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SUMMARY

Biogenic reefs built by mussels, oysters or

other reef-building species are one of the most
important biodiversity hotspots for estuarine and
marine ecosystems providing food, shelter, and
breeding grounds for a wide array of species. In
the North Sea, one of the most important biogenic
reef builders and ecosystem engineers is the
European Flat Oyster. However, due to harmful
fishing practices, habitat destruction and diseases,
this once-abundant bivalve is now ecologically
extinct and cannot provide crucial ecosystem
services.

If left without active intervention, oyster reefs
have too few chances of regeneration, due to the
current state of the seafloor in the North Sea and
too few individuals in the environment. Therefore,
active intervention is needed to bring back the
shellfish reefs in The North Sea. Offshore windmill
farms provide a refuge for marine ecosystems
from fishing activities, which poses an important
opportunity for biogenic reef restoration practices.

To understand the context of biogenic reef
restoration better, multiple interviews with marine
biology and ecology experts from ARK were
conducted followed by a literature review and two
field trips related to young oyster deployment to
The North Sea. The gained insights were used to
create a list of 12 design criteria grouped into four
categories: Oyster survival, Scalability, Broader
ecological success, Handling & deployment.
According to these criteria, most of the current
practices underperform in scalability due to high
manufacturing, and operational costs, or provide
inefficient oyster protection which hampers the
success of shellfish reef restorations. Therefore,
the design challenge to improve scalability and
oyster protection has been chosen as the priority.

Multiple design directions and ideas have been
explored using Research by Design approach

while employing Whole System Mapping and
Biomimicry methods with Low- and high-fidelity
prototypes. Using an iterative approach and
evaluating the design ideas, the solution space
has been narrowed down to a final design, the
unit: two steel frame gabions are connected in a
double-diamond position and placed between two
display pallets with all assembly tightly secured
with a cotton lashing. Multiple assemblies are
connected in a row with a leading rope attached
to an anchor. When the ship sails, the anchor is
thrown out on the seafloor and eventually pulls all
units down to the seafloor.

The final design was evaluated according to the
same 12 criteria. In comparison to previously
discussed solutions, the final design is more
scalable in terms of costs and time for larger
marine restoration areas and focuses on finding
balance throughout the design criteria instead
of being only effective in certain aspects. In
addition to introducing back the Flat Oysters, the
new structures provide various microhabitats
for a wide array of other benthic species to grow
or shelter from the water currents, amplifying
positive effects on the marine ecosystem.

Several theoretical and structural integrity tests
have been done to determine the effectiveness of
the new design. Further research, such as offshore
field studies, is needed to determine how this new
design affects young oyster survival and other
benthic species.
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CHAPTER 1:
PROJECT DEFINITION

1.1 What was it like before: marine
biodiversity and biogenic reefs

1.2 The problem
1.3 The opportunity
1.4 The stakeholders

1.5 Design vision and goal

Entry for O. edulis in Olsen’s (1883) Piscatorial Atlas of
the North Sea. Oyster beds marked in orange.
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1.1 What was it like before:
marine biodiversity and
biogenic reefs

As lush green forests are considered to be the
biodiversity hotspots for biodiversity on land, so
are the biogenic reefs for estuarine and marine
ecosystems (Gaspar et al., 2011; Pogoda et al.,
2019). Biogenic reefs are built by oysters, mussels
of other suspension feeders: by growing on top

or next to each other, shellfish create complex
geomorphological structures. In the North sea,
these structures offer a rare hard substrate in
mostly sandy seabed, which provides feeding,
hiding and breeding places for wide array of
other marine species (Figure 2). For example, a
study in coastal ‘Voordelta’ area showed that 60%
more benthic species (organisms living on/in the
seafloor) occur on the shellfish reef than on sandy
areas (Christianen et al., 2018).

Records from the 19th century show that ~30%
of the North Sea floor was covered with native
shellfish reefs (see Figure 1), which provided
numerous surface irregularities, gaps, and cracks
to cater to a wide variety of different marine
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Figure 2: Voordelta oyster reef with native Flat oyster, Pacific oyster; mussels and macroalgae (Didderen, 2020). Image credits: Floor Driessen

organisms’ living and feeding preferences. In
addition to providing a diverse habitat and food
source for other species, shellfish reefs filter great
amounts of water, which reduce excess nutrients
and pollutants as well as clear the water. The main
ecosystem benefits are summarized in Figure 4.
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Figure 1: Entry for O. edulis in Olsen’s (1883) Piscatorial Atlas of the
North Sea. Oyster beds marked in orange.
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1.2 The Problem

The North Sea is one of the busiest seas in the
world: surrounded by eight densely populated
countries, it is full of human activities, such as
fishing, shipping, oil and gas exploitation, wind
energy, extraction of sand and gravel. Together,
these various activities have damaged local
ecosystems, of which only a few remain in their
natural state (Alvarez et al., 2017; Halpern et

al., 2008). Fishing practice known as ‘Bottom
trawling’, is regarded as one of the anthropogenic
activities inflicting the most damage to the
seafloor (Depestele et al., 2018), see Figure

3. Due to these overfishing practices, habitat
destruction and diseases, native oysters have been
pushed to ecological extinction in the wild marine
environments. Recently discovered Voordelta
native oyster reef only covers 0.4 km2 compared
to over 25000 km2 Dutch North Sea area occupied

Figure 3: Top - Bottom trawling practice illustration, Bottom - the

by native oysters in the 19th century (Christianen seabed after bottom trawling fishing. Trawling practice can be very
I 2018 Il . destructive to the environment, not only many unwanted marine
et al., 2018) — a small fraction. species are caught and thrown away, but the habitat is being

destroyed, leaving nothing behind. The seafloor then resembles a
deprived agricultural land — an ecological desert (Stiles et al., 2010,
ARK Rewilding Nederland, 2022). (Photo credits: Freiwald et al.
2004; Open Seas, 2021).

PROVIDE SHELTER REDUCE WAVE PROVIDE A SURFACE PROVIDE
For crabs and snails and nursery ENERGY =3 For other organisms to grow FEEDING GROUND
habitat for juvenile fishes Protecting : on (including baby oysters) For larger fish
shorelines

PROVIDE A RICH NUTRIENT SOURCE SEAGRASS STABILISE THE SUBSTRATE
For seafloor animals, through depositing DENITRIFICATION Clearer water results Reduce the resuspension of fine
waste material from filter feeding Removes excess nutrients in seagrass recovery sediment, improving water clarity

Figure 4: Functions provided by intact oyster reef habitats. Image credits of Fitzsimmons et al. 2019.



Current North Sea ecosystem is out of it’s
equilibrium: due to human activity, the hard
surface of biogenic reefs has disappeared, leaving
large parts of the seabed with sandy or silty soft
substrate (see Figure 5) (Hofstede et al., 2022).
This kind of environment introduces difficulties for
young shellfish larvae to survive and grow: there is
no hard surface for larvae to cling on and stabilise
themselves, on top of that, the bottom sea
currents are stronger without any barriers to slow
them down (ARK Rewilding Nederland, 2022). This
type of new environment hosts different and less

diverse epibenthic species community compared
to the one which lives on hard surfaces (Hofstede
et al.,, 2022).

The situation can be described as a looped
problem: shellfish cannot cling to the seabed and
start forming the reef because there are no natural
structures, such as reefs, which would slow down
the currents and provide a solid base to attach. In
this degraded ecosystem, and intervention must
be done to encourage more significant ecosystem
regeneration.

Sunimer stratification possible

Il 1, estuary
14, surf zone, fine sand
15, surf zone, madum fine sand
16, surf zone, madium coarse sand

B 17, surf zone, coarse sand
24, shallow coastal sea, fine sand
25, shallow coastal se3, medism fine sand
26, shallow coastal sea, medium coarse sand
27, shallow coxstal 563, coarse sand
B 24, shallow sea, fine sand
31, medium deep sea, siity, fine sand
B 32, medium deep sea, silty, medum fine sand
B 33, medium deep sea, silty, medum coarse sand
E 34, medium deep sea, fine sand
BN 35, medium deep sea, medum fine sand
36, medium deep sea, medum coarse sand
37, miedium deen ses, coarse sand
41, desp sea, siity, fine sand
B 42, deep sea, siity, mediam fine sand
Il 43, desp sea, silty, medism coarse sand
B 44, deep sea, fine sand
B 45, deep sea, medum fine sand
B 46, doop sea, medum coarse sand
B 47, deep sea, coarse sand
B 51, deeper sea, silty, fine sand
Il =2, coopor sea, Siity, medum fing sand
Hl 54, ceepor sea, fine sand
E =5, deepor sea, medum fine sand
B =, coopor soa, MOeSLM COAMSE S3nd
Bl =7, coopor sea, coarse sand
Il =8, cesper sea, gravel

Figure 5: Habitat types in the North Sea mapped by Bos et al. (2011). Small red color in the upper
part marks gravel sediment, all other colors mark different types of sand.



1.3 The opportunity

Offshore Windmill Farms

More and more countries are turning to
renewables for a more sustainable energy
production — one of the most competitive
renewable sources is the wind power. The North
Sea has been the busiest sea in Europe —77%
offshore windmill farms in Europe have taken
place here (WindEurope, 2020). Currently the area
occupied by offshore windmill farms in the North
Sea basin is around 8500 km? and is expected to
grow 9577 km?in 2027 (Gusatu et al., 2021), see
Figure 6.

The development of offshore windmill farms

does not come without ecological cost: habitat
loss, construction phase causes more underwater
noise and water vibration, which can negatively
affect marine species and their hearing abilities,
these farms can also act as a barrier and disturb
migratory bird connectivity between areas for
foraging and breeding (Gusatu et al., 2021).

At the same time, the offshore windmill farms
provide some very interesting ecosystem
conservation and regeneration opportunities:
Offshore windmills had a positive effect by
introducing rigid structures to the seabed, on
which various species can grow according to
vertical zonation, see Figure 7. Especially the scour
protection, used to minimize the sediment hole
formations around the monopile, is considered to
have significantly positive effect on benthic and
epibenthic species. Fowler et al. (2019) found that

species composition on the windmill structures
near the seabed is more similar to the natural
rocky reefs. However, this monopile-as-artificial-
reef effect is limited due to the large distance
which the windmills need to be apart, most of the
time 500-600 m.
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Figure 7:
windmill monopile. Image from Degraer et al., (2020) by Hendrik
Gheerardyn.

a) Area occupied by OWF in different development stages, for the analyzed time frame (1999 -2050):
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Figure 6: Area of the North Sea basin occupied by offshore windmill farms. The repository is created using already known projects’ data,
where start date of construction and operation is decided, that is why year 2027 is the last year considered for construction from the known
offshore windmill farm plans. Image from Gusatu et al. (2021)).



Different countries apply varied level of fishing
restrictions: from no fisheries being allowed in
Germany waters to fishing activity restricted only
in the safety zone (50m radius from the windmill)
in Scotland, in The Netherlands and most
countries, bottom trawling in strictly not

allowed (SEANSE, 2019) because this would pose
danger to hitting the cables and other offshore
windmill farm elements on the seabed. In that
sense, potential area of protection is of minimum
9577 km? (Gusatu et al., 2021) for at least 25-year
lifetime of windmill farm construction, operation
and decommissioning periods.

1.4 The stakeholders

The key stakeholders of this design project
are humans and non-humans: ARK Rewilding
Nederland, @rsted, Flat Oysters, and marine
ecosystem.

1. The client: ARK Rewilding Nederland

ARK Rewilding Nederland is an organization
working on recovering ecosystems in the
Netherlands through rewilding approach, focuses
on land and marine ecosystems regeneration as
well as education on rewilding itself. With “The
North Sea” project, ARK aims to make living
nature in the sea robust, varied, and exuberant
again. Currently, ARK is searching for effective
ways to rewild The North Sea by ‘kickstarting’ the
ecosystem with the key species of flat oyster, blue
mussel, horse mussel and other benthic species to
start forming biogenic reefs which will positively
affect other marine species. One of their goals is
to develop structures which could be deployed on
a large-scale to the North Seabed with young or
adult oysters.

Resources: ARK has expert knowledge in creatin
nature restoration strategies, implementing them
and monitoring them. ARK also has an extensive
network of partners. For example, by working
together with Stichting Zeeschelp, they use
empty oyster shells, collected from the partner
restaurants, as a young oyster growth medium.

Limitations: ARK does not have marine vessels
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or equipment for large-scale marine restoration
operations. It also does not have enough finances
to initiate large scale marine ecosystem restoration
on their own, they do tend to partner with other
companies on these projects.

Needs: ARK needs to find a solution with which
oyster restoration would be effective and possible
to implement on a large-scale. They want their
intervention to be large enough to significantly
impact marine ecosystem to a positive direction.

2. Orsted: offshore windmill farms

@rsted is an energy company, focused on offshore
windmill farms in the North Sea. They want to aid
a sustainable energy transition, at the same time
exploring how their offshore windmill farms could
help in the marine ecosystem regeneration. They
partnered up with ARK to develop several projects
together to work on offshore restoration projects.

Resources: As a multinational energy company,
@rsted can provide the needed investments to
scale up marine restoration projects and expertise
related to offshore work. They can also implement
or collaborate in marine restoration in multiple
offshore windmill farms areas that they operate
in. @rsted could also bring down the operational
costs of deploying and maintaining the reef
formation solutions as the maintenance of the
windmills and the reef formation parts could be
done with their vessels.

Limitations: @rsted does not have the expertise
of marine restoration therefore they turn to
other organizations to collaborate with in nature
restoration projects.

Needs: As a company inversting in nature
restoration solutions, @rsted wants to receive
clear results of how much and how well nature
has been restored in projects they collaborate in,
they also search for marine ecosystem restoration
organizations to help them create restoration
plans which could be submitted with tenders.



3. The European Flat oyster (Ostrea
Edulis)

Having original habitat along the European coast
from Norway until Morocco, these oysters were
found in The North Sea, Mediterranean and the
Black Sea. Highly abundant in The North Sea in 19"
and early 20" century, O. Edulis is now functionally
extinct in the wild. Currently, they are grown in
aquaculture environments by oyster fisheries

in Europe, South Africa and USA for food but in
relatively low numbers (FAO, 2022).

The native oyster is an important actor for the
North Sea ecosystem regeneration, because it is
well adapted to the North Sea environment and
can form biogenic reefs offshore, in deeper waters
as opposed to highly popular blue mussel of pacific
oyster species that prefer nearshore, shallower,
environments (Christianen et al., 2018; Smaal et al.,
2015). The habitat overlap between European flat
oyster and non-native Pacific oyster is limited and
there are large areas of the North Sea which have
remained unoccupied (Christianen et al., 2018).

Resources: Flat oysters can establish well in hard
substrate areas; they filter nutrients from the water
and grow forming larger 3D structures. These
oysters are well adapted to the deeper waters in the
North Sea.

Limitations: Currently, there are not enough
individuals in the wild to maintain a steady reef
growth, so natural population growth is extremely
limited. With mostly sandy seabed, young oysters
cannot settle well on the seafloor if there is no hard
substrate. Also, without protection young oysters
are an easy prey for various predators, such as crabs
or starfish.

Needs: To grow and thrive, Flat oyster need hard
substrate to cling on and grow, juvenile oysters need
protection from various predators. This species

also need more individuals in the wild to breed and
maintain a steady population growth.
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4. Marine ecosystem (crabs, lobsters and
etc.)

From the rewilding perspective, the goal of this
project is to support the marine ecosystem so
would become more robust, healthy, and resilient,
therefore, this is the main end client. The main
goal is not about restoring Flat oyster presence

as a species, but to use it as an important catalyst
for building biogenic reefs and creating a healthier
North Sea ecosystem. Numerous benthic species
such as crabs, starfish, various types of fish, algae,
seagrass etc need hard substrate to find food and
shelter, grow, and breed. Shellfish reef poses an
important opportunity to support this need.

