atlantic (wave) basin where load cells were installed
to measure the forces. Shown in Figure 2.3 are the seaweed net subjected to
waves (top figure) and currents (bottom figure). Further details regarding the setup
of the experiment will be described in Deliverable 3.2 of the ULTFARMS project.
The results of this experiment will be made available by the end of the project.
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Deltares

Fige 2.3 Sea\X/ed net subjected to waves (top) and current load (bottom)

2.3 Dutch pilot

The Dutch pilot refers to a mussel aquaculture system consisting of five longlines
and a semi-submersible system, operated by OOS International in Borssele
windfarm lll, in the Dutch part of the North Sea. The coordinates of the semi-
submersible were recorded using the Global Positioning System (GPS) and tracked
in real-time using the Automatic Identification System (AIS).

In addition to that, a tension load cell was fitted to measure the mooring force
transferred from the longline to the semi-submersible, as shown in Figure 2.4. The
Figure 2.5 shows the installation of the load cell by OOS International. The tension
type load cell had a measurement range between 0 to 600.0 kN and was sealed
to withstand up to 2 bar of hydrostatic pressure with a rating of IP68.

The sampling frequency of the load cell could be remotely adapted. A target
sampling frequency minimum of 1 Hz was required to adequately capture the
wave and current induced loads. However, when the influence of tidal current was
investigated, a sampling frequency of 0.1 Hz was adequate to capture the low
frequency current induced load. This saved not only data-storage-space but also
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the power required to record and transmit such amount of data. The measured
positions and forces can be used to perform a numerical validation study which is
be described in chapter 3.3. Information regarding the sensors and data sources to
perform a full-scale numerical validation study is summarised in Table 2.1.

Semi-submersible
‘ I Iioad cell
I _
jm)
SIDE VIEW

Figure 2.4: Position of the load cell in the mussel line system (drawing courtesy of OOS)

r 3

Figure 2.5: Position of the load cell in the mussel line system (picture courtesy of OOS)
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Table 2.1 Summary of data sources for numerical validation study

Data type | Location Data source
Wave Buitenbanken west | Rijkswaterstaat: https.//waterinfo.rws.nl/
Current Borssele Alpha Rijkswaterstaat: https.//waterinfo.rws.nl/
Mooring Connection to BROSA Tension Load Cell Type 0111
force semi-submersible
Position Semi-submersible | GPS,

AlS:

https:.//www.marinetraffic.com/en/ais/ho
me/shipid:8816689

In relation to the development of a submersible tube and net system for mussel
farming (see more information in D4.1), monitoring of physical forces on the
structure is planned to be carried out during 2025 in parallel with the near-shore
testing of the operationality of the system.

This involves the installation of a load cell on the backbone of the submersible
tube system to assess drag forces on the structure. This can be used to design the
system for offshore conditions as well as a warning system in case of sudden
decrease in the drag force indicating a broken line or anchor.

Additionally, a depth sensor will be installed and tested in 2025. Again, this can be
used as a warning system for system failure but also as an indicator of when
adjustments of the buoyancy are needed.

The current status is that both the load sensor and the depth sensor is in house
and planning for the deployment and test is to be conducted. This will most likely
be in spring 2025.
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3 Linking novel sensor data interpretation to existing
environmental measurements collected to generate
aquaculture relevant outputs

At the German pilot site in the Baltic Sea at FINO 2, publicly available measurement
data was collected and utilized for analysis. Some representative measured
variables are presented in Table 3.1. Additionally, sensors were deployed on the
installed algae frames and Nature-Inclusive Design (NID) structures to capture
local temperature and light data. Two stationary underwater cameras were also
installed to monitor both algae growth and the NID's condition.

In the North Sea pilot at FINO 3, a variety of data collection methods are in use.
Publicly available data and project-specific sensors, deployed in the water, were
utilized (Table 3.1). The latter involves two approaches: remote monitoring via the
PhycoProbe (ongoing data collection) and local data collection during sampling
campaigns.

Table 3.1: Overview of measurements taken at FINO 2&3.

Data upload
to HiSea
Remote (R),  Existing (E),
Stationary (S)  Upcoming
(V), Wishful
(W)

Sensor / Datastream  Pilot Parameter

Publicly available .
BSH data FINO 3 Max. Wave heigh (m), R U E
Publicly available o
BSH data FINO 3 | Water temperature (°C) R U E
Publicly available Significant wave height
BSH data FINO 3 (HmO) R W
Publicly available o
BSH data FINO 2 | Water temperature (°C) R W
Publicly available .
BSH data FINO 2 Max. wave height (m) R W
Publicly available Significant wave height
BSH data FINO 2 (HmO) ) "
AU RS Er e FINO 3 Temperature (°C) S U
sensor
HOBO underwater .
-
sensor FINO 3 Light (umol/mz2 *s) S U
AU TR ey FINO 2 Temperature (°C) S U
sensor
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HOBO underwater . -
sensor FINO 2 Light (umol/m2 *s) S U
Stationary, FINO 3 Hourly'or half-hourly S U
underwater cameras images
Stationary, FINO 2 Hourly.or half-hourly S U
underwater cameras images
Bbe Moldaenke -
PhycoProbe FINO 3 Turbidity S, R U
Bbe Moldaenke o
PhycoProbe FINO 3 Temperature (°() S, R u
Bbe Moldaenke Photosynthetic active
PhycoProbe Alige light o I8 U
HAB’s indicator
Bbe Moldaenke FINO 3 (phytoplankton S, R U
PhycoProbe .
concentration)
Bbe Moldaenke
PhycoProbe FINO 3 Chl-a S, R U

This comprehensive data was instrumental in planning and managing aquaculture
operations. Publicly available data, as shown in Table 3.1, primarily supported
operational planning at sea. For instance, a wave height below one meter was
required for net maintenance or harvesting. The wave height was forecasted and
verified just before and during operations using live data. Water temperature,
another critical factor, was essential for determining the optimal time for algae
seeding at the start of the growing season. This data was integrated into the HiSea
Platform to calculate operational time windows and ideal seeding periods.

A central component of the monitoring strategy at FINO 3 involved real-time
measurements using the PhycoProbe, developed by the German project partner
bbe Moldaenke. The PhycoProbe (shown in Figure 3.1) was designed to
differentiate between diatoms and dinoflagellates, which was crucial for early
detection of potential toxin formation. To achieve this, fluorescence excitation
spectra were generated, recorded, and analyzed. Using the existing bbe
FluoroProbe, fluorescence ‘fingerprints" were obtained from pure cultures of
green algae, diatoms, dinoflagellates, and cyanobacteria, which were then
compared with natural samples. Initial results were less satisfactory, as
dinoflagellates were often misidentified as a mixture of diatoms and green algae.
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Figure 3.1: The pre-assembled PhycoProbe ready for deployment

In response to these challenges, modifications were made to the bbe FluoroProbe.
An additional light-emitting diode (430 nm) was incorporated, allowing for
improved differentiation between algae classes, specifically green algae, diatoms,
and dinoflagellates. These modifications required significant alterations to the
sensor, including the replacement of the original diodes with smaller ones to
accommodate the space limitations inside the probe. This adjustment led to
challenges in aligning the light cones and selecting diodes for precise
wavelengths, necessitating testing of products from multiple suppliers.
Furthermore, the analysis software was expanded and refined.

In Figure 3.2 an example of 8 different algae classes which contain 3 diatoms
(green and blue) and 5 dinoflagellates (red and yellow) is shown. The figure
visualizes the normalized excitation over the wavelength in nanometers. The
chlorophyll signal is detected at approximately 692 nm, while the 430 nm LED
facilitates better classification of algae types. Normalizing the fluorescence signal
with excitation from the 470 nm LED reveals relatively lower signals in
dinoflagellate samples, enhancing the accuracy of the analysis.
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PhycolA Detector 692nm (Normalized regarding 470nm excitation)

1,2000 ~— Cyclotella meneghiniana (diatom)
—&— Thalassiosira weissflogii (diatom)
1,0000 ~%- Skeltonema sp: (diatom)
Pyrocystis lunula (dino)
0.8000 —p— Amphidinium klebsii (dino)
—— Amphidinium hoefleri (dino)
0.6000 —»4— Prorocentrum micans (dino)

—%— Prorocentrum cassubicum (dino)

0.4000

0,2000

0,0000
370nm 430nm 470nm 525nm 570nm 590nm 610nm

Figure 3.2: Example of 8 different algae classes which contain 3 diatoms (green and
blue in the graphic) and 5 dinoflagellates (red and yellow in the graphic). The Graph
shows all values normalized to 470nm excitation. Note that on the y-axis values
depicts a ratio (Inml/[nmi) and is hence dimensionless.