Resources: Rich benthic species diversity supports
further biogenic reef growth and improves the
nutrient cycles throughout the marine ecosystem. A
resilient and healthy marine ecosystem can maintain
a stable food network bellow the water and provide
food for species above the water.

Limitations: without many hard structures in the
North Sea, many marine organisms are limited

to small spaces around the scour protections,
shipwrecks and some of the biogenic reefs. Space
is limited, therefore population growth has a lot
of challenges and further ecosystem resilience is
declining.

Needs: Many benthic species need hard substrate or
shellfish reefs to find food, fish need hard substrate
and structures to hide from predators, breed and
grow.

1.5 Design vision and goal

4 )

Vision: “To facilitate the kickstart of
biodiverse reef ecosystems in The North

) Y,
<

Sea”.
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Goal: “To create structures which would
enhance oyster reef formation and at

the same time facilitate other species of
marine ecosystem®,
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CHAPTER 2:
CONTEXT ANALYSIS

Deploying young oysters in Voordelta with ARK Rewilding
Nederland, Waardenburg Ecology and Stichting Zeeschelp.

Photo credits: Gwenaél Hanon, ARK Rewilding Nederland.

12



2.1 Methodology

To understand the context of biogenic reef
restoration and the environment of the offshore
North Sea, background research was done using
multiple methods. Firstly, interviews with marine
biology and ecology experts from ARK were
conducted, main topics and times are summarized
in Table 1.

Secondly, a literature review was carried out

to find the necessary details about offshore
windmill farms and biogenic reef ecosystems,
using keywords ‘Hollandse Kust (west)’, ‘shellfish
reef restoration’, ‘Ostrea Edulis, ‘European flat
oyster’, ‘biogenic reefs’ and cross-references.
Used literature comprised scientific articles,
governmental, NGO or university research reports,
datasheets. Thirdly, two field trips were organized
to collect the direct insights in the context, see
Table 2.

Table 2: Field trip summary highlighting visited places and main
goals of each trip.

Table 1: Interviews with marine biology and ecology experts from
ARK, highlighting the main topics and time of the interview:

Topics discussed with ARK’s experts When
Requirements for biogenic reef restoration 14-09-
in the North Sea, main approaches, main 2022
ecosystem species for reef restoration.

Details about European Flat oyster breeding

and survival.

Most common challenges and threats for 20-09-
biogenic reef restoration. 2022
Context of running offshore marine ecology 28-09-
restoration operations. 2022
Current approaches and the challenges 4-10-
when implementing them. 2022
Details about the North Sea offshore marine 12-10-
environment (operations, vessels, technical 2022
details and various challenges).

Place Goal When With whom

Oyster hatchery To help prepare spat on shell for deployment, gather 19-09- ARK Rewilding Nederland,
‘Stichting Zeeschelp’, direct insight about the procedures used to grow Flat | 2022 Waardenburg Ecology,
Kamperland, The Oysters and prepare them for deployment into the Stichting Zeeschelp
Netherlands Sea, what equipment is used.

Brouwersdam, To help deploy spat on shell in Voordelta, gather 23-09- ARK Rewilding Nederland,
Ouddorp, The direct insight on oyster preparation and deployment 2022 Waardenburg Ecology,
Netherlands operations. Stichting Zeeschelp
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2.2 The sea

2.2.1 The offshore windmill farm area

The North Sea environment varies in terms of
depth and hydrodynamic factors, such as the
strength and direction of prevailing currents. For
example, in shallower, near-shore parts of the sea,
waves can have a large impact on the seabed and
sediment dynamics, while in depths of 25-30m
offshore, wave impact to the water flow near the
seabed is negligible and tidal currents become the
most dominant factor. To better understand the
environment the designed structures will be used
in and reduce the number of variables, context is
specified to an area called Hollandse Kust (west)
(HKW) (see Figure 8). The area will act as the
initial context to understand the primary design
requirements, nevertheless, the characteristics
described below can be also applied for other
offshore locations with a similar depth in the
North Sea.

N ie uwe Doordewind
windenergiegebieden ‘
opiZee e

Nederwiek

Lagelander /
' Ay
) 'Lagelander '

Hollandse
lJmuiden Ver

Kust (noord)

Hollandse
Kust (west)

Hollandse
Kust (zuid)

Borssele

Legenda

Eerder aangewezen windenergiegebieden

M Nieuwe windenergiegebieden

Figure 8: Location of the Hollandse Kust (west). Image from
Rijksoverheid (2022).
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Sediment dynamics

The sandy seabed is constantly moving according
to various wave patterns, which affect deployed
structures and oyster reef formation. When
structures are placed on the seabed, some parts
will highly likely become sedimented and if
oysters are covered in sand for prolonged periods
of time, they will suffocate and die out. That

is why the impact of sediment dynamics was
highlighted as one of the most important factors
in North Sea reef restoration projects during

the expert feedback sessions. The information
about Hollandse Kust (west) area is retrieved
from Netherlands Enterprise Agency (RVO)
(2021) report. The area is located on the Dutch
continental shelf with a sandy seabed and has

a non-uniform morphology with three types of
structures (see Figure 9):

e Sandbank: the largest morphological
structure, with width varying from 1 to
3 km, up to 6 m height compared to the
surrounding depth and wavelengths up to
10 km. Sandbanks migrate relatively slow,
they can be considered stationary for the
lifetime of the windmill.

e The Sand Waves are smaller and move
generally faster with wavelength average
of 350 m. The wave height varies between
1.5 and 5m. Sand wave migration speed
varies: 0.5 — 0.7 m/year, with a median
speed of 2.3 m/year.

e Mega-ripples: the smallest and fastest
migrating structures, with heights
generally up to 20 cm (in some cases could
reach up to 30cm). Distance between
ripple crests is around 10 m. The migration
rate is the fastest compared to previous
structures, and can reach up to 1 m/h.
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Figure 9: (Left) Sand bed height as measured in 2019, (right) sand wave migration rate. Images from Netherlands Enterprise Agency (2021).

sedimentation can have a detrimental effect, see
Figure 10. To avoid significant deployed oyster loss,
designed structures need to reflect these dynamics.

How does this affect design? The sandy seabed

is constantly moving according to the different
wave patterns, which will affect the reef formation.
While sandbanks and sand waves migrate relatively
slow, allowing benthic species to outgrow the
incoming sedimentation, mega-ripples are moving
fast enough to bury structures with oysters

bellow the sand and suffocate them. In larger reef
structures this sedimentation problem is minimized
because the ripples cannot reach far into the

reef and only affect the edges, but in the case of
oyster deployment in relatively small clusters,

NEWLY PLACEDCYTERS The idea behind the De Rijke Noordzee project was for the oysters

Natul'e restoration at Wind to reproduce. On Tuesday, various types of stone should have been
placed near the oysters to see which materials they prefer to

farm in North Sea’ failed: 85 adhere to. That operation was canceled because most of the

percent Of Oysters placed oysters died because of the mountain of sand that covered most
of the three cages they were in.

dead Cisdies

An attempt to improve underwater life at a wind farmin  Grumpy

the North Sea has turned out to be a major Adesign flaw, concludes Floris van Hest, director of the North Sea

disappointment. Eight months later, 85 percentof the  Foundation. 'We are now raising everything and are going to

600 flat oysters that were placed near one of the evaluate how things can be improved', he says slightly

windmills off the coast of [jmuiden were found to be disappointed. 'Of course you hope it will be an immediate success,

dead eightmonths later but this is part of trying something new. We'll learn from this

Pieter Hotse Smith July 10, 2012 . 05:00 anyway, although we're a bit grumpy at the moment.’

Figure 10: Excerpt from the news article, illustrating the detrimental effects to the oysters due to sediment dynamics (Smit, 2019).
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Currents

Current speed influence is two-fold: it affects the
sediment migration speed and direction, and it
can affect oyster or deployed structure stability
on the sea floor. Two dominant water current
directions are impacted by high and low tides,
while residual currents have close to negligible
impact, see Figure 11.

How does this affect design? If shells with young
oysters are deployed freely without securing
them, they will be dispersed and carried away
from the initial location, making it impossible to
retrieve any data and get important insights on
restoration project development. Same would
also happen with deployed structures if they
are too lightweight and/or the geometric shape
is unstable (for example — a cylinder would

be susceptible to rolling). In addition, mobile
structures may also negatively affect the oysters
which are sedentary species, and other marine
species will not be able to cling on and grow on
these mobile structures.

Design criteria for broader ecological success:

to ensure location stability, structures should
be designed to withstand the sea current
speeds of 0.7 m/s from multiple directions,
and speeds of 1.2m/s in extreme cases
(usually two directions).
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Windmill End-of-life

While operating, the windmills offer a hard
substrate for benthic species to thrive on while
no-fishing zones create safe-heavens for various
marine species. But what happens when the
offshore windmill farm is decommissioned?

Different end-of-life scenarios affect marine species
directly and indirectly. After the expected 25-year
lifetime legislation for decommissioning of an
offshore windmill farm is not strictly defined and
there are two end-of-life (EoL) scenarios: complete
or partial removal (Pakenham et al., 2021).

In case of partial removal, the windmill foundation
is cut and left to a distance below the seabed
(Pakenham et al., 2021) or leaving >25 m draught
(Fowler et al., 2019). For a complete removal, all
monopile steel foundation needs to be taken out
of the seabed and the hole must be filled-in to
favour the ‘left as found’ code. While favouring the
material recovery, complete removal has severe
negative ecological effects because the ecosystem
which surrounds the monopiles is severely
disturbed, whereas partial removal maintains the
created artificial reef and it preferred from the
ecosystem perspective (Pakenham et al., 2021;
Fowler et al., 2019).

In case of no-fishing zones, if decommissioning
process follows the complete foundation removal
EoL scenario, the area would be again opened
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Figure 11: Depth-averaged velocity and current direction and speeds of tidal (left) and residual (right) currents at HKW location (DHI, 2020).



up to fishing activities including bottom trawling
(Sommer et al., 2019), and if the partial foundation
removal scenario is followed, the area would be
protected from fishing practices that disturb the
seafloor (Fowler et al., 2019).

How does this affect design? Windmill
decommissioning legislation does not have a
fixed scenario, and operating windmill structures
are highly protected to avoid any damage.
Taking this into account, the designed structures
need to be self-sustaining and independent
from the windmills, in case of any windmill
decommissioning scenario the structures will
remain intact.

Design requirement: Structures should be
structurally independent from the windmills.

2.2.2 Offshore marine ecosystem

The design aims to enhance the biogenic reef
formation which is a crucial element for the
biodiversity of the North Sea. From biodiversity
perspective, structures should improve the habitat
conditions for wide variety of marine species even
before the natural reef is formed there.
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Figure 12: Main categories of the species in the Dutch waters of the
North Sea (Bos et al., 2016).
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North Sea is rich in life (see Figure 12) with the
majority of species consisting of:
e Anthropods (crabs, lobsters, shrimps)
e Chordates (fish, mammals, and sea squirts)
e Annelids (ringed and segmented worms)
e Molluscs (shellfish, squid)
e Coelenterates (anemones, jellyfish)

Because the design context is an offshore
environment, the list is narrowed down to the
species communities which are building reefs or
using the hard substrate in deeper waters (bellow
-20 m).

Reef-building species

These species act as an ecosystem engineer

by building hard substrate reefs and in that

way changing the local morphology and
hydrodynamics of the seabed. The list is limited to
a few native species, which are adapted to thrive
in the depths of the North Sea (Duren et al., 2017):

e Sebellaria: a genus of marine worms which
build relatively large structures by gluing up
the sand into hard structures (Dubois et al.,
2006; Ayata et al., 2009). In Dutch waters these
reefs occur rarely due to the disturbance of the
seafloor, some hard substrate is required to
initiate reef formation (Duren et al., 2017).

e Sand mason worms: can be found in sites
ranging from intertidal zone to the depths of
1700 m.

. AR

Figure 13: The honeycomb worm formed reef. Image credits: By
Julio Reis - Own work, CC BY-SA 3.0, https.//commons.wikimedia.
org/w/index.php?curid=1105144



e Flat oyster: previously abundant and with
extended range along the European coast,
over-exploitation, and parasite Bonamia has
brought these oysters to extinction in most
of the European waters. Currently, flat oyster
beds are considered to be one of Europe’s
most threatened marine habitats (OSPAR
Commission, 2008). Flat oysters tend to
form beds with three-dimensional structures
consisting of living oysters, shells and other
species. They prefer calmer, deeper waters
as opposed to the popular Japanese Oysters
or Blue Mussels which prefer intertidal zones
(Duren et al., 2017). More information about
Flat Oyster can be found in sub-chapter “2.1.3
Flat oyster”.

e Northern horse mussel: mainly found in deeper
waters (30 — 60 m), is an arctic - sub-arctic
species which prefer colder waters and can be
found in the North part of the North Sea.

Species using hard substrate

Currently hard-substrate related species are
finding it challenging to disperse due to the lack
of hard substrate structures in the North Sea, they
use windmill farm foundations and navigation
buoys and wrecks. Some of the species include:
Benthic species:

e Crabs (hairy hermit crab, edible crab)
e Lobsters (squat lobster species)
e Soft coral species

e Sea anemones

e Sea stars (common starfish)

e \Worms

e Bivalves

e Sponges

e Snails (poatched egg shell)

e Cod (Poor Cod, Atlantic Cod)

e The goldsinny wrasse

e The leopard-spotted goby

Habitat complexity is very important for many
benthic and epibenthic species because it creates
numerous microhabitats with different water
current directions and speeds, provides a lot of
gaps, holes and cracks to hide, breed, and forage
(Duren et al., 2017). Varied habitats are also more
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productive, resilient and more resistant to invasive
species (Alexander et al., 2014). Biodiversity
needs diversity: highly complex habitat can cater

a wide range of various species needs which is a
precondition to biodiverse benthic and epibenthic
community (Clare et al., 2015; Kristensen et al.,
2015). This is why the loss of habitat complexity
and structure simplification is considered as one
of the key causes of biodiversity loss (Duren et al.,
2017).

Design criteria for broader ecological
success: provide structures with surface and
structure complexity to cater the needs of
benthic and epibenthic species living in hard-
substrate habits. Provide gaps, cracks and
holes to increase the surface area / volume
ratio.

2.2.3 Flat Oyster

Feeding

Oysters filter the water and feed on suspended
matter such as phytoplankton, detritus, or
inorganic matter. To ensure constant nutrient
inflow, adult oyster, depending on its size, filters
water at the rate around 1-3 L/h (Water flow
bellow 1L h* oyster® and above 3L h* oyster® will
lead to increased oyster mortality) (Maneiro et al.,
2020). Phytoplankton is essential nutrient source
for oysters to growth, other organic matter, which
is undigested concentrated and deposited in turn
fuels local food webs (Kamermans et al., 2018).
O. Edulis lifecycle has four main stages (see Figure
16):

1. Reproduction (pelargic) period (6 — 10 days):
fertilized eggs develop into larvae with two shells
while being contained in the female oyster. Larvae
are released after this period into the water
(Smaal et al., 2015; Didderen et al., 2019).

2. Recruitment period (10-30 days): free
swimming period, takes place in June-August,
larvae are growing and looking for a place to
settle permanently. Settlement happens once



larvae detects a suitable location (Smaal et al.,
2015). It was discovered that oyster larvae pick up
chemical and audible cues (McAfee et al., 2022)
to decide where to settle, oyster shells or other
calcific material with similar chemical composition
is preferred by the larvae (Colsoul et al., 2020) as
well as presence of biofilm (Rodriguez-Perez et al.,
2019). Dispersal distance is rather small compared
or other bivalves: up to 10 km (Berghahn & Ruth,
2005).