Real-time data transmission is a key feature of this system. The PhycoProbe was
installed directly within the FINO 3 monopile, in which a continuous exchange with
seawater took place, where it recorded data that is transmitted via cable to the
platform's IT infrastructure. From there, data was sent to the onshore network via
satellite. The platform's permanent power supply ensureed stable operation and
continuous monitoring.

The newly modified probe was prepared for offshore operation in the North Sea,
by containing it in a titanium housing and protective cage designed to withstand
mechanical stress and long-term corrosion.

Another data collection method at the FINO 3 research platform involved taking
local stationary measurements during field trips. As shown in Figure 3.3, local data
loggers recorded variables such as water temperature and light intensity
throughout the deployment period. This data was retrieved either on-site or after
the deployment period and manually transferred. Similarly, local cameras were
used for image or video monitoring, and mobile underwater cameras facilitated
observations during maintenance activities.
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Figure 3.3: FINO 3 Monitoring communication concept

3.2 Belgian pilot

The Belgian pilot conducted different sea missions to retrieve samples, processing
them in the laboratory to acquire data for analysis. Focus was given to oyster and
algae growth.

To perform sea missions in such high energy environments, it was necessary to
figure out the vessel's operability limit due to certain environmental conditions. For
this purpose, real-time data of measuring piles and waverider buoys that are
publicly available from the Flemish Governments' website
(https.//meetnetviaamsebanken.be/Measurement) were used.

The open-access real-time environmental data included wave height, wave
period, tidal changes, wind speed and wind direction. These data were also crucial
in determining the design wave for the aquaculture mooring system.

Also studies concerning drag forces on the system were performed in the
laboratory and are presented in chapter 2.2.
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For the past decades, the humerical modelling of a mussel aquaculture system
has been investigated by many researchers (Knysh et al, 2022; Landmann et al,
2024; Pribadi et al,, 2019; Raman-Nair et al., 2008). Due to the complexity of the
system, the hydrodynamics of such a system is commonly modelled using a semi-
empirical formula, namely the Morison Equation (Morison et al, 1950). This
approach requires a fine-tuning of the drag and inertia coefficients, representing
how the system behaves under certain oscillatory flows (i.e., waves). These
empirical coefficients are dependent on the Keulegan-Carpenter (KC) humber,
which is the ratio between the drag and inertia force. For a system under a constant
flow, this approach also requires a drag coefficient, dependent on the Reynolds
number, obtained from a physical test (Hildebrandt et al., 2018). Guidelines exists
on the Morison coefficients (i.e, drag and inertia coefficients) for different objects
of various shapes (Det Norske Veritas, 2010; Det Norske Veritas (DNV), 2021). In the
literature (Landmann et al,, 2024), the mussel dropper lines are modelled as
cylindrical elements to which the authors obtained the Morison coefficients from
a series of physical experiments in a controlled environment.

In a full-scale system at sea, the accuracy of this approach to numerically model
a mussel line system can be improved by fine-tuning the Morison coefficients
based on the measured forces on the entire system. The procedure to carry out
the validation study is outlined in the flowchart shown in Figure 3.4.

Measured spectral wave data were required, to which, in the case of the Dutch
pilot, there exists an open-access database from a nearby location (Borssele
Alpha) provided by Rijkswaterstaat (Open access data available from
https.//waterinfo.rws.nl/). Furthermore, the current speed and direction, also
available from the same Rijkswaterstaat database, were required to perform the
validation study.

The procedure started by selecting a timeframe to which a numerical simulation
was performed. Then, measured coordinates of the mussel line system were used
to generate the initial position of the numerical model. Measured wave spectra
and currents were used as the environmental input for the numerical simulation.
The forces predicted from the numerical simulation were compared with the
measured forces for the selected timeframe. If a certain convergence criteria was
not achieved, then the drag and inertia coefficients were adapted to perform a
new iteration of numerical simulation. This process of fine-tuning the Morison
coefficients and running the numerical simulation was repeated until a certain
accuracy was reached. Due to its dependency on the KC-number, the fine-tuned
coefficients will only be relevant to the wave conditions corresponding to the
selected time frame. Additionally, further investigation was needed to assess the
impact of current load in comparison to the wave induced forces. This was done
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range).

Start

|

Select a time frame

|
| ! !