3. Survival period (0 — 2 years): once the larvae
glue themselves permanently onto the hard
substrate they become Spat and grow quite
fast in initial stages (Figure 14 and Figure 15).

In reef restoration projects, Spat of 1-2 months
old is usually deployed to the sea, but still needs
protection from predation. By the time spat is
1 year (shell size is around 30mm (Robert et

al., 1991)) shell is already much harder making
the predation harder, and by the time spat is 2
years, the shell is hard enough to offer effective
protection and is called juvenile oyster.

Figure 14: One-month old spat on shell. Picture taken in the oyster
hatchery.

Figure 15: Two-month old spat on shell. Picture taken in the oyster
hatchery.

OSTREA LIFE CYCLE

RECRUITMENT

TE VELIGER
POIVELSER

REPRODUCTION

STRAIGHT - HIN6E

FERTILI ZED E¥s
VELIGER -

¢ SWARMING
zis B OF LARVAE
JETTLEMENT
DOF LARVAE
0-1 YEAR 3PAT W2 e v B
INTERNAL FERTILIZATION |
SPERMATOZEMGMATA BROIDING
§-10 DAYs
4
3

SURVIVAL

YEARS O GROWTH

S PAWNING

J

Figure 16: Ostrea Edulis life cycle. Image credits: Hein Sas (2019).
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4. Growth period: Juvenile oysters reach Restoration
adulthood at 3 years old. All juvenile oysters
initially are male but once old enough (3-4

years), turn to female (Smaal et al., 2015). This is
important to note, when reintroducing Flat Oyster
colonies into uncolonized area, oysters should

be deployed 3 years in a row to ensure a mix of
genders and successful reproduction.

Introducing flat oyster spat can also help boost the
chances that the shellfish reef can be kickstarted,
because minimum of 60000 oysters is required to
form a self-sustaining shellfish reef. 7 oysters/m? is
considered a reef.

Insights gained from research and expert feedback
about the Flat oyster are systemized in Figure 17.
Predation

O. Edulis, especially the young oysters, are
generally predated by various types of starfish
(for example, the Common Starfish) and crabs
(for example, edible crab) (Didderen et al., 2020).
When oysters are young their shell is soft enough
for these predators to crack or open them up, but
in their adult stage, the predation is minimized
due to stronger shell formation.

Figure 17: Native Flat Oyster - main insights and effects in the ecosystem.
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How does this affect design? Flat oyster
development analysis provides several design
criteria:

| 4 bt i e couk o by place”
Conhxj( Ma‘w Whal & the @ i)
Mo \} ,r)ly»/.'\v\ Zone

| ) ‘ { PR 5 /
|

Figure 18: Current offshore windmill farm environment compared to the natural reef in Voordelta.
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2.3 The land meets the sea

To field trips have been planned. Firstly, Oyster
hatchery “Stichting Zeeschelp” was visited to get
some direct insights and experience in handling
spat on shell. Secondly, spat on shell deployment
in Brouwersdam was organized where insights
about these operations were gathered.

2.3.1 Oyster hatchery

Since recruiting wild spat from the North sea is
not feasible, native oyster restoration projects
turn to oyster hatcheries for the source of young
healthy oysters. To better understand the details
surrounding this stage of the project, a partner
oyster hatchery Stichting Zeeschelp was visited.
Everything starts with algae: multiple species of

algae are cultivated in the greenhouse (see Figure

20) and shellfish nutrition mix is adapted to their
growth phase with varied algae mixes for larvae,
spat and adult oysters. Different nutrition mixes
are transported via tubes straight to the tanks
with oysters.

Figure 19: A view from Stichting Zeeschelp.

After the initial stages of growth, oyster larvae

are introduced to the main tanks where they are
left for 1 to 2 months to settle on the hard surface
and grow (Figure 21). The tanks are cilindrical

to ensure even water flow and assembled in a
limited space. The hard substrate for larvae was
loose empty oyster shell in boxes (Figure 22). The
boxes needed to be put and taken out of the tanks
by hand, due limited space.

When spat is one or two months old they are old
enough to be deployed, but their shells are still very
delicate and can break easily when being handled
in a rough way. Usually, empty shells are put into
the dedicated structures or installations before the
spat settlement to avoid moving fragile spat too
much. In this case several different deployment

Figure 20: Different species of algae are grown in the facility’s
greenhouse.

P =

Figure 21: Water tanks where spat is kept to settle on hard
substrate.



methods were planned, therefore, the shells were

loose when they were put into the tanks with Design criteria for Handling & deployment:
oyster larvae. One of the main tasks for the visit structures should be integrated into the

was to prepare the spat on shell for deployment hatchery during the time when spat is in the
to the North Sea: refill the spat on shell from loose settlement stage.

boxes to the oyster nets (Figure 23).

At least one person was needed to transport the

boxes with spat from the tanks to the refilling area, Design criteria for Handling & deployment:
minimum 3 people were needed to effectively refill structures should be lightweight enough to be
the spat from boxes to oyster nets (Figure 23). The handled by 1 or 2 people.

task was both time and human labour intensive.
Due to rough handling, some spat has fallen on
the ground during the refiling procedure. Also,
spat which settled on empty shell edges was more
prone to being crushed or knocked off.

How does this affect design? Overall, the process
has highlighted the importance of incorporating
the structures for oyster settlement into the
hatchery facility. This approach would reduce the
time and workforce needed for spat preparation
and lower spat mortality rate. In addition, current
facility has limited space and spat is being handled
by hand, so the structures should be lightweight
enough to be handled by 1 or 2 people.

Ny, B el AT P e - : .
Figure 22: Right - crates with spat on shell taken out of the water tanks.lfLeft - spat has settled on shell in all directions as well as on the crate
itself.
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2.3.2 Deployment at Brouwersdam oyster nets and loose oysters for research and
testing purpose. The process was time and labour

After spat preparation the deployment took place
pat prep ploy P intensive due to several reasons:

in Brouwersdam, where three different deployment

techniques were tried out: steel table (Figure 24), 1.The structures h?d to be fixated onto th'e
nets raised on beams (Figure 25) and loose oyster seafloor in a specific position, th.erefore, divers
shell (Figure 26) around the installation. Two steel were needed to ensure that upright stable

tables were used as a foundation to raise the oyster ~ POSition. Prep.arat'ions for diving and installation
nets from the bottom ~30 cm. Both tables needed ~ took a lot of time.

to be secured onto the seafloor before deploying 2. due to limited space on boats (Figure 27), three
the oysters. For securing the table and the oyster trips were needed to the place and back to the.
nets two small boats were used with two divers Securing the boat close to the installation with
constantly working close to the seafloor while 2 to increasing wind was also challenging and time

3 people were working on the boat. consuming.

3. The installation was done near-shore in shallow
Overall, the sea was relatively calm but the work on  waters, where seabed is frequently disturbed

a small boat was still challenging due to a constant by larger waves and storms, so securing the
rocking. Around 15 m? of area was covered with structures needed more effort.

Figure 24: Steel table ready to be deployed to the determined area. Figure 26: Loose oyster shell with spat to be dispersed. around the
Table will be used as the bazls to raise the oyster nets from the installations.
ottom.

Figure 27: Boats from Bureau Waardenburg and Stichting
Zeeschelp.

Figure 25: Oyster nets with beams raising them from the bottom.
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How does this affect design? While there are a few
discrepancies between the design context and the
context of this deployment, several insights could
be highlighted:

e Working on deck offshore is a harsh
environment and preparation work on deck
should be minimized or streamlined as much as

2.3.3 Overview of the main stages,
processes and interactions — the system
map.

Insights and knowledge about current operations
needed for oyster reef restoration project were
collected during both field trips. To get a better
overview of the current stages, processes and

interactions, a system map was created as a first
part of the Whole Systems Mapping method
(Figure 28). The map highlights the main stages,
such as collecting empty oyster shells, using these
shells in oyster hatchery, preparing young oysters
for deployment and deploying them. In addition,
important interactions with biotic and abiotic
factors are highlighted as well. For example,

once the structure is deployed onto the seabed,

it affects and is affected by the environmental
factors, such as water flow and sediment flow.
Various types of biota interact with the structures
as well: juvenile fish may gather, new oysters start
growing, predators may come for flat oysters. The
system map provided a good overview of these
processes for further design process.

possible.

e If deployment requires divers to check or build
the structure, the design is deemed to never
reach large scale projects, due to the sheer
amount of time and labour that will be needed
for successful deployment.

Design criteria for Handling & deployment:
structures should require minimal human care
to fall to the right position on the seabed and
secure temselves.
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2.4 Design requirements

Inputs from design exploration were translated
into the design requirements. Factors which
related to structures being independent from

the windmills and non-toxic/non-polluting to the
marine ecosystem were non-negotiable and had
to be satisfied and were categorized as design
requirements (see Table 3), if the design did not
satisfy both of them — it was classified as not
viable for this project. Many factors, which did not
have such strict viability boundaries, especially
the ecological factors which were not possible to
calculate or predict with high precision at the time
of the project, were classified as design criteria
(see Table 4). The design criteria were grouped in

Table 3: Design requirements for this project with explanation.

4 categories and used to evaluate currently used
approaches, conceptual ideas in Chapter 4 and
final design in Chapter 5.

The design criteria (Table 4) were grouped into

4 categories: Flat Oyster survival; Scalability;
Broader ecological success; Handling and
deployment. Some factors have more importance
in determining whether the design is effective in
biogenic reef restoration. For example, it does
not matter how lightweight the structures are,

if they do not help oysters to survive, or the
design is not scalable. Therefore, the criteria were
given different weights, which determined their
importance to the design. In this way, current
approaches, design ideas and final design could be
evaluated more accurately.

Requirement

Explanation

1. Structures should be independent of the windmills.

Windmill farms have several decommissioning scenarios of which
the majority would inflict severe damage if the reef structures were
built close to the windmill. In addition, due to windmill security,
most of the offshore windmill companies want to avoid attaching
external structures to the windmills.

2. Structures should not emit toxins to the marine environment
or pollute the Sea with nondegradable materials.

When structures are deployed and left to decay on the seabed,
marine life will directly interact with them. Therefore, structures
should not harm oysters or other marine organisms by releasing
toxic elements or by polluting the waters with non-degradable
parts which could end up harming the marine life.

Table 4: Design criteria sorted in 4 categories, each criterion
importance expressed in weight with argumentation.

Flat Oyster survival: these ecosystem engineers are one of the few reef building species in the deeper areas of the North Sea. With limited
supply of suitable juvenile flat oysters, high mortality can greatly impact the restoration project viability.

Criterion Weight Explanation

1. The structure should protect oysters from 5 If oysters get sedimented by sand or silt too much and for

sedimentation, specifically from mega-ripples of at least too long, they will suffocate and die out. This criterion has

20 cm height. a direct effect to oyster survivability and project viability.
Maximum importance — weight 5 is given.

2. Structures should be designed to protect juvenile 5 If most of the deployed young oysters get predated upon,

oysters from predation (crabs and starfish) until they are there will be no or not enough adult oysters to make a self-

1-2 years old, but also provide enough space for them to sustaining oyster reef. Direct effect to oyster survivability and

grow later on. project viability. Maximum importance — weight 5 is given.

3. Structures should allow constant and effective 5 Oysters are filter feeders and, if they do not get enough

waterflow for the oysters to ensure nutrition. nutrients with the suitable waterflow, they will die out. Direct
effect to oyster survivability and project viability. Various
living organisms will start growing on structure, openings for
flow should be large enough to prevent clogging. Maximum
importance — weight 5 is given.
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Table 4: Design criteria sorted in 4 categories, each criterion
importance expressed in weight with argumentation.

Scalability: to do an effective intervention in the marine ecosystem, large amounts of live oysters should be deployed, around 15 m3
of spat on shell to produce a self-sufficient oyster reef with 60000 adult oysters. If design is not scalable, introducing large number of

these structures will not be possible and the ecological effect will be negligible.

Criterion Weight Explanation
4. Structures should be low in price for production, 5 If structures are expensive to produce, assemble or deploy
assembly, and deployment. there might be not enough of financial resources to produce

enough of them to have a significant positive ecological
effect. Direct effect to project viability. Maximum importance
— weight 5 is given.

5. It should be possible to deploy high volumes of oysters 5 Time spent in offshore marine operation can be very

in short amount of time. expensive due to the high vessel rental costs, ship crew

and expert salaries. If the design cannot be deployed in a
time-efficient way, it will drastically increase the deployment
costs. Direct effect to project viability. Maximum importance
— weight 5 is given.

Broader ecological success: healthy biogenic reef includes numerous marine species which are essential to a healthy marine
ecosystem. To reinforce the positive impact to the marine ecosystem, it should be considered how this wide variety or marine species

can be positively affected by the designed structures.

Criterion Weight Explanation

6. Structures should be designed to withstand the sea 4 Many benthic species need hard and stable substrate to
current speeds of 0.7 m/s from multiple directions, cling on and grow. If structures are unstable, tilt or dislocate
and speeds of 1.2m/s in extreme cases (usually two often, species will not be able to grow on them effectively.
directions) to ensure location stability. Flat oysters may not suffer directly from this, but changed

position may increase sedimentation or predation, which

will have negative effect on them. Mobile structures will be
hard to locate and monitor, reducing the possibility to derive
intervention results. This criterion has medium indirect effect
to project viability. High importance — weight 4 is given.

7. Provide structures with surface and structure 2 Introducing gradient conditions (varied waterflow, different
complexity to cater the needs of benthic and epibenthic types of substrates) can have positive effects on marine
species living in hard-substrate habits. Provide gaps, biodiversity. Introducing these additional gradients is a
cracks, and holes to increase the surface area / volume nice-to-have, because flat oyster shells will already provide
ratio. a suitable environment for a wide variety of marine species.

This criterion has indirect effect to marine biodiversity. Low
importance — weight 2 is given.

Handling and deployment: Designed structures may improve or hamper the efficiency of oyster handling operations from the hatchery

up until deployment to the seafloor. This directly affects the operational costs, hence, scalability of the design.

Criterion Weight Explanation
8. Structures should require minimal human caretofallto | 4 If successful structure deployment requires a lot of human
the right position on the seabed and secure themselves. time and effort (for example, diving), the deployment time

costs increase which hamper intervention scalability. This
criterion has direct effect to scalability. High importance —
weight 4 is given.

9. Structures (or pre-assembled parts) should be 2 Several operations in the system (spat preparation for
lightweight enough to be handled by 1 or 2 people. transportation or deployment) usually incorporate manual
work. If heavy assembly can be divided into more lightweight
parts which can be handled manually, it can be counted as
lightweight. If structures (or their parts) are too heavy to

lift, additional equipment will need to fit into the hatchery
and a vessel, or the task will be divided into several

manual operations. This criterion has an indirect effect on
deployment time. Low importance — weight 2 is given.
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Table 4: Design criteria sorted in 4 categories, each criterion
importance expressed in weight with argumentation.

10. Structures should be integrated into the hatchery.

If structures are integrated into the hatchery pools, spat will
settle on them directly. Having spat already in the structure
will reduce the times shells will be handled roughly, thus,
reducing spat mortality. Direct effect on oyster mortality.
Medium importance — weight 3 is given.

11. It should be possible to locate the oyster structures.

Possibility to locate plays an important role after first
deployment operations. To get a self-sufficient population,
oysters should be deployed at the same place 3 yearsin a
row and it should be possible to locate the structures for
monitoring reasons. Small and mobile structures are hard to
locate. If they are larger and do not move with currents, they
are easier to locate. Low importance because partially solved
by criterion 6 — weight 2 is given.

once they are deployed.

12. There should be a no need to retrieve the structures 4

If structures need to be retrieved due to their material
composition (not naturally occurring, non-degradable),
another expensive offshore operation would be needed,
which would double the operational costs and severely
hamper the viability of the restoration project. High
importance — weight 4 is given.

2.5 Current approaches

Multiple approaches to oyster reef regeneration

are being tested out around the World, with
some being highly successful in one place and
completely ineffective in another. To better

understand the main strengths and weaknesses
of these approaches, interview with an expert
from ARK was arranged, after which they were
evaluated using the matrix (Figure 29). Current
solution evaluations can be found in Figure 30,
detailed solution evaluation can be found after.

Evaluation matrix

Low price

Minimal
need to
retrieve

Possibility
to locate

Integration into

the hatchery

Fast deployment

Withstanding
- bottom currents

Lightweight Minimal care to fall

Protection from
sedimentation

Protection from
predation

Effective

waterflow

Micro-habitats
Broader ecological
success

in right position

Figure 29: Evaluation matrix reflecting the design criteria and their weights. Design is evaluated according to each criteria: 1 — Not
accomplished, 2 — Partially accomplished, 3 - Average, 4 - Mostly accomplished, 5 - Fully accomplished.
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Figure 30: Current solutions evaluated with the matrix. A) - just throwing spat on shell into the water, B) - Spat on shell in plastic oyster boxes

in metal frame, C) - ‘Oyster cradles’ with

branches, D) - 3D printed reefs, E) Reef balls.
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A) Just throwing adult oysters or spat on shell
overboard (Figure 30 — A). Spat on shell can be
packed into large containers on a ship and just
thrown out into the sea. With no additional
materials required, deployment can be easily
streamlined to large deployment scale. This
approach is proven to work in other parts of the
World where empty shells and spat on shell is
deployed in massive scales (NOAA, 2021; Bruce

etal., 2021), but due to limited supply of Flat
Oysters and current legal restrictions in the
Dutch maritime zone (deploying large amount
of hard substrate such as rock is not allowed),
this approach has limited effectiveness in the
Dutch waters. When it comes to oyster survival
and broader ecological success, this approach
underperforms extensively. Separate oysters
will drift away and get lost with no possibility to

monitor their growth and intervention success.
More detailed evaluation is in Table 5.

Table 5: Solution A evaluation per criteria and explanation.

Criteria Pc.Jints Explanation
given

1. Protection from Sedimentation 1 Once the loose young oysters are deployed on the seabed, they are not protected from
predators, such as crabs or starfish.

2. Protection from predation 1 Not raised from the seafloor, , each shell can get sedimented very quickly.

3. Effective waterflow 2 If the shell gets sedimented, it will be blocked from the waterflow as well.

4. Low price 5 No additional materials required, except spat on shell. Easy deployment procedure
without additional equipment.

5. Fast deployment 5 Easy and fast deployment method — just throwing out loads of spat on shell into the
water.

6. Withstanding bottom currents 3 Lightweight shells will drift away easily but may become more stable once more shells
are clustered together or get sedimented.

7. Micro-habitats 3 Many shells may create some gradient conditions for other species.

8. Minimal care to fall to the right 5 Shells are just thrown out into the water.

position

9. Lightweight 5 Shells are lightweight and can be handled by people or machines.

10. Integration into the hatchery 5 Shells are most easily integrated into the hatchery.

11. Possibility to locate 1 Almost impossible to locate because shells drift away easily.

12. Minimal need to retrieve 5 No need (and no possibility) to retrieve because shells are naturally occurring in the sea.

B) Spat on shell or adult oysters in enclosed

has ended. Oyster basket holes are too small,

plastic cages on a metal frame (Figure 30 — B).
Polypropylene oyster baskets attached to the
steel frame. Incorporating a non-degradable

they will get blocked by algal growth and sand,
which will eventually block the waterflow and
suffocate the oyster inside. More detailed

plastic already introduces the requirement to

evaluation can be found in Table 6.

retrieve these structures after the legal period

Table 6: Solution B evaluation per criteria and explanation.

Poi
Criteria c.nnts Explanation
given
1. Protection from 2 Oysters are raised from the seafloor, but oyster basket holes are very small and susceptible
Sedimentation to getting blocked by sand quickly.
2. Protection from predation 5 Oyster baskets have small holes which will not allow crabs or starfish to reach young oysters.
3. Effective waterflow 2 Small oyster basket holes can get sedimented and overgrown by algae quickly which will
block the waterflow.
4. Low price 3 Mostly standard parts, spot welded steel frame is the most expensive part.
5. Fast deployment 1 Deployment process is very slow, because crane is used for deployment. Additional safety
protocols slow the process further.
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6. Withstanding bottom 5 Structures are heavy and will withstand high waterflow. Legs can dig into the sand and

currents stabilize the structure further.

7. Micro-habitats 3 Introduces some material and waterflow variety to the marine environment. Some marine

animals may end up trapped inside the oyster baskets.

8. Minimal care to fall to the 2 For each structure the crane must be used to put it in the upright position on the seafloor.

right position

9. Lightweight Baskets with oysters are lightweight, can be easily carried and assembled to the steel frame.

10. Integration into the 4 Baskets with oysters can be easily integrated into the hatchery. However, a ot of spat might

hatchery settle on the outside basket walls.

11. Possibility to locate 4 Once deployed, structures will not move and can be easily located.

12. Minimal need to retrieve Obligatory to retrieve because oyster baskets are made of polypropylene which is not

biodegradable and can pollute the sea.

C) ‘Oyster cradle’ metal mesh on branches but the assembly might not be strong enough
(Figure 30 — C). Structures are made of to withstand high waterflow, with oysters
naturally occurring or biodegradable materials: ending up on the seafloor. Deployment is
oyster shells, steel mesh and willow branches time consuming and labour-intensive, thus
so they can be left on the seabed to degrade inhibiting scalability possibilities. More detailed
without needing to retrieve them. Solution evaluation can be found in Table 7.

offers an effective protection from predation,

Table 7: Solution C evaluation per criteria and explanation.

Points

Criteria . Explanation
given

1. Protection from 3 Oysters are lifted from the seafloor, but some assemblies are not strong enough and the

Sedimentation oyster bag can fall directly on the seabed.

2. Protection from predation 4 Many oyster shells are packed together, making it harder from predators to reach young
oysters

3. Effective waterflow 3 If oyster cradle falls on the seafloor and get sedimented, the effective waterflow is reduced
as well.

4. Low price 4 Relatively low price due to materials which are not expensive: oyster shells, steel mesh and
willow branches.

5. Fast deployment 2 Deployment process is slow and labour-intensive: slow unit assembly, each unit needs to be
deployed separately.

6. Withstanding bottom 2 According to experts from ARK, the structures deployed in the nearshore were not stable

currents enough to withstand the high waterflow and ended up being severely damaged after the
storm. (Note: nearshore water currents can get much stronger than in the deeper levels of
the sea.)

7. Micro-habitats 3 Packed oyster shells can offer a wide variety of gaps for local biota to live in. Some material
and waterflow variety.

8. Minimal care to fall to the 3 Each structure is manually deployed (thrown overboard) to ensure that it falls in proper

right position position.

9. Lightweight 4 Packed shells may be heavier but still can be carried by 1 or 2 persons.

10. Integration into the Oyster cradles are relatively small, can be easily integrated into the hatchery. However, if

hatchery galvanized steel mesh is used, spat on shell will not settle in these cradles.

11. Possibility to locate 3 Structures are small and can be washed away in strong storm events. This makes them
harder to locate.

12. Minimal need to retrieve 5 Made of naturally occurring (oyster shell, willow branches) or biodegradable materials (steel)

that can be left to degrade.
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D) 3D printed reefs (Figure 30 — D). 3D printed
from sandstone, high surface complexity
introduces numerous micro-habitats for
various species. However, it is impossible to
deploy a high number of oysters vwith these
structures, because each oyster has to be glued
to the structure manually. Current approach is
to glue oysters with epoxy, but this will pollute

the sea with a non-degradable material.

Table 8: Solution D evaluation per criteria and explanation.

Further, structures offer no protection from
predation because they are open and easily
accessible for crabs or starfish, hence the
survival is going to be very low. Due to the
weight and manufacturing approach, the price
can go up to 1500 euros per unit, and the
whole deployment process is extremely slow,
making the whole solution almost impossible
to scale up. More detailed evaluation can be
found in Table 8.

Criteria I;?\IIZ:IS Explanation

1. Protection from 5 Structures can raise the oysters high enough to avoid sedimentation.

Sedimentation

2. Protection from predation 1 No protection, because starfish and crabs can easily climb the structures and get to the
attached oysters.

3. Effective waterflow 5 Many large holes are incorporated which channel the waterflow.

4. Low price 1 3D printing from sandstone results in high price. Heavy structures make the transportation
and deployment costs expensive.

5. Fast deployment 1 Deployment process is slow because each structure needs to be lifted carefully with a crane.
Due to large weight and equipment used, additional safety protocols need to be followed
which slow the process down.

6. Withstanding bottom 5 Structures are heavy and can withstand high waterflows

currents

7. Micro-habitats 5 Shape is highly varied, with many holes and bumps. Structures introduce a wide variety of
waterflow speeds and places for other species to hide.

8. Minimal care to fall to the 1 Extreme care has to be taken due to safety protocols while operating the crane and lifting

right position these heavy structures.

9. Lightweight 1 Heavy structures (200 — 550 kg) can only be lifted with heavy duty equipment.

10. Integration into the 1 Large and heavy structure — impossible to integrate into the hatchery.

hatchery

11. Possibility to locate 4 Easy to locate. Harder to attach location sensors if needed.

12. Minimal need to retrieve Sandstone is a naturally occurring material. Therefore, the structure can be left to degrade on
the seafloor.
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E) Reef balls (Figure 30 — E). Designed as an
effective breakwater system, these reef balls
facilitate biodiversity by incorporating cavities
all over the structure which are perfect for
predatory fish and other biota. However, if
used for oyster reef regeneration where oyster
larvae numbers are low or non-existent, reef
balls share similar drawbacks to 3D printed

reefs: expensive to make and deploy, offer no
protection from predation, and a very limited
amount of oysters that can be deployed with
one structure. In addition, they are made of
concrete which according to Dutch legislation
must be taken out after the legal permit period
has ended. More detailed evaluation can be
found in Table 9.

Table 9: Solution E evaluation per criteria and explanation.

Criteria I;?"I::‘s Explanation

1. Protection from 5 Structures can raise the oysters high enough to avoid sedimentation.

Sedimentation

2. Protection from predation 1 No protection, because starfish and crabs can easily climb the structures and get to the
attached oysters.

3. Effective waterflow 5 Many large holes are incorporated which channel the waterflow.

4. Low price 1 One standard reef ball of 1 m height is moulded from 1350 kg of concrete. Oysters need to
be manually glued to the surface.

5. Fast deployment 1 Deployment process is slow - each structure needs to be lifted carefully with a crane. Due
to large weight and equipment used, additional safety protocols need to be followed which
slow the process down.

6. Withstanding bottom 5 Deigned to act as a breakwater, structures are heavy and can withstand very high water

currents currents.

7. Micro-habitats 5 Cavity inside the reef ball acts as good refuge for many types of fish. Rough outside texture
allows organisms to cling and grow on the surface.

8. Minimal care to fall to the 1 Extreme care has to be taken due to safety protocols while operating the crane and lifting

right position these heavy structures.

9. Lightweight 1 Heavy structures (1350 kg) can only be lifted with heavy duty equipment.

10. Integration into the 1 Large and heavy structure — impossible to integrate into the hatchery.

hatchery

11. Possibility to locate 5 Structures are large and stable - easy to locate.

12. Minimal need to retrieve 1 Structure is made of concrete which is not a naturally occurring material and degrades very

slow. According to Dutch legislation it must be taken out after the legal permit period has
ended.

Conclusion

The effectiveness of the solution mainly depends
on 2 categories (“Oyster survival” and Scalability”)
all 5 criteria equally important. Solutions B,

D, E partially address the oyster survival but
underperform in scalability: manufacturing is
expensive, deployment is slow and, therefore,

expensive. Solution A performs well in scalability
but does not address oyster survivability. Only
solution C shows better performance in terms of
oyster survival, but multiple scalability challenges
were highlighted. Overall, scalability challenges
seem to persist in the current solution space and
are interesting to explore in this project, while
improving oyster survival at the same time.
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CHAPTER 3:
DESIGN DIRECTION

Sea anemones (Actiniaria) - inspiration
for one of the design directions.




3.1 Methodology

Insights from Chapters 1 and 2 were translated

to design by exploring possible design directions.
Idea generation was guided by the Whole System
Mapping method. The system map of the current
approach (Chapter 2, Figure 28) was used as

the basis to brainstorm new ideas on how to
address oyster protection, scalability, and stability
on the seabed (Figure 31). In addition, several
possibilities were explored to reduce the steps in
the System.

During the brainstorming session, several
questions have been highlighted (Figure 31, in
orange), and three of them were used as prompts
to research nature strategies using Biomimicry:
challenge to biology method. Prompts were
formulated as: “How does nature stabilize itself?”,

Figure 31: One of the brainstorms done on the system map with
highlighted questions acting as possible prompts for further
research and inspiration using Biomimicry method.
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“How does nature provide varied environment?”,
“How does nature protect itself?”. For the
guestions, nature strategies were collected from
Asknature.org. In addition, desk research was
conducted to find whether and how these nature
strategies are applied in design for restoration
projects.

These insights have been translated into new
ideas and low-fidelity prototypes (sketches, clay
models) which were evaluated during the weekly
meetings with experts from ARK and bi-weekly
meetings with design experts. According to the
feedback, two promising design directions were
highlighted, which were tested using more defined
prototypes (3D printed scale models, and models
from prospective materials). Both directions

were evaluated using design criteria described in
Chapter 2 and summarized in the Decision Matrix.
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3.2 Biomimicry to design

Multiple nature strategies have inspired two
different design directions (Figure 33). More
detailed design direction exploration is described
in Appendix A.

Nature strategies for protection were found by
looking at the actual oyster reef: by clustering
together, oyster shells create numerous gaps,
cracks and crevices which provide shelter for
young oysters to grow by making it harder for
predators to access these small gaps.

For stabilisation on the seafloor, few marine
organisms have found interesting ways to adapt.
For example, the Sand Dollar can have multiple
holes in its body which channel the water through
them and reduce waterflow pressure. Anemone,
on the other hand, has provided inspiration for

its torus-shaped upper part, which can adapt and

stay stabilized in currents from different directions.
For providing variety, inspiration was taken from
the same shellfish reef ecosystem: by clustering
many individuals together, numerous varied
shapes and irregular surfaces are created, which

in turn provide a varied environment for other
marine species. Creating a cluster from multiple
units seemed to be an effective idea to stabilize
the structures in waterflow as well as provide
more variety (Figure 32).

Figure 32: Cluster idea from the first iteration: separate units
forming a cluster.

How does nature...

...protect itself?
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I 7 §
Pacific Oyster reef anemone
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Oyster reef

Shells bound with a medium

Shells bound with external structure

Figure 33: How separate nature strategies impacted two different design directions.
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Translating biology to design: two main
directions

With the insights from Context Analysis (Chapter
2) and Biomimicry, it was clear that working with
empty shells seems to be a promising direction.
Firstly, oyster shells and their shape are already
highly irregular introducing the needed variety to
the structure design. Secondly, using empty oyster
shells as a waste source from restaurants reduces
the need for virgin materials and returns useful
nutrients back into the sea. Therefore, it was
chosen to use oyster shells as a medium for the
design. There are multiple ways the shells could
make these structures, the main design directions
were categorized between “Shells bound with

a medium” and “Shells bound with external
structure”.