Measured wave -
Measured current Measured position

. spectra .
Rijkswaterstaat .. GNSS receiver
(Ry ) (Rijkswaterstaat) ( )
Generate ) . Generate mussel line
. : Time-domain - "
environmental input  =———p . . : D initial position
) numerical simulation .
(numerical model) (numerical model)

l l I

Calculated forces : .
Measured forces . Fine-tuned Morison
(numerical -
(load cells) cofficients

simulation)
Conv_erg_ence No
Calculate error —_— criteria

achieved?

1 ves

End

Figure 3.4: Flowchart on the procedure to perform numerical validation study

A general monitoring program was set up for both the Danish pilots using ADCP's,
CTD's and PAR loggers to get information on environmental and physical
conditions on the farm sites. With these sensors salinity, temperature, dissolved
oxygen, pH, chlorophyll-a, light intensities and currents were measured within the
two farms. Table 3.2 gives an overview of the instruments deployed at the Anholt
site.
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Table 3.2: Overview of instruments deployed at the Anholt site

Instrument Deployment date |Data last offloaded [Status
CTD_Top_5m 27-09-2023 27-08-2024 Still out logging
CTD_Bottom 27-09-2023 27-08-2024 Still out logging
PAR_top_5m 27-09-2023 27-08-2024 Still out logging
PAR_Bottom 27-09-2023 27-08-2024 Still out logging
ADCP_bot 27-09-2023 27-08-2024 Has been retrieved

The pilots used in-situ sensors, that were not set up for remote transmission.
Instead, data was collected approx. every 5-8 weeks when batteries needed to be
changed.

During the monitoring period different challenges had been encountered. This had
mainly been due to the constraints that an offshore site gives in terms of how
frequently the site could be visited. This resulted in periods of missing data if the
batteries had run out or if fouling had accumulated on the sensors in periods where
access to the farm was limited due to harsh weather.

These kinds of challenges can be overcome with specific monitoring buoys that
includes solar panels for power supply (e.g. NexSens XB-200) and either wipers
for avoiding sensor fouling or a system where loggers are only winched down
when logging and otherwise stored out of the water (e.g. Buoy Vertical Profiling
System for Water Quality | ysi.com). Such systems are currently being used in other
projects in coastal and in-fjord environments but will not be tested in offshore
environments in the ULTFARMS project.
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4 AUV and ROV biodiversity monitoring and deployment
configurations

The reef effect (Figure 4.1) of the OOS mussel farm on the seafloor was monitored
using an AUV that surveyed the seafloor and created a composite image of the
seafloor.

Figure 4.1: Reef effect: mussel shells are expected to fall down and when protected
from predation possibly form a reef at the seafloor underneath the mussel farm,
Oscar Bos, WMR

An AUV, 'Lobster Scout' (Figure 4.2), developed by Lobster Robotics
(https.//www.lobster-robotics.com/) was used to monitor seabed biodiversity
before the installation of the mussel farm by OOS. This AUV was designed to map
the seafloor independently. Measuring two meters in length and weighing 50 kg,
the AUV was powered by batteries and equipped with four propellers. It followed
a pre-programmed transects, capturing thousands of seafloor photos while
recording depth and position data. These photos were then merged into a large
geo-referenced image (Figure 4.3), which can be integrated with depth data to
create 3D models and imported into GIS programs for further analysis.

The key advantage of this technique was its ability to generate detailed, surface-
covering images rapidly. In previous surveys of a coastal oyster bed, the resulting
data was easy to view in GIS programs (as a geotiff file), potentially providing an
excellent overview of the seabed biodiversity. Species as small as 1 cm were
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identifiable in previous projects (Figure 4.3), and the 3D models could directly be
used to evaluate habitat complexity.

Figure 4.3: Lobster Scout AUV photomosaic results for a sandy seafloor off the Dutch
coast (KOBINE project)
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The set-up for the monitoring of the seafloor biodiversity at OOS mussel farm
consisted of areference area (Figure 4.4) and an area under the future mussel lines,
and where the development of a reef is expected. The AUV was brought to site
using a small CTV and operated as depicted in Figure 4.5 and Figure 4.6.
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Figure 4.4: OOS mussel farm and the 2 scanned areas (control area of 20x20 m and
area under the future mussel farm 20x, left and under the future mussel lines)
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Figure 4.5: Lobster Scout AUV general operation
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In contrast to earlier projects, the seabed was very sandy, apparently without a lot
of life. The sandy seabed at the OOS pilot site appeared to be very uniform without
many distinctive features that could act as reference points for the stitching of the
individual photos into a single photo.

During the previous project (KOBINE), an Al pipeline was developed to cut the
larger image into smaller images and annotate these images for species presence
using annotation software Darwin (V7 Darwin | Al Data Labeling & ML Training Data
Platform). Then an Al model was developed and applied to frames that had not
been analyzed yet, to assess the model performance. In the end this should lead
to a standardized procedure in which data is uploaded and results are generated
(species numbers/ma2).

The current limitations in the ULTFARMS OOS pilot are the quality of the images
of the OOS site. The geotiff data can be displayed in the HiSea platform, as well as
any results from the biodiversity analysis.
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4.2 Monitoring biodiversity of mussel lines

The biodiversity (species composition) of the species present on the mussel lines
will be monitored using video footage collected by an ROV equipped with a GoPro,
using 4K video images (Figure 4.7). The nearshore and offshore mussel farms will
be monitored using this or a similar ROV. The video will be analyzed using artificial
intelligence (Al) trained in species recognition (Figure 4.8), using DarwinV7
annotation software.

Figure 4.7: BlueROV with GoPro camera on top, used for monitoring an inshore mussel
farm near Bruinisse, Netherlands, Oscar Bos, WMR

A current limitation in the ULTFARMS OOS pilot is that the mussel lines could not
yet be installed. The platform was installed in May 2024, but the installation of the
longlines was delayed until November 2024 due to limited availability of ships and
suitable weather windows. Installation of the droppers on the longlines is
expected in spring 2025. Results from the planned monitoring will be displayed in
the HiSea platform.

To measure chlorophyll at the OOS pilot mussel farm, an offline Chl-a sensor
(INFINITY-CLW-CE, Ocean River Instruments) was attached to a bar at the
platform that could be lifted out the water. The INFINITY-CLW was a chlorophyll,
temperature and turbidity logger with wiper for long-term measurements, that
keept the optical windows free from biofouling.
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Figure 4.8: Automatic species detection of mussels and other species, WMR
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5 Mobile fauna cameras

Within the German North Sea Pilot FINO3, it was decided to focus on monitoring
of mobile fauna with underwater cameras. Two cameras will be attached directly
to the seaweed system taking a photo every 30min. A compromise between
maintenance schedules and settings based on lifetime of batteries and data saving
capacities had to be made. The goal is to monitor whether the aquaculture
structure serves as a habitat for mobile fauna, e.g. juvenile fish.

Stationary submersed cameras were used to monitor the algae aquaculture
system (algae frame) and the Nature-Inclusive Design (NID) approach at FINO2 A
major advantage of these stationary cameras was their ability to operate
independently of external weather and environmental conditions on the water
surface.

During the initial design phase, multiple camera models, as well as mounting and
data transmission methods, were considered. Due to environmental factors like
wind and waves, it was decided to install the cameras completely submerged well
outside the harsh wave zone. For the same reason it was decided not to hardwire
the cameras into a remote data transfer system. Instead, the cameras were
designed with local storage and an independent power supply, supported by
batteries with sufficient capacity.

In collaboration with the platform operator DNV, a magnetic mounting used in
commercial diving was adapted for the use with the cameras. The camera housing
was secured in a stainless-steel clamp and attached to the mounting system with
angle irons, as shown in Figure 5.1 and Figure 5.2.

To ensure stable attachment, the combined weight of the camera, housing and
mount was carefully selected to cancel out the buoyancy of the camera. This
minimized the overall weight in the water, to withstand external forces such as
currents. The camera and mounting system were tested in the nearshore location
prior to deployment (Figure 5.1).
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Figure 5.1: Testing of camera functionality and mounting system at nearshore sites

On the Baltic Sea pilot at FINO 2, the cameras were mounted in front of the NID
frame and the algae frame, where they monitored growth and environmental
conditions. Figure 5.3 shows the actual positioning of the camera close to the NID
system. Due to the monopile's curvature, the distance from the frame and the
camera'’s viewing angle were critical. The tested camera focus and image area
allowed for optimal image capture.

Figure 5.2: Camera position close to the NID system

Along with light data, the cameras also logged the date, time, water temperature,
and battery voltage for each photo. All data and images were stored on a
removable MicroSD card. The cameras were equipped with an external wiper
powered by the internal battery, which helped prevent lens fouling and ensured
clear images. Wiping intervals set to every eight hours, effectively prevented
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biofouling buildup. The built-in rechargeable battery was designed for
autonomous operation for at least six months.