3.3 Shells bound with a medium

For this direction, the task was to mimic the
oyster reef structure and find ways to glue oysters
back together into a desired shape. Inspiration
from Nature strategies (see Figure 32) has been

translated into design in multiple ways. Torus
shapes (Figure 34), inspired by Actinia provide
good stability on the surface because even if
they fall on any edge, they will eventually drop
on one of the two major sides. Using them as
modules to make a cluster could offer even more
surface variety if structures fall slightly on each
other (Figure 34). High surface area/volume ratio,
crenelations and sharp edges provide an effective
surface for oyster spat settlement and protection
against predation. Incorporated holes (inspired by
the Sand Dollar strategy (Figure 32)) allow some
water to go through and act as pressure-drainage
places making the structure more stable against
the water currents.

Material

For the shell binder, materials with calcium such
as gypsum, chalk or limestone have proven to

be very useful for oyster formation and growth,
because calcium carbonate is one of their main
shell-building materials (Yoon et al., 2003). BESE-
reef paste comprises 80% ground shells and 20%
bio-based binding additives (BESE products, 2021),
it was tested out as a possible binder for empty

Figure 34: Design process from an idea to scale prototype and material testing.



Dimmensions:
d=22cm
h=8 cm

Weight before applying Weight after applying Weight dry
paste: 0,695 kg paste: 1,562 kg sample: 1,370 kg
Oct 27th: Paste Oct 31st: Sample is still in the Nov 7th: Sample is dry, structure is strong Nov 22nd: Sample shattered into
— e
mixed with shells process of setting, brittle. enough to be taken out of the bowl. small pieces after moving it.

Figure 35: Sample A weight and test timeline.

oyster shells. The test has shown that while the To solve challenges related to the deployment
material composition seems to be beneficial of ARK’s model (Chapter 2, Table 7), new design
for benthic growth, the binding material is too possibilities were explored:

heavy and too brittle (Figure 35) to fulfil design
requirements for handling this type of design
during offshore deployment. Weight could be
decreased by adding more shells to the structure,
but this would further increase the brittleness. By be further automatized. The inspiration comes

using reef paste in this way, the concept runs into from the technique used to catch lobsters in the
the inevitable limitations of calcium carbonate- North Sea (Figure 37)

based materials being heavy and brittle.

1. Connected units: by connecting the units either
in a row or in a cluster and deploying them all
at once, deployment time is drastically reduced,
less manual labour is needed, and the system can

2. Limiting rotation axes: When units are

. connected in a row (Figure 38) and pulled from
3.4 ShEllS bound with external the deck of a moving ship to the seafloor, they
structure will rotate mostly around the longitudinal axis
when falling onto the seafloor. Lateral and
vertical rotations are minimized due to the
tension between the pulled units. Therefore,
only the longitudinal axis needs to be considered
when designing support structures to raise the
unit from the seafloor.

The second direction was inspired by the current
approaches from ARK, other reef restoration
organizations and oyster farms, where young spat
on shell are put into oyster crates or steel mesh
boxes (Figure 36).

Figure 36: One of the prototypes developed by ARK using metal Figure 37: deploying cages to catch lobsters. All cages are

wire mesh to pack empty oyster shells. Photo credits: Ernst Schrijver connected in a rope and deployed in a row.
Ark Rewilding Nederland Photo credits: Wiron de Beleyr
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Figure 38: When units are connected in a row and pulled towards
the seafloor, they will rotate mostly on the longitudinal axis. Other
rotations are minimized.

3. Sliding: If the units would be deployed in a row,
pointed legs from the current design would
increase the friction on the deck surface and
could break off when being pulled. Instead,

a support structure could facilitate sliding on
deck, similar to a sleigh (Figure 39).

Designed structure (Figure 40) functions in any
longitudinal rotation position — no matter how
much cradles will rotate around the longitudinal
axis before falling onto the seabed, the supports
will always raise them 200mm above the seafloor.
Assembly is made easier due to the interlocking
part between the support frames. The shape of
the supports facilitates sliding: a bent outline
distributes the compression stress more uniformly
and does not block the sliding movement if any
surface irregularities or bumps are met along the
way. The inner wing surface was cut out to mimic

Figure 39: Different support legs can impede or facilitate sliding on
the surface.

the sand dollar strategy to better withstand the
waterflow and minimize the weight.

Material

The materials used for the oyster crates vary:
oyster farmers often use baskets made of
polypropylene for off-bottom farming, and oyster
restoration projects sometimes use steel mesh
(Figure 36) because carbon steel comprises non-
toxic elements of carbon and iron. However, these
meshes are usually galvanized (coated with a layer
of zinc) to protect the mesh from corrosion and
increased concentrations of Zinc or Zinc Oxides
can negatively affect various marine organisms
(Sarker et al., 2021; Yung et al., 2014). Therefore,
if the steel mesh would be used in the new design,
it should be a bare carbon steel mesh without any
corrosion protection layers.

Figure 40: Design process from an idea to a 1:10 scale prototype.



3.5 Evaluation

Two design directions have been explored on an
abstract level: Direction 1 - “Shells bound with

a medium” and Direction 2 - “Shells bound with
external structure”. Testing the concepts with scale
models has enabled to gather rich insights which
were used for design direction comparison against
predefined design criteria (Chapter 2, Table 3).
Design evaluations are discussed below and
illustrated with a Decision matrix (Figure 41) - the
final part of the Whole Systems Mapping method.

e Oyster survival: If the shells are bound
with external mesh material (Direction 2),
the structure will be more lightweight than
the shells with a calcific binder between
them. Therefore, the structures might be
raised from the seafloor more efficiently
to avoid sedimentation. Direction 1 might
get sedimented more quickly because it
sits directly on the seafloor. Both directions
employ the same nature strategy of
incorporating numerous gaps, cracks, and
crevices to protect oysters from predation,
direction 2 protection is improved further with
the external mesh. Both directions would let
enough water through the oysters.

e Scalability: Current state of art for direction 1
would underperform in scalability: structures

are brittle and heavy, and have to be handled
with great care, thus, slowing down the
deployment; current binding material is
produced only with one supplier, which

can have price or manufacturing reliability
challenges. The current state of direction 2
has challenges with scalability as well, but
both the deployment process and price can be
improved further with more design iterations.

Broader ecological success: Direction

1 performs better due to the material
composition (natural, biodegradable, calcific)
which can facilitate benthic growth, and
structures would be stable on the seafloor.
Direction 2 in this case might have more
challenges withstanding bottom currents
because it is more lightweight and raised from
the seafloor, also material composition may be
less favourable in comparison to direction 1.

Deployment and handling: Direction 1
underperforms in most design criteria because
of its weight and brittleness: it would be
challenging to integrate them into the hatchery
pools, transport them and handle them in an
offshore environment without breaking these
structures. Once deployed, structures sit on
the seafloor and start to degrade, so there is
no need to retrieve them, but it will also be

Shells bodnd

Shells bound

Objective Weight with a with external
medium structure
Protection from sedimentation 5 BV
Protection from predation 5 3 4
Effective water flow 5 5 4
Low price 5 1 1
Fast deployment 5 1 2
Withstanding bottom currents 4 5 3
Micro-habitats 2 5 3
Minimal care to fall in right position 4 5 5
Lightweight (pre-assembly) 2 1 3
Integration into the hatchery 3 2 3
Possibility to locate 2 2 3
Minimal need to retrieve 4 5 4
Total Score 142 155

Figure 41: Evaluations reflected by scores in the decision matrix show that the design direction “Shells
with external structure” may have more potential in this use case.
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more challenging to locate these structures once
they degrade into pieces. Direction 2 performs
better: structures are more lightweight, and it is
easier to integrate them into the hatchery. They
will also degrade more slowly and can be located
easier, but further ideation is needed to ensure
that materials will be suitable to be left to degrade
on the seafloor.

Due to the superior qualities in scalability,
structural integrity and oyster protection, direction
2 was chosen to be further iterated. Further
iterations in this direction should retain the points
of attention:

e Scalability: Further improvements on the sup-
port structures should focus on minimizing the
assembly times and use of material to reduce
production and deployment costs.

e Non-toxic: The design should ensure that the
structures are non-toxic to marine life and can
be left on the seafloor permanently without
causing damage.

e Oyster protection: Choosing suitable mesh
material that would keep the shells together
and would biodegrade after 1 to 2 years.
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CHAPTER 4.
CONCEPT EXPLORATION

4.1 Whole System Mapping

4.2 Concept exploration

4.3 Testing

4.4 Advantages & disadvantages

4.5 Final evaluation

Testing one of the concepts in
small scale deployment test.




With chosen direction and insights, further
iteration explored several conceptual designs.

The ideation began with a new system map,
followed by different concept explorations, and was
finished with an evaluation according to the design
requirements. The evaluation was summarized in
the decision matrix and the iteration was finalized
by choosing one concept to be developed further
in the final design phase. In this chapter, several
concepts are discussed which were marked in
Figure 42, other concepts or interim results are
described in Appendix B.

4.1 Whole System Mapping

The current list of criteria (Chapter 2, Table 3) is
very extensive, this could lead to a design fixation
or very incremental improvements in the design.
Therefore, for this iteration, it was chosen to take
four important design criteria and add others
during the Whole System Mapping evaluation
phase at the end of this iteration. During the
current solution evaluation (Chapter 2) it was
noticed that scalability while ensuring effective
oyster survival is the biggest challenge.

4 design criteria were chosen from the list to
reflect this priority and explore the idea space
which would facilitate better scalability and oyster
survival.

Priority design criteria for this iteration:

e Structures should be low in price for
production, assembly, and deployment.

¢ |t should be possible to deploy high volumes
of oysters in a short amount of time.

e Structures should protect oysters from sand
mega-ripples of at least 20 cm in height.

e Structures should be designed to protect
juvenile oysters from predation (crabs and
starfish).

With these criteria in mind, the main question for
the whole system mapping is formulated as:

After having critical design requirements and design
guestions defined, brainstorming on the system
map took place (Figure 43). The base of the system
map was kept the same as in (Chapter 2, Figure 28),
different colours were used to mark which system
part the ideas belong to.

“How can we make the structures scalable

in terms of price and time for deployment
without compromising the structure’s ability to
protect young oysters from sedimentation and
predation?”

Figure 42: Design exploration and chosen concept direction. Concepts which will be discussed in this chapter are marked with a blue dot.



Figure 43: Brainstorm on the system map. on the right: a detail of
different idea variations.
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Most brainstormed ideas were related to the
deployment part because most scalability
challenges arise there, nevertheless, brainstorming
also covered other system parts, such as: finding
different ways of how structures could be put into
water tanks in the hatchery where spat settlement
takes place or finding different ways how units
could be deployed —in a row, in pairs, with a crane

or a roll-out mechanism or by sliding from the deck.

Ways to eliminate steps in the system: structures
which would be put into the hatchery where larvae
settle straight on them. In addition, the mortality
of spat on shell is reduced by avoiding transferring
them into another structure. Some ideas had a
chain effect: For example, the gabion with support
structures would be used to raise the oysters from
the ground, can the structure be simplified to
reduce manufacturing steps? Can the material use
be reduced to half?

During the iterative brainstorming, several ideas
have emerged:

e The gabion model, similar to the first iteration
but with support structures rotated to secure
the gabion walls instead of the corners, which
could save material and manufacturing costs
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and reduce steps for assembly. Units could be
connected in a row, one by one, or in a net
setup (one unit connected to two to one) and
an anchor could be used to pull the row into the
water.

e QOyster nets, which could be used to form a
chain of pouches with support frames mounted
between every element or around each
element.

e Oyster nets with unfolding support structures
which could be folded when the units are
transported to the sea and would unfold just
before being deployed to the sea. This saves
valuable space during transportation and
deployment can be automated more efficiently.

Due to a current high abstraction level, it was

hard to estimate which concept would satisfy the
design criteria best, therefore, these ideas were
further elaborated by prototyping (3D printed scale
models, high-fidelity real scale models) to gather
more insights. These ideas were later evaluated

on the full list of design criteria (Chapter 2, Table

3) and summarized in a Decision matrix, which is
presented at the end of this chapter (Figure 78).



4.2 Concept exploration

4.2.1 Concepts with oyster nets

Many restoration projects use oyster nets to
form living shoreline protection or to introduce
oysters to the deeper waters. Usually, these
oyster shell bags are made from aquaculture-
grade polyethylene and add to an already severe
plastic pollution problem (Walters et al., 2022;
Nitsch et al., 2021). Approaches which use these
polyethylene nets have become increasingly
criticised, and biodegradable alternatives are
being developed. One of them is the same type
of bag (Figure 44) made from biopolymer which is
expected to degrade in 3-10 years depending on
environmental conditions (BESE products, 2022).

Bags are an efficient way to concentrate oysters
together and can be formed into a continuous
chain by simply introducing knots in between a
certain number of shells (Figure 45). Formation

of these chains could be automated, and after
being filled with empty oyster shells they could be
put straight into the hatchery’s pools where spat
would fall. When deployed to the North Sea, these
bags still need to be raised from the seafloor to
limit oyster mortality.

For support design, the main question was

how to save space in the hatchery and during
transportation phases but provide large enough
supports to lift the bags from the seafloor when
they are deployed. To facilitate this, designed
frames should be attached to the chain or unfold
right before the chain is deployed to the sea.

Figure 45: possibility to make several units filled with oyster shells out of one continuous biodegradable net.



Oyster nets with rigid frames

After multiple frame design iterations and tests
(for intermediate results, see Appendix B) a final
small-scale prototype was developed to secure
onto the oyster bags and raise them: with a
toothed inner contour the frame can grab and
secure onto the oyster bags tight and probability
of frame sliding off is reduced; inside the frame,
patterned infill adds more strength while retaining
a lightweight construction. When each bag is filled
with oysters, it becomes less flexible and can offer
a more stable basis for the frame. In addition,
when on the seafloor, the raised bags would
remain straight without falling on one of the sides
because each bag is pulled and tensed by other
bags.

Figure 47: Prototype for the unfolding frame. Left - the frame is winded up around the oyster bag, right - once the mechanism is pulled, it

Oyster nets with unfolding frames

Instead of the necessity to attach the frame
manually right before deployment, the frame
could unfold automatically when it is needed.

By mimicking the basic clicking pen mechanism
(Figure 48) it is possible to twist the frame around
the oyster bag and lock it (Figure 47). A frame will
unfold automatically when pull force is applied to
the ends of the bag (Figure 47). The bags with a
winded-up frame would be stored in a roll to save
space. When a chain of these bags is unrolled
into the water, every few seconds the roll would
stop and certain bags’ edges would be pulled due
to inertia. The pull then would release the lock
mechanism, and the frame would unfold right
before entering the water. In this way, no active
human intervention would be needed during the
deployment.

releases the frame and it unfolds like a spring.



Figure 48: 3D model of the wind-up lock which mimics a common click pen mechanism. It is possible to twist and wind up the frame in one
direction, but the frame cannot unfold because the ladder is blocking a rotation to the opposite side. The lock can only be released when the
head (on the right) is pulled away from the groove (on the left).

4.2.2 Concepts with gabion baskets

As an external structure holding the oyster
together, gabions made of steel mesh are
integrated in several different design directions.
Gabion baskets are already used in the oyster reef
and shoreline restoration projects due to their
structural strength (Walters et al., 2022; EcoShape,
2020). If exposed to the environment, steel mesh
is prone to erosion, which, in this project, is a
desirable outcome because it will give grown
oysters more space to grow. According to the
ergonomic and technical requirements, gabion
measurements can be adjusted. For this support

design iteration gabion size of 400x400x800 mm
was chosen due to optimal size while handling and
minimizing the use of steel per oyster batch.

Supports offer a range of other functions: they
provide more structural integrity for the gabion
basket during the deployment, position the
basket in a preferred position on the seafloor, and
stabilize the structure against the water currents.
For the support design, the main goals included
minimizing the material use and reducing the
costs of manufacturing while maintaining the
aforementioned functions.