Regular maintenance of the cameras was crucial. The cameras were serviced
every six months at a minimum, and checked for damage or fouling whenever
sampling or other work was conducted. During these checks, the battery was
replaced with a fully charged one, and the data on the MicroSD card was retreived.
The magnets and mounting clamps were also inspected for corrosion and
damage.

Mobile fauna will be assessed by cameras monitoring within the farm and outside
the farm in three campaigns: one was before establishment of the farm, one was
after establishment of the farm (structure only - no aquaculture organisms), and
one is planned at peak biomass of seaweed and blue mussels on the farm (likely
spring 2025). The cameras used were off-the-shelf GoPro cameras at a cost of 430
euro/pc.

The campaign setup consisted of 6 stations with static cameras at two depths: 5
m below the surface (same depth as the long lines) and 1 m above the seafloor
(Figure 5.3). The fixed moorings were a concrete block with two buoys, one
submerged to keep the line in relative vertical orientation, the other as a surface

marker.

Figure 5.3: Example of a fixed camera mooring.

The 6 stations were positioned with two inside the farm and four outside the area,
as reference sites at 4 directions from the farm.
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Each campaign lasted for 1 week and all 12 cameras recorded 5 minutes pr. hour
from sunrise to sunset. The first campaign was in June 2023 and the second was
in October 2023 immediately after the farm was put up. The last will be in spring
2025,

Installation of a farm structure in the pilot site Anholt introduced hard substrate
and biotic materials in the water column. This "new” but transient habitat may
influence the attraction and other semi-resident behavior of mobile organisms,
including pelagic, demersal, and benthic organisms. The implemented monitoring
program is expected to document the presence and quantity of mobile organisms
in response to the farm structure by the passive video capture as described above.

Data has not yet been analyzed but awaits incoming data from the last campaign
in spring 2025. However, based on a preliminary assessment of the video quality
from the first two campaigns, challenges will undoubtedly occur due to 1) a
massive amount of data if processed manually and 2) camera instability producing
‘shaky” images making automated image analysis hard to implement.

Unfortunately, no underwater camera could be installed during 2024. However, a
surveillance camera was positioned above water to get an assessment of the
weather conditions and assess the state of the platform. The camera took a photo
every 10 minutes.

In 2024, the Dutch ministry of LVVN, responsible for fisheries, and nature
conservation, agreed to subsidize a monitoring project of birds using this
surveillance camera.

Furthermore, the ministry agreed to subsidize the installation of a self-logging
echosounder system on the platform. The purpose was to monitor changes in the
fish abundance and behavior (vertical migration, schooling) in relation to the
platform. This information adds to the assessment of future fishing purposes of the
platform: whether fish are attracted by the platform/to what extent fish availability
is enhanced?

To assess the effect of the platform in comparison to “open” water elsewhere in
the windfarm, the vertical distribution behavior of fish can be compared with
results from 2 stationary echosounders that are operated elsewhere in the
windfarm for the MONS-project.

The echosounder will be a Simrad WBAT with a 70kHz split beam transducer (with
a 12" sound beam). The transceiver and the battery was be housed in a waterproof
casing above the water. The transducer will be mounted underwater, vertically.
The system will detect the schools or individual fish within the beam, including its
vertical - and horizontal position several time intervals per day, during pre-
programmed periods, depending on power supply.
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For species identification, a camera will be installed and operated in parallel with
the echosounder using the same recording intervals. The camera footage will
provide qualitative information on the fish species’ composition, provided the
water transparency is sufficient. Catches with driftnets carried out in the MONS
project will give information on the species’ composition elsewhere in the
windfarm. We expect that it will be possible to make a comparison of species at
the semi-suspended mussel farm with species composition elsewhere. After one
year the results of the underwater camera will be evaluated in order to decide
whether it is necessary to collect data on species composition by means of drift
nets near the farm. By means of the acoustic recordings in combination with fish
species presence from the optical system, it will be possible to calculate daily
biomass of fish species under the platform. In addition, it will be possible to
describe vertical migration during the days - and tidal cycles the subsequent
schooling behavior. Results will be reported yearly (2025-2029).

This monitoring is outside the scope of ULTFARMS, but results can be shared on
the HiSea platform when available in time.