Figure 49: gabion baskets used for oyster reef restoration. Image credit: EnZar (n.d.)
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Gabion basket with supports

The support design for this iteration secures onto
the walls instead of the corners (Chapter 3, Figure
40) and rotates the gabion 90 degrees in a diamond
position. Once deployed on the seafloor, the
gabion would sit on one of its edges (Figure 50),

so supports need to be added only on one side to
guide this position. To minimize material use for
the supports, the topographic optimization method
was used with a 2D TopOpt app (DTU & Aage,
2020). In addition, this one-sided design reduces
steps in assembly and can save deployment time on
a ship deck. Structures can be connected in a row,
which is attached to the anchor and deployed all in
one go (Figure 51, Figure 52).

Compared to the concept with corner supports
(Figure 53) material use is drastically reduced:

this design uses 68% less material with fewer
manufacturing steps and easier, faster assembly.
However, one of the gabion’s edges will be touching
the seafloor, so some oysters would get sedimented
and suffocate. For theoretical sedimentation impact
calculation, it was considered that oysters which
are at least 20cm above the seafloor will survive,
and the ones which are less than 20cm above the
seafloor will be lost, because of the sand mega-
ripples described in the design criteria. According
to this calculation, when gabion is in a diamond
position with one of its edges touching the seafloor,
20% of oysters would be sedimented and lost.
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Figure 50: Design with supports on one side.

Figure 51: Connection between two units.

Figure 52: Units connected in a row, while testing deployment
arrangements.
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Figure 53: Comparison of support structure designs: on the left - design from the first iteration, on the right - structure from the fourth iteration.



Two gabions between CNC frames

There is also a possibility to connect the two
gabions together on the edge to make a double
diamond shape (Figure 54). Because the middle
edge connection already holds gabions in desired
diamond position, the support structures can be
designed to raise the gabions more efficiently
and save more oysters from getting sedimented.
One of the possibilities is to use a support frame
which would raise the gabions from two sides and
ensure that the whole structure falls or tilts on
those desired sides. Due to their geometry, the
frames can be cut from solid wood planks using
CNC machinery. The top and bottom frames are
identical, making them easier to manufacture and
assemble. By implementing grooves and bumps
on the support parts, the gabions are secured
from sliding off the structure in all directions
(Figure 54, Figure 55).

Assembly is quick and simple: firstly, the

bottom frame is assembled from 4 parts. Then
two gabions are placed into the designated
grooves and connected together. The top frame
is assembled and put on top. All structure is
secured from two sides with jute lashings and
clam buckles. The assembly is then connected to
another unit and the row is formed.

200

a)

The unit may fall in two positions: upright —in
that case 97,7% of oysters are above the 20cm
sedimentation line, and sideways — 79,7% of
oysters are above the sedimentation line (Figure
56). Further testing should be done to determine
what is the possibility the structure lands
sideways.

Figure 54: Gabions are secured /with grooves and bumps to stay in
place.

Figure 55: Side view of the support leg.

b)

Figure 56: Positions of how a unit might fall: a - intended upright (97.7% oysters above the sedimentation line), b - sideways (79.9% of oysters
above the sedimentation line).
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Two Gabions between pallets

For a more standardized solution, half-euro pallets
or display pallets can be used as a base to raise the
gabions from the seafloor and provide structural
integrity during transportation (Figure 57). Different
types of euro pallets are used in many logistics
operations. They are designed to endure the rough
handling process, manufactured from solid wood
planks, the dimensions are on the agreed standard:
1200x800 cm - a euro pallet, 600x800 cm — half
euro pallet with maximum load capacity for half-
euro pallet being 500kg. Euro pallets have also
clearly defined treatment standard ISPM 15, with
treatment methods marked on the pallet (Figure
58) (HT — heat treated, DH - dielectric heating, MB —
methyl bromide fumigation). According to the ISPM
15, from 2015, the use of methyl bromide is phased
out for common application (Sela et al., 2017)

and in the EU, treatment with methyl bromide

is banned from 2010 due to negative impacts on
the environment (FEFPEB, 2012). Therefore, heat-
treated pallets are mostly used and would be
suitable for the marine environment because no
additional chemicals are added to the wood.

90 cm

Half-euro pallet size standard dimensions are
800x600 mm, therefore gabion dimensions need
to be adapted by making them wider but shorter
to fit on the pallet: 450x450x550 mm. The whole
assembly (Figure 57) is 1300x900x600 mm and
has a simple construction: two gabions being
sandwiched by two support structures, with
everything tightened together with a lashing.

Figure 57: One of the pallet designs, one unit assembly.

Figure 58: Markings indicating that the EPAL pallet is heat treated. (Image credit: Vigidas Pack, 2023).



4.3 Testing

During the prototyping phase, it was noted that
some of the outcomes were unknown for a few
interim or final concepts. The main unknowns
were:

e Qyster nets with support frames (interim
solution) — behaviour underwater, will the
interim frame solution provide attach efficiently
enough to not fall off?

Gabion basket with supports from one side
(interim solution) — behaviour underwater,
the probability of them falling into different
positions, and possible ways of deployment.

Gabions with pallets (final solution) — 2 design
ideas were tested out with full-scale prototypes
to evaluate their structural integrity.

For interim solutions, test results have been
translated to design improvements and final
concepts presented in Chapter 4.2. For the final
solution, the test results have impacted the choice
of one final design solution.

4.3.1 Testing oyster nets with support
frames

Multiple unknowns have emerged while
developing a frame design to support the oyster
nets. The interim solution was made and had a
clear and smooth inner ring (Figure 59), it was
unclear whether tensing these frames onto the
oyster bag will be enough to ensure they will
not fall off during deployment. Testing out the
prototype in an underwater environment would
provide much more valuable insights.

Testing & insights

A prototype (scale 1/10) was tested out in the lake
to see how it is affected by multiple deployments
into the water (Figure 60). The support structure
effectively raised the oyster bags from the sand
floor (Figure 61) but after a few additional drops,
some frames started to fall off and oyster bags
ended up on the sand floor (Figure 62).

Outcome

The test has shown that tightening the frame onto
the oyster bag with the inner ring is smooth, does
not provide enough grasp and the concept runs
into the risk that the frames will fall off once the
units hit the water. The final iteration was done

to improve the frame design which included a
toothed inner circle which grasps onto the oyster
bag much more effectively (Figure 46, right).

Figure 59: Interim solution for the “Oyster nets with support

frames” concept.
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Figure 60: Assembly is thrown into the lake water.

Figure 61: The frame stands upright and raises the bags from the floor.

Figure 62: Supports sliding off the oyster bags after multiple throws into the water.
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Figure 63: Comparison of the different positions of how the structure can fall on the seabed.

4.4.2 Gabion row with supports

While developing single gabion supports only on
one side, few unknowns have been noted. Firstly,
with one-sided support, the structure might fall in a
less desirable position with a front gabion edge and
one support structure touching the seafloor (Figure
63). It was calculated that this position would
increase the oyster loss: a 24% loss compared to
the desired position (80% of survival). Secondly,
several different unit arrangements were possible
on the deck (Figure 64) with varied rope lengths
between each unit. Testing included observations
about how often the units would fall in each
position.

Testing & insights

A test was planned with 1/10 scale models in the
lake with a foam sheet as a boat. Deployment of the
gabion model in several different arrangements and
different depths (40 cm and 75 cm) was done to see
how it impacts units’ fall position and determine
possible deployment challenges (Figure 65).

a) Arrangement: in a row

b) Arrangement: 1-2-1

Figure 64: Two types of arrangements have been tested.

Figure 65: Scale model deployment in 75cm depth. Models arranged in a row.



Sometimes structures fall into the “shark” position
which is undesirable (Only one support leg
touches the sand floor), see Figure 66. Usually,
units fall into the right position (Figure 67),
especially when the ropes are longer between the
modules. This gives more time for each module to
fall down, and its’ position is less affected by the
modules next to it. The negative side of a larger
distance is that with longer ropes, the chance of
entanglement is drastically increased. During one
of the deployment tests, the rope tangled with
one of the modules (Figure 68). Water currents
were mimicked with a kayak paddle, and it was
noticed that the structures rotate and stabilize in
the upright position (Figure 67).

Figure 66: Some units fall into the “shark” position (circled in red),
which is undesirable.

While testing out the different module
arrangements, one of the ARK experts mentioned
that rope loops on the ship deck need to be
avoided, due to safety concerns. This also applies
to the arrangement where modules are connected
inarowin1—-2-1 (Figure 69). Interestingly,
when units fall in this arrangement, they create
more gaps between each other where the
waterflow will be slower (Figure 70), which could
be beneficial for other benthic species.

Figure 68: One of the units got entangled in a rope.

Figure 67: One of the units is in an upright position with a rope connecting to another unit.



Figure 69: Units are arranged in a way that one unit connects to two, then one again.

Outcome

It was noted that longer distances can positively
impact the falling position but increase the
possibility of entanglement. This has led to
increasing the size of supports slightly in the final
version of this concept, so they would guide the
gabions to fall in the right position more effectively
and raise them more from the seabed.

Figure 70: Gap where the water current might be much slower,
allowing other organisms to grow.
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Figure 71: Two different design ideas for using pallets with the gabions. A — gabions with additional barriers, B — ghbbion's fitting ‘info the pallet
gaps.

4.4.3 Gabions on pallets — structural These additional structures allow various types of
integrity tests display pallets to be used in deployment, enabling

. L . . more opportunities for using used pallets.
Regarding the design iterations for gabions on PP & P

pallets, two possible design ideas have been

developed (Figure 71). Another design is simplified, where two smaller

70.41 gabions (400x400x440mm) are fit into the
gaps of the display pallet and another pallet is
added on the top (Figure 71, B). After everything
is tightened together with a rope around, gabions
are secured and cannot slide off from the pallets.
The structure is much simpler, but only certain
types of pallets can be used for the assembly
adding some challenges for sourcing used pallets
from various locations.

One with additional barriers screwed to the two
edges of a pallet (Figure 71, A), which can hold
two 108l (440x440x550mm) gabions in a double
diamond shape and prevent them from sliding
off. Barriers can rotate to flatten the pallet when
it is being transported, this saves space, improves
stacking, and reduces the probability of breaking.

/ \
A e R

Figure 72: Assembly A before the test. After oyster shells were added, gabions’ dimensions were distorted, and gabions became shorter. This
resulted in gabions sliding off one of the edges.
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Figure 73: Assembly A during the test. Assembly was knocked

down sideways to imitate an accident on the deck or the moment

when the unit hits the water gurche. Both gabions fall off the top
arriers.

Each concept had different advantages and
disadvantages, therefore, final testing with the
added weight of oyster shells was planned to
compare and evaluate structural integrity while
simulating stresses which could arise during the
handling and deployment phase.

Testing & insights

During the tests with added oyster shells, it was
clear that the design with additional barriers
introduced many challenges. Firstly, added oyster
shells distort gabion dimensions, they became
shorter than 550mm, easily slid off the barrier part
(Figure 72) and become unstable. To keep gabions
stable, the length of gabion baskets should be
increased but then empty gabions would not fit
into the assembly. Secondly, when the unit was
dropped to one of the sides (imitating an accident
on the deck or the moment when the unit hits the
water surface) (Figure 73), the whole assembly
was damaged, with gabion falling completely

off one of the barriers, revealing how fragile the
correct setup is. Thirdly, the impacts and stresses
were concentrated mostly on the gabion corners,
which led to them breaking in welded points,
revealing sharp metal wires, which would pose
safety concerns (Figure 74).

Conversely, the second design has performed
much better in terms of structural integrity and
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Figure 74: Design 1 after the test. It can be seen, that the corners
have been broken through mesh weldment points revealing sharp
wires.

handling. Firstly, smaller gabion sizes (70l) were
much easier to handle compared to 110l ones,
they are more lightweight and easier to carry by

2 people. Secondly, when gabions were fitted into
the gaps (Figure 75), the majority of the stress

for the mesh was divided more evenly on a larger
area and the corners (top and bottom) were more
protected. In addition, if the lashing is passed
through the gabion mesh, stress is also better
distributed in the mesh frame when the structure
needs to be tightened together. Lastly, the
assembly was rotated and flipped around multiple
times (Figure 76) after which neither assembly nor
the gabions were severely damaged (Figure 77).

<

Figure 75: Assembly B before the

test.



Figure 76: Assembly B during the test. Gabions stay securely placed
between the pallet gaps.

Outcome

This test has shown that a simplified assembly
does not only require fewer materials but also has
better structural integrity, which is a crucial point
for an offshore deployment environment, where
assembly and preparations will be done fast and
include the heavy weight of the oyster shells.
Therefore, Assembly B is a superior solution over
the design with barriers and will be chosen as the
final solution for this concept.

Table 10: 6 concepts. Their advantages and disadvantages.

3 %Y
L W

Figure 77: Assembly B after the test. No significant damages were
recorded.

4.4 Advantages & disadvantages

With multiple conceptualization and prototyping
iterations, each concept could be analyzed to find
their prospective advantages and disadvantages
from multiple perspectives: scalability,
manufacturing, possible deployment scenario,
and risk of sedimentation on the seafloor. Table 10
provides a summary of these findings.

Concept Advantages

Disadvantages

1. Oyster nets with a

rigid frame

grip and stability.

e Frames are lightweight and easy to assemble:
the frame is divided into two parts which
surround and squeeze the oyster bag. Teeth
introduced in the last iteration provide the best

o Efficient use of space: all frames can be stacked
on top of each other to save space during .
transportation. Without the frame, units with
oyster shells also are space efficient in the
hatchery or during transportation.

o Complicated and expensive frame manufacturing:
if frames would be laser cut, a lot of material would
be lost. If frames would be made from steel beams
and welded, the point welding and bending process
would be complicated, expensive and result in
heavy structures.

Frames inhibit sliding: due to their attachment
method, the frames are perpendicular to the sliding
direction of the whole oyster bag row. Therefore,
sliding this assembly from the deck would not be a
suitable method. Unrolling or specific deployment
structures would need to be built to facilitate easier
deployment.

o The hexagonal frame shape saves some material use
compared to the rectangular shape. However, the
assembly is less stable underwater and if currents
are perpendicular to the assembly row, it could start
rolling.

o Narrow frame edge can get buried in the sand
quickly. This will reduce the distance between the
bags and the sand floor but stabilize the structure
from rolling away.
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Advantages

Disadvantages

2. Oyster nets with

unfolding frames

o Idea has the potential to become a fully
automated oyster deployment solution with a
human intervention needed only to assemble the
frame ends and to check deployment procedure
quality. This would greatly improve deployment
speed.

e With most preparation work done on land, much
fewer personnel are needed on the vessel itself,
which will reduce deployment costs.

e Mechanism is complex and would be produced
with injection moulding, in the best case from
biodegradable plastic. Injection moulding
only makes sense in large-scale production.

For medium-scale production, the costs of
manufacturing would be too expensive to make it a
viable solution.

e Unclear how to manage the balance between
frame beam stiffness: the beams should be stiff
enough to raise the oyster bag from the sea floor,
but also flexible enough to be winded up around
it. In the current prototype, the beams are not stiff
enough to raise the structure from the surface but
can be twisted around quite easily.

o Large winded-up structures can be dangerous for
people around them. similar to numerous large
and loaded springs, these structures can unfold
with great force and cause accidents if they do so in
the wrong place and time.