Page 34 ULTFARMS Deliverable 3.4



This project has received funding from the European Union's
Horizon Europe research and innovation programme under
Grant Agreement No 101093888. Views and opinions expressed
are however those of the authorl(s) only and do not necessarily
reflect those of the European Union. Neither the European Union
nar the granting autherity can be held repsonsible for them

6 Hard-substrate biodiversity assessment through
morphological identification

6.1 German pilots

Morphological identifications of macrofauna samples were done at both German
pilot sites. At the FINO3 location, three samples were retrieved from 1 m depth, 15
samples were obtained from the mussel system during a sampling campaign from
9 m depth.

At FINO2 two samples were retrieved from the two algae frames attached to the
monopile of the research platform. One sample from 3 m and one sample from 5
m depth. Ten samples were collected from the NID System from 10m depth

The first results are shown below. Mytilus edulis was the dominant species in all
water depths at the monopile frame which coincided with data from Danish
studies in Kriegers Flak wind park, two nautical miles distance to the German pilot
site. Processing of these samples is ongoing, the first results of three samples are
depicted below (Figure 6.1). Further results will be reported in subsequent
deliverables.
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Figure 6.1 Results of biodiversity on hard substrate at FINO2 (two samples, one from
3m, one from 5m) and FINO3 (one sample from 1m)
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7 Multibeam water column data semi-automated
processing workflow

Multibeam systems had been used for decades to acquire data on the depth and
type of seabed. Since the 1990s, backscatter data of the water column could also
be collected, although the data volumes and processing power required were
several times higher compared to bathymetric data storage and processing time.
The applications of multibeam water column data were numerous and included
fisheries, gas seepage research, and turbidity estimates (Colbo et al, 2014). Also,
the visualization of organisms (e.g. kelp) and aquaculture installations belonged to
the possibilities and should be explored. Within a previous project (Coastbusters
2.0), the acquisition of the multibeam water column data was optimized and
manual processing techniques were applied to visualize longlines and dropper
lines in 3D. This labor-intensive method required a lot of time however and was
consequently costly. The goal within the ULTFARMS project is to automize the
processing workflow as much as possible and develop open-access scripts to
create a semi-automated workflow.

Data acquisition was foreseen to take place in the first half of 2023, but weather
circumstances inhibited the acquisition of multibeam water column data of an
installed longline within the Belwind OWF in the Belgian part of the North Sea. As
a backup-plan, data from a previous project (Coastbusters 2.0) were used to create
the semi-automated processing workflow. The longline of the Coastbusters 2.0
project was installed in front of the coast of “De Panne" and contained bivalves.
Consequently, no in-situ data of seaweed could be acquired. However, a test in
the "Vuurtorendok” in Ostend was conducted, aiming at visualizing part of the
decommissioned seaweed that was kept alive in seawater tanks of Flanders
Marine Institute (VLIZ) for a few days. The seaweed was hung from a pontoon and
imaged with a multibeam sensor (Figure 7.1). This test was successful, allowing us
to continue to explore the visualization of seaweed using multibeam water column
data in the future.

Multibeam water column data were acquired using a Norbit WBMS with
detachable inertial navigation system (SBD IMU-S2) and SGR6-S2 GNNS
navigation system. The operating frequency was set to 400 kHz with a sweep time
of 12 pus and a fixed ping frequency of 15 Hz. With these settings, the water column
resolution could be set to “medium”, a setting which can be defined in the Norbit
graphical user interface. This allows the optimal combination of resolution and
ping frequency. Data acquisition took place using Qinsy (QPS). All data were
collected using the RHIB Zeekat from VLIZ (Figure 7.1). Data processing did
however only focus on the complete longline from the Coastbusters 2.0 project,
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since the data from the test in the dock were too little to derive meaningful
conclusions.

to test the acquisition of multibeam water column data (Picture: VLIZ).

Data processing was conducted using Qimera (QPS). The data were loaded and
visualized within the software, allowing to visualize the longline (Figure 7.2). All
water column data above the seafloor (blue and green colors in Figure 7.2) were
exported in an asci format, containing x, y, z, intensity, beam number and ping
number.
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Figure 7.2: Beamstack profile from the longline of the Coastbusters 2.0 project. The
dropperlines are covered with bivalves. Adapted from Vandorpe et al, (in prep).