3. Gabion basket with

corner supports

o Efficient oyster protection from sedimentation:
structure raises all oysters above the 20cm
sedimentation line as defined in the design
criteria.

o Will always fall into the right position when
deployed in a row.

o Structural stability because gabion’s corners are
protected from impact.

e Supports will be very expensive to manufacture.
Due to their more complex geometry, these
supports will either need to be inject-moulded
from bio-based plastic. Another possibility is to
assemble these parts from cut parts, but that will
introduce a lot of new assembly steps and manual
labour costs.

e Supports are less space efficient. Due to their
geometry, the supports cannot be stacked as
efficiently as with other concepts. This will use up
precious space during transportation and on the
ship deck.

e Assembly can become time-consuming. With
more assembly steps and more parts that need
securing to the assembly, the time for deployment
might become less efficient because preparing
each unit will take a longer time, compared to
other concepts.

4. Gabion basket with
supports

Material use is drastically reduced: 4th iteration
uses 68% less material than the initial concept
with fewer manufacturing steps and easier
assembly.

Easy assembly on the ship deck or land: The
base is connected in a cross structure, and then
the gabion is placed into the support. The gabion
and support legs are tightened with a rope,

the unit is rotated sideways and connected to
another unit.

Simple geometry with an interlocking
mechanism does not require using other
fastening equipment or tools for support
assembly.

Structures are designed in a way to facilitate
easy sliding on the deck in the longitudinal
direction.

o 16%-20% of oysters would be lost if the latest
support design is used, compared to 0% with
supports fixated on the corners from Chapter 3.
Supports would need to be enlarged drastically to
further reduce oyster loss.

e Structures are complicated and expensive to
manufacture, especially when using non-toxic
material possibilities.

o Tests have shown that for structures to fall in
an upright position, more distance between
the modules is needed — more ropes, more
possibilities for entanglement and possible
danger on the deck.
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Advantages

Disadvantages

5. Two gabions between
CNC frames

o Assembly is quick and simple. Frames are
assembled from 4 parts each. Then two gabions
are placed into the designated grooves and
connected together.

o Effective oyster protection and high survival
rate. The frame protects gabions from impact
and deformation during the deployment and
raises them 140 mm from the ground which
results in an improved oyster survival rate (97.7%
above the 200 mm sedimentation line).

e Structure is deemed more stable in comparison
to a single unit. It is wider and will resist
stronger water currents without tilting. Surface
complexity is enhanced because two gabions
introduce the bottom hole, several corners, and
gaps between each module, where various fish
and other marine organisms can grow and live.

o Part geometry is complex and expensive to
manufacture. For this complex geometry, CNC
would be the method of manufacturing. Plywood
is usually used for CNC manufacturing, but due to
chemicals used even in formaldehyde-free types,
it is not a suitable material to be left to decay in
the marine environment. Therefore, these parts
could be made with CNC from untreated solid
wood planks, but the whole process becomes more
expensive due to more manual labour needed in
the preparation stage and more expensive material.
It would cost around 50 euros per part (according
to the quotes from the manufacturing facility in
Amsterdam).

e Bumps designed to restrict gabions from sliding
off might be too weak and could break off during
the deployment, because of the wood fiber
direction and gabions will slide off the assembly.

e When exposed to damp or weather dynamics
environments, untreated wood parts tend to
deform non-uniformly, making the frame fit less
predictable.

o Unit may fall in three positions (Figure 56):
upright —in that case, 97,7% of oysters are above
the sedimentation line, sideways — 79,7%, which
decreases the survival rate. Further testing should
be done to determine what is the possibility the
structure lands sideways. If there is not enough
tension on the line between the units, they might
also fall on the front or back, which would further
increase the number of oysters getting sedimented.

6. Two Gabions between

pallets.

e Structure is deemed more stable in comparison
to a single unit - it is wider and will resist stronger
water currents without tilting.

o Durability: Designed to endure the rough
handling process, euro pallets can be used with
loads of up to 500kg (half-pallets — 250 kg).

o Affordability: Standardized pallets are used in
almost every larger-scale logistics operation,
the manufacturing process is highly automated,
therefore the costs are relatively low: from 10 to
15 euros per pallet.

¢ High availability: As a standard, euro pallets
are manufactured across Europe and used
interchangeably. Pallets can be acquired from
local warehouses or businesses reducing the
need for long-distance transportation.

o Circularity: Various companies that focus on
euro pallet repair. If necessary precautions
are considered, used pallets can be deployed
with this assembly as well. The main point of
attention would be to ensure that they are not
chemically contaminated.

o Surface complexity: Pallets with double diamond
gabion position have a relatively complex
geometry with many corners, cavities, and holes
for various marine species to settle.

e Unit may fall in three positions: same risk of the
whole unit falling sideways as with concept with
CNC frames (Figure 56), which decreases the
oyster survival rate (97,3% survival if unit falls in a
desired upright position, 84,3% survival if unit falls
sideways). If there is not enough tension on the line
between the units, they might also fall on the front
or back, which would further increase the number
of oysters getting sedimented.
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4.5 Final evaluation

After ideating on chosen ideas from the system
map, prototyping and testing some of them out,
collected insights could provide a strong basis for
idea evaluation. Concepts were evaluated according
to design criteria (Chapter 2, Table 4), and design
evaluations were illustrated with a Decision matrix
from the Whole Systems Mapping method (Figure
78).

Regarding oyster survival, most of the concepts
effectively support oyster survival by using nature
strategies to protect them from predation. Single
gabion with corner supports outperforms most

of the concepts because it provides effective
protection against sedimentation by raising them
20cm above the seafloor. In addition, a single
gabion size will provide an effective waterflow
through all oysters. 2 gabions connected on the
CNC frame and on the Pallets raise oysters up to
10 cm, which introduces minimal risks of bottom
oysters getting sedimented. The waterflow for
gabions on pallets is more efficient than gabions
on CNC frames or with one-sided support because
the hole in the pallets allow more current to go
through and reduce the probability of areas where
there is no nutrient intake in the gabions. Nets with
unfolding frames performed the worst because,

in the last prototype, the frame beams were not
strong enough to lift the bag from the ground,
while making them stronger resulted in the winding
mechanism not being able to work.

In terms of scalability, the concept with pallets
performs best because it employs standard and
widely available elements, which reduces the

price, assembly is quick and easy, and no special
tools are needed for deployment. On the contrary,
Gabion with corner frames and Nets with unfolding
structures would be much more expensive to make,
both needing injection moulding, which would
require to use of (bio-based) plastic materials,

such as PHA or PHB which degrade in a marine
environment very slowly. CNC frame also did

not perform well in terms of price because the
manufacturing method is expensive, and each part
will need to be milled from solid wood planks — this
process may increase the price up to 50 euro/part.

Regarding the stability on the seafloor, 2 gabions
connected together offer the greatest stability due
to their increased surface. These structures are
more stable and larger, thus, more easily located
with sonar which can save time during monitoring.
Both concepts with nets underperform in terms of
stability because the frames are more circular and
will be more prone to rolling once introduced to a
stronger waterflow.

In terms of handling and deployment, the
design with pallets outperformed the rest of the
concepts, mainly because of its simple assembly
and minimum number of steps needed for it.
However, this concept has 2 possible positions
— upright (the correct one with minimal oyster

\

Nets with | Nets with | Single gabion | Single gabion | 2 gabions | 2 gabions
Objective Weight a rigid unfolding corner one side with CNC with
frame frame supports support frames pallets

Protection from sedimentation 5 4 2 5 3 4 4
Protection from predation 5 3 3 4 4 4 4
Effective water flow 5 4 - 4 3 3 4
Low price 5 2 1 il 2 2 5
Fast deployment 5 3 5 2 3 3 4
Withstanding bottom currents 4 1 2 3 S 4 4
Micro-habitats 2 2 2 3 4 5 5
Minimal care to fall in right position 4 5 5 = 5 5 3
Lightweight (pre-assembly) 2 2 2 5 5 4 4
Integration into the hatchery 3 5 3 3 3 4 5
Possibility to locate 2 2 3 3 3 4 4
Minimal need to retrieve 4 4 3 4 4 5 5

Total Score 147 138 155 152 166 194

Figure 78: Decision matrix evaluating 6 concepts according to design criteria.

62




sedimentation) and sideways (if the structure falls
on one of its sides — then oyster sedimentation
risk increases). The concept with a CNC frame

has the same challenge. On the contrary, most

of the other concepts are designed to fall in
multiple positions without compromising oyster
survivability.

According to the decision matrix and
considerations mentioned previously, the idea
of assembling gabions on the pellets is the most
promising one and will be developed for the
detailed model.
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CHAPTER 5:
FINAL DESIGN

5.1 Oyster survival

5.2 Scalability

5.3 Broader ecological success
5.4 Handling & Deployment

5.5 Final design evaluation

llustration showing how the designed units can
provide suitable habitat for multiple marine species.
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Figure 79: An assembled unit with empty oyster shells.

In this chapter, detailed design is described using
4 categories: oyster survival, broader ecological
success, scalability, and handling & deployment.

In comparison, to previously discussed solutions
(for details, see Chapter 2) final design is more
scalable for larger offshore marine restoration
areas due to cheaper construction and faster
deployment times. The construction maintains a
better balance between the oyster survival criteria
and introduces a variety of shapes and materials
which can provide shelter for a broader range of
benthic marine species. The structure consists of
natural (wood and natural fibre ropes) or non-
toxic biodegradable materials (steel mesh) — which
is why it can be left to degrade on the ocean floor
without harming the ecosystem.

5.1 Oyster survival

On the sea floor, each unit creates a favourable
environment for the spat on shell to grow inside
and offers protection from various environmental
factors.

5.1.1 Protecting from predation

Shells packed together already provide a lot of
protection because for predators, such as starfish
and crabs, it is more challenging to access them. In
addition, steel mesh introduces a second barrier
for larger predators to access oysters.

Figure 80: Packed oyster shells and steel mesh create some
protective barriers for predators.



5.1.2 Protecting from sedimentation

The dimensions for the gabion basket were set as
400x400x440 mm to fit between the pallet gaps,
with an inner volume of 70l. To provide some
space for young oysters to grow, gabions would be
filled by 80% to 90% of the full volume capacity
resulting in 56l to 63! of oyster shells in each
gabion. Additional space in the basket will provide
space for young oysters to grow and is preferred
over filling the basket completely. Therefore, each
unit with 2 gabions houses 112 | to 126 | of spat on
shell.

As defined in context analysis and design criteria
(Chapter 2, Table 4), sand mega-ripples can reach
up to 20cm in height and sediment oysters. With
this design, gabions are in a double diamond
shape with their bottom edges raised from the
seafloor by 7 cm. This results in 87% of oyster
shells located above the theoretical sedimentation
line (Figure 81) which would increase oyster
survival.

In addition, the base for the pallets is hollow
which increases and creates irregular flow

below the structures which will impact the
sedimentation patterns. Taking into consideration
that the main waterflow direction changes 4 times
per day according to high and low tides, some
areas which get sedimented on one part of the
day might erode later once the current changes to
the opposite direction.
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Figure 81: Theoretical calculations on possible sedimentation
caused by sand mega-ripples. The plain yellow zone marks the
possible sedimentation part (12% oysters in this zone), pale green —
sediment-free zone (88% oysters above sedimentation).
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To analyse how waterflow affects the seafloor,
Solidworks CFD Flow Simulation was used. Firstly,
a simplified true-scale assembly was modelled
(Figure 82) with oysters being represented as

a solid block to save computation time. Then,

the Flow Simulation was used to calculate how
geometry affects the velocity and direction of the
current coming from one side. The parameters
were chosen as follows:

Simulation results were presented in a cut

plot which was made 1mm above the plane
representing the seabed. A cut plot shows the
contours for different speed zones and vectors
for waterflow directions (Figure 83). Another
simulation was done with a slower waterflow
velocity, 0.8 m/s, and the same plot was created
(Figure 84).

Table 11: Parameters for flow simulation in position A.

Fluid: Water
Temperature: 282.15K
Velocity: X direction —1.2 m/s,

Y direction — 0 m/s,
Z direction—0 m/s

Figure 82: A simplified scale model of the structure.



From both cut plots, it can be seen that different higher speeds than the surrounding area because

speeds result in a very similar flow pattern. due to the slanting gabion’s geometry, the water
Vortices can be seen on the edges of the pallet is guided downwards and channelled through the
legs and behind the corners at the very end of the pallet gap. Once it hits the seafloor, the current
structure (largest blue areas in both plots). The slows down.

first left part of the pallet gap marks the area with
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Figure 83: Cut plot of Imm above the seafloor from Solidworks Flow Simulation, showing waterflow speed and direction is distributed.
Starting waterflow speed = 1.2 m/s (marked in orange). The slowest zones, where sedimentation is most likely to occur are marked in blue.
View from the bottom.
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Figure 84: Cut plot of Imm above the seafloor from Solidworks Flow Simulation, showing waterflow speed and direction is distributed.
Starting waterflow speed = 0.8 m/s (marked in yellow). The slowest zones, where sedimentation is most likely to occur are marked in blue.
View from the bottom.
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Due to the tide, the water current goes in both
directions, and some of the blue areas where
sedimentations might occur would be cancelled
out by the opposite current of high velocity -
‘temporary sedimentation areas’. To see if there
are any ‘permanent sedimentation areas’, where
waterflow in both tide directions is slow and close
to 0, a cut plot of 0.8 m/s (Figure 84) was copied,
reflected vertically and positioned over the original
plot with a ‘multiply’ overlay (Figure 85). In this
way, areas that cancel out once the waterflow
direction changes are marked in green because
blue and yellow plots overlay and everything that
remains in a similar velocity stays the same colour
as the original plot (Figure 84). From this, it can
be stated that, during both tide directions, zones
in blue will remain slow waterflow zones where
sedimentation will most likely occur. Sedimentation
will likely occur on the sides, where the gabion
geometry is higher and may sediment fewer
oysters than expected.

This is a theoretical calculation with an even
seafloor and without counting on the already
accumulated sand. Therefore, it can only be used
to assume possible accumulation tendencies. This
phenomenon likely occurred due to the waterflow
meeting the barrier (gabion), thus, creating a
place of high pressure and low waterflow velocity.
When pressure builds and current speed slows

Figure 85: Two cut plots from flow analysis with a waterflow speed of 0.8 m/s are merged. The original plot was

down this is where sedimentation is most likely

to occur. And it does not get eroded but is further
sedimented because when the current approaches
the structure from the opposite direction, all the
high speed is slowed down by the structure, and
only slow waterflow forms behind the unit, thus
pushing sand to those areas.

Insights about possible sedimentation zones

and the way sediment might accumulate were
translated to a possible sedimentation scenario
in Figure 86. Parts with the slowest water speed
would get sedimented at the highest rate, while
the area below the pallet would remain without
drastic sedimentation due to the tide currents
‘cancelling out’ this sand accumulation. If the unit
would get sedimented in this way, the bottom
oysters could have a higher chance of surviving.
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Figure 86: Insights from simulation translated to a possible
sedimentation scenario.

copied, reflected vertically and merged with original the one using a ‘multiply’ blending method. A pattern of
‘permanent sedimentation zones” emerges (marked in blue).



5.1.3 Gabion mesh size for oyster
protection and growth

When using gabions for oyster restoration
projects, some manufacturers advise using

a welded steel wire mesh, with a 2mm wire
diameter, because it ensures structural stability
when baskets are being transported and
deployed, thus, protecting the oysters from being
crushed (EnZar, n.d.). According to experts from
ARK, the most optimal mesh size is 40x40 mm,
which is large enough to ensure the best water
flow through oysters and minimize risks of hole
clogging due to biotic growth around the walls,
but at the same time is small enough to retain
oyster shells inside the gabion. According to
previous ARK testing experience, a mesh size of
50x50mm is already too large and some number
of shells can be lost through the holes.

5.1.4 Gabion corrosion rate — providing
enough space for adult oysters

Ideally, the structure protecting the oysters should
degrade or disassemble on the seabed after 1 to 2
years to give adult oysters more space to grow. By
that time oysters will have already hardened their
shells and will be able to protect themselves from
various predators.