Within the Coastbusters 2.0 project, a 3D visualization of the longline was
established based on a workflow consisting of manually selecting all relevant
scatterers with the large water column dataset. For just 2000 pings (data of about
150 meters, taking a mere 2 minutes to acquire), several days were needed to
select the relevant data points. Upscaling this to the size of a sea farm would mean
several weeks of work per data acquisition event. As a consequence, within
ULTFARMS, we worked on automating this process and building a user-friendly
graphical user interface around it. This work is ongoing but is in its final stages. A
working beta-version of the software (Beamlmager, working name) can be found
on github. The software allows to (1) load the water column data in an asci format,
(2) filter the data to retain the relevant scatterers derived from the aquaculture
setup, (3) segment the data to separate each dropper line and (4) calculate the
volume of each dropper line individually using a voxelization approach. The entire
workflow is visualized in Figure 7.3. A paper on this topic is being prepared for
submission in “Frontiers in Remote Sensing”.
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Figure 7.3: Workflow applied within ULTFARMS to process multibeam water column
data and automate the volume calculation of individual dropper lines.
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8 Conclusions

Deliverable 3.4 reflects the ULTFARMS project's progress in developing and
applying advanced sensor technologies to monitor and optimize low-trophic
aquaculture (LTA) within offshore wind farms (OWFs). The collaborative efforts of
pilots across different geographical and environmental contexts have yielded
tailored methodologies and innovations, demonstrating the feasibility of
integrating aquaculture into multi-use marine spaces.

The project focused on monitoring physical forces acting on aquaculture
structures, combining this data with oceanic parameters to perform numerical
validation studies. These studies not only ensured the structural robustness of
aquaculture systems but also provided essential insights into operational
dynamics under varying environmental conditions. Data collection methodologies
were comprehensively documented, emphasizing the importance of integrating
these datasets into the HiSea platform. This ensures systematic data management
and facilitates analysis that can inform aquaculture system design and operations.

Innovative monitoring tools, including Autonomous Underwater Vehicles (AUVs)
and various camera systems, were employed to assess ecological and structural
parameters. Camera systems were adapted for diverse environments, such as
surface cameras on the FINO 3 platform, mounted underwater cameras at FINO 2,
and GoPro setups at the Anholt site. The Dutch pilot further expanded these efforts
with plans to integrate an echosounder and a parallel camera for species
identification, offering a deeper understanding of species interactions with
aquaculture systems.

The project also advanced the automation of 3D visualization techniques for
aquaculture structures, leveraging methods established in previous research (e.g.,
Coastbusters 2.0). Multibeam echosounders demonstrated their potential for
visualizing aquaculture installations and algae structures, despite challenges
posed by weather conditions. By refining semi-automated workflows, the project
reduced the labor intensity of data processing, setting a precedent for scalable
monitoring solutions.

By linking sensor technologies with advanced data analysis and real-time
platforms like HiSea, the project has established a robust framework for evaluating
aquaculture systems and their interactions with marine environments.

Overall, the results presented in Deliverable 3.4 demonstrate the capacity of
sensor-driven methodologies to provide high-resolution, actionable insights into
aquaculture operations.
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A. Annex

The ULTFARMS project investigates the potential for advancing Low-Trophic
Aquaculture (LTA) systems through the development of innovative engineering,
technical, ecological, and biological approaches. The focus is on optimizing
production in offshore environments characterized by challenging conditions,
such as low salinity, and on integrating these systems within Offshore Wind Farms
(OWFs). The project adopts a comprehensive approach, encompassing the entire
value chain of LTA production in OWFs, from system design and operation to
environmental impact assessment and market integration.

In collaboration with the project partners, ULTFARMS will implement six pilot
studies at selected offshore sites close or even within OWFs across the North and
Baltic Seas. Each pilot will target site-specific challenges and opportunities, testing
the viability of different LTA systems under real-world conditions. These pilots aim
to provide insights into the ecological compatibility, technical feasibility, and
economic potential of LTA within the context of offshore energy production. The
findings will contribute to a better understanding of how LTA can be sustainably
scaled and integrated with existing OWF infrastructure, paving the way for multi-
use solutions in marine spatial planning.

These six pilots are located in the following areas and are aiming to implement
different LTAs (Table A1).

Table A.1: Overview of the six LTA pilots of ULTFARMS.

Member state Name of OWF / LTA production
location
Belgium Belwind Seaweed-Oysters
The Netherlands Borssele Mussels
Germany FINO2 Seaweed
Germany FINO3 Seaweed-Mussels-Oysters
Denmark Anholt Seaweed-Mussels
Denmark Samso Mussels
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