Many gabions are made of steel wire which, if not
protected, will corrode quite fast in contact with
water or in a humid environment. While most
industries would try to avoid this phenomenon,
corrosion of gabion baskets is a desirable outcome
in this project. Steel corrosion rate depends

on many factors: steel grade, post-production
processes and the chemical composition of the
water the structure is put into. It is known that
the average corrosion rate in The North Sea is
from 0.83 mm of layer per year (for S355 steel)
(according to Khodabux et al. (2020)) to 1 mm of
layer per year (steel grade unknown) (according
to experts at ARK). According to this calculation,
using a 2 mm wire would take from 2 to 2.5 years
to fully corrode.
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5.1.4 Avoiding toxic steel mesh coating

It is a common practice for steel mesh gabions to
be galvanized with zinc or coated with a PVC layer
to protect them from corrosion and extend their
lifetime, but when deployed underwater, that can
cause negative effects on the marine ecosystem.

Zinc or Zinc Oxides can negatively affect various
marine organisms (Sarker et al., 2021; Yung

et al., 2014). Bivalves being filter-feeders are
even more prone to the negative effects of

Zinc: it accumulates in the soft tissue, inhibits
growth, in increased concentrations can impact
the population size structure by reducing the
survival rate for young bivalves (Hanna et al.,
2013). In addition, with the previous model from
ARK, a galvanized steel mesh had very limited
spat settlement in the hatchery. Therefore, a
bare carbon steel mesh without any corrosion
protection layers should be used for the gabions
to limit the ecotoxicity in the marine environment
and corrode in a desired timeframe.

5.2 Scalability

As discussed in chapter 2, the most challenging
factor for scalability is the price. If unit production
is expensive and deployment is slow, the solution
will not be able to be scaled in terms of large

area coverage. Here the cost estimation and
deployment time are discussed.

5.2.1 Costs

Overall costs of one unit are calculated taking

into account the materials, spat on shell and
transportation deployment (Table 12). Each
category is divided into more detailed costs.
Materials, Oysters and Transportation are
calculated for a single unit. When deploying

spat on shell, Deployment is calculated per 1m3

of oyster because units will because a single
deployment chain will be at least 1m?3. Costs for
1m?3 of spat on shell with and without deployment
are calculated for further scenario cost calculation.



Gabions on pallets

Table 12: Cost calculation for unit preparation, transportation and deployment.

Units needed for 1m3, pcs 8.36
Price of 1 unit, eur 1071.78
Price for 1m3, eur 9055.36
Price for 1m3 with deployment, eur 11531.85
Oyster
All volume, | Filling, % volume, |
140.8 | 0.85 119.68
Price per
Material Quantity, pcs | piece Price, eur Notes
Display pallets 2 10 20 Overall 72.45
Rope for assembly (50 m) 0.1 19.5 1.95 5m used
Buckles (25mm) 1 1 1
Pieceis 4.5
Steel mesh (4.5 m2) 0.3 165 49.5 m2
Oysters Quantity, | Price per | Price, eur Notes
Spat on shell 119.68 8 957.44 Overall 957.44
Price/m? of Price/unit,
Transportation* oysters eur Notes
Empty oyster shells (restaurant - hatchery) 50 5.98 Estimation Overall 41.89
Estimation with
Spat on shell (hatchery - the port) 200 23.94 preparation time
Pallets & lashings (sorting centre - port) 100 11.97 Estimation
Price/1m3
Deployment costs for 1m3 Quantity Price oysters, eur Notes
22hrs for
Vessel rent and staff costs 1 12000 2400 5m3 Overall 2476.49
Leading rope (50m) 1 19.5 19.5
Anchor (7 kg) 1 56.99 56.99

Unit costs

According to the calculation in Table 12, it costs
1072 eur to manufacture the structure and breed
spat on shell for one unit.

spat on shell production takes place and the
success rates are more stable. Regarding the
empty oyster shells, ARK has already established
partnerships with some oyster restaurants which

Construction material price calculations were
done according to the small-scale material prices
during the prototyping phase, but with increased
material amounts the construction price may go
down. The high spat on shell cost is related to the
fact that the hatcheries are still in the process of
scaling up their production and success rates of
producing spat on shell vary greatly. It is expected
that the costs will go down once the large-scale

provide oyster shells for free. If larger amounts are
needed, more restaurants could be invited to take
part and help with shells.

Deployment costs (1m?)

With each unit housing 112] to 126l of spat on
shell, 8-9 units will be needed to deploy 1m? of
spat on shell to the sea. For each 1m?, deployment
costs are calculated in (Table 12, deployment
costs).



Calculations considered ARK’s plans to deploy
5m?3 of spat on shell in an offshore site, which

can be considered as a small-scale deployment.
Most of the costs go to vessel rent, crew and staff
expenses which may cost from 10000 to 12000
euros for one day. If more units are deployed in a
single journey, costs per 1m3 of deployment will
go down.

5.2.2 Deployment time

The deployment costs are mostly based on
operation time. The approximate time for
deploying 5m? of spat on shell is calculated when
the vessel sails from ljmuden port to Hollandse
Kust (West) offshore windmill farm area and back
(Table 13).

Table 13: Deployment operations, tasks and activities with the time

required.
Hours Activities
needed
6 Mobilisation, loading oysters and other
materials for the units to the vessel,
boarding.
5 Sailing: ljmuiden (port) to Hollandse Kust
(west).
6.25 Deployment of 5 m3of oysters.
5 Sailing: Hollandse Kust (west) to ljmuiden
(port).
22 hours Overall time needed

Deployment time can be divided into

separate tasks (Table 14). Unit assembly time
approximation was based on experiences while
testing the assembly (Chapter 4.4.3 “Gabions on
pallets — structural integrity tests”). According to
this calculation, deploying 1 m? of spat on shell
will take 60 minutes. Additional 25% of the time
(15 mins) was added for unexpected delays in the
deployment process resulting in 75 mins needed
to deploy 1m?3.

5.2.3 Overall costs for restoring one reef

Different sources state that to have a self-
sustaining reef, it needs 60 000 adult oysters.
According to calculations in the hatchery, each
1m?3 contains 1min. spat on shell. New units can
house 120l of spat on shell resulting in around
120000 spat in each unit. Previous field tests

have shown that usually, Flat oysters deployed for
restoration have a very low survival rate: just 0.4%
of all spat on shell survive to adulthood. The newly
designed units have not been tested in a field
experiment yet and it is not possible to determine
what the oyster survival rate will be when using
them. Therefore, three different scenarios
regarding oyster survivability were considered:

1. Pessimistic: design intervention has not improved
oyster survival and survival remains the same
as in previous field tests with only 0.4% of spat
surviving to adulthood. In that case, 15min.
spat on shell or 15 m3 should be deployed in a
3-year timeframe with 125 units. Every year, 5 m?
should be deployed with 41-42 units.

2. Neutral: design interventions of oyster protection
had a positive impact on oyster survivability and
increased it to 1%. In this case, 6min. or 6 m3
of spat on shell should be deployed in a 3-year
timeframe with 50 units. Every year, 2 m3 should
be deployed with 16-17 units.

3. Optimistic: design intervention has significantly
improved oyster survival to 5% surviving to
adulthood. In this case, 1.2mln. or 1.2 m3 of
spat on shell should be deployed in a 3-year
timeframe with 10 units. Every year, 0.4 m3
should be deployed with 3-4 units.

Table 14: Time needed for the deployment of m3 of oysters.

Type of Activity Time per unit | Time per 1m3 (9 units total)
Single unit assembly 5 mins 45 mins

Connecting all units with a lead rope 1 min 9 mins

Tying a lead rope to the anchor - 1 min

Deployment into the sea 0.5 min 5 mins

Unexpected delays - 15 mins
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Table 15: Price calculation for each scenario, total and yearly.

Units needed for 1m3, pcs 8.36
Price of 1 unit, eur 1071.78
Price for 1m3, eur 8955.36
Price for deployment 5m3 12000
. Spat on Units Spat on Unit Deployment, d:prllclatyﬁ\e Unit &
Scenarios shell, total | needed, shell, needed, deployment,
m3 total pcs | m3/year | pcs/year eur/year ntt;:at:r eur/year

Pessimistic (survival 0.4%): 15 125 41-42 12000 170330.46 56776.82

Neutral (survival 1%): 6 50 16-17 9960 83612.19 27870.73

Optimistic (survival 5%): 1.2 10 0.4 3-4 9000 37746.44 12582.15

When calculating costs for these scenarios,
decreasing the required spat volume reduces
overall unit costs but only partially reduces
deployment costs because majority of the time is
spent on mobilisation and sailing. In the Neutral
scenario, deployment costs are reduced by 17%
compared to the pessimistic one, in the positive
scenario —reduced by 25%.

Taking these considerations into account the costs
for each scenario are calculated in Table 15.

Drastic price decrease with increased survivability
in Table 15 is related to the reduced amount of
spat on shell that is needed to restore one self-
sustaining reef. Table 12 shows that the spat

on shell comprises 89% of the whole unit price,
therefore, if these required volumes can be
decreased, the price will drop drastically.
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5.3 Broader ecological success

5.3.1 Withstanding high-speed currents

From the initial site analysis in (Chapter 2), it

is known that there are two dominant water
current directions impacted by high and low

tides and other less pronounced directions. In
extreme events, current speeds can reach up

to 1.2 m/s, therefore, it is important to analyse
how this maximum waterflow speed can affect
structural stability. The assumption is that when
the structure is parallel to the waterflow (Figure
87, A) the force will try to lift the unit’s bottom left
edge, but the unit will remain in a stable position
due to its gravitational force. If the structure is
perpendicular to the waterflow (Figure 87, B), due
to a less streamlined geometry, waterflow will lift
the unit’s front edge with a greater force than the
gravitational force making it unstable.
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Figure 87: Two positions against the waterflow: A - when the unit is parallel to the waterflow, the water current will lift the bottom left edge
with a certain force. B - when the unit is perpendicular to the waterflow, the current will lift the front edge with a certain force.
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Figure 88: Calculated Fluid pressure from SOLIDWORKS Flow analysis is translated to reaction forces in static analysis to calculate with
what force the current will lift the left side of the unit. Left — Flow simulation results — cut plot in the middle of the structure, right — Static
simulation results showing the reaction forces.

To calculate how waterflow impacts the stability
in each position, two types of SOLIDWORKS
simulations were used: CFD Flow Simulation and
FEA Static Simulation.

For the Flow Simulation in position A, the same full-
scale model (Figure 82) and the same parameters
(Table 11) were used as previously. The simulation
then calculated where the fluid pressure would
build up (Figure 88, left). These results were then
imported to FEA Static Simulation to calculate

the forces on the bottom left and right edges.

The whole assembly was made rigid to prevent
deformation, bottom left and right edges were
fixated to prevent any movement. The simulation
calculated the reaction forces (Figure 88, right)
which were translated to the lift force created

by waterflow: F . =127 N force, 35.5 N force
downwards on the right bottom edge (due to the
whole pressure build-up, the bottom right edge

is pushed downwards) was not used for further
calculations.

Gravitational force (Fg) for each of the gabion
weight centers was found with Solidworks
geometry calculations and subtracting the
buoyancy force mostly occurring from the wooden
pallets. Assembly is symmetric, therefore, each
gabion weight center acts in downward force of

F =137.45 N. Forces are then translated to the
moments (Table 16).

M, is lifting the bottom left edge with 101.6 N-m
while the moment of gravitational force is around

Table 16: Position A. Forces are translated to the moments.

F, = 127N

I:Iift
F: F =137.45N

g

M,, =127 N- 0.8 m = 101.6 N-m

My
M.: M, =137.45-0.67m+137.45-0.13m =
109.95 N-m

M M,- M, =109.95- 101.6 = 8.35 N-m

final
(downwards)

109.95 N-m. The position is theoretically stable,

but this is already a boundary condition, and some
units could be flipped by this strong current. Then
again, if units are placed quite a while before the
extreme current event, some part of the bottom
pallet will get sedimented and both wooden

pallets will absorb water, therefore, reducing the
buoyancy force. These two factors would stabilise
the structure further and minimize the possibility of
it being displaced or rotated.

The same approach was taken to calculate when
units are in position B — perpendicular to the
waterflow (Figure 87, B). In this case, for Flow
Simulation, water velocity was set to 1.2 m/s in
the Y direction, and 0 m/s in other directions.
The calculated fluid pressure (Figure 89, left) was
translated to Static simulation where reaction
forces were found (Figure 89, right) and were
translated to waterflow forces acting on the front
bottom edges (F ). The gravitation force for the
whole assembly was left the same and moments
were calculated (Table 17).



Figure 89: Calculated Fluid pressure from SOLIDWORKS Flow analysis is translated to reaction forces in static analysis to calculate with what
force the current will lift the front side of the unit. Left — Flow simulation results — top view of cut plot in the middle of the structure, right —
Static simulation results showing the reaction forces on each of the bottom edges in front and back of the pallet.

According to Table 17 the Moment of gravitation
force is smaller than the moment that lifts the
front edge. This means that in this waterflow
speed when the structure is perpendicular to the
dominant tide currents it may become unstable
and flip over.

Overall, the structure is highly likely to maintain
a stable position when it is positioned parallel to
the dominant currents (Figure 87, A) even in the
highest waterflow with a velocity of 1.2 m/s. If
units are positioned perpendicular to the main
tide directions (Figure 87, B) they may become
unstable when the waterflow is at its highest
velocity. Therefore, when deploying, units should
be positioned parallel to the dominant tide
current directions.
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Table 17: Position B. Forces are translated to the moments.

Fi |F,=159.2N

Fg: Fg =2749N

Mg | M, =159.2N-0.6 m=295.52N-m

Mg: M}Z =2749-0.3m=82.47 N-m

Mia | M- M, =95.52-82.47 =13.05N-m
(upwards)




5.3.2 Micro-habitats

With their varied geometry, units may also create
places with varied water velocities, creating a
prerequisite for other benthic organisms to grow on
the units or hide in the gaps from predators or high
waterflow. To see how geometry impacts waterflow
direction and speed, calculation results from the
Flow Simulation for sedimentation were used (Table

lteration= 471

11). A cut plot in the middle of the structure (Figure
90) showed that multiple vortices form where
gabions are connected to each other and where the
left gabion connects to the pallet. In addition, the
top pallet creates turbulence which also introduces
vortices and slows the waterflow down. Part of

the waterflow is channelled through the holes

of the bottom pallet, where the speed increases.
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Figure 90: SOLIDWORKS Flow analysis for position A. A simplified model showing how structure impacts the dominant water
current direction and speed: Red colour indicates the highest current speed (1.3m/s) and blue - slowest speed (0 - 0.1 m/s). Multiple
refuges from high-speed currents are created.
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Figure 91: SOLIDWORKS Flow analysis for position B. A simplified model showing how structure impacts the dominant water
current direction and speed: Red colour indicates the highest current speed (1.3m/s) and blue - slowest speed (0 - 0.1 m/s).
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When the gabion was positioned perpendicular
to the same current speed (Figure 91), the results
have shown that fewer microhabitats would be
created because waterflow does not slow down
that much, and the main vortices form behind the
unit.

In addition, different materials also offer varied
mediums for other benthic species to settle
(Figure 92). For example, wooden pallets, similar
to shipwrecks, can provide a hard substrate for
barnacles, mussels, various types of sponges,
shrimps, sea anemones and fungi (Sea Ranger
Service, 2022; Rama et al., 2014). Oyster shells

=
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can provide numerous cavities and gaps for
microorganisms, juvenile fish or shrimp and many
other small species. Gaps between two gabions can
also provide a refuge for crabs, lobsters, and various
types of juvenile or predatory fish, such as Atlantic
cod (Lengkeek et al., 2013).

The desirable unit position is parallel to these
dominant currents because it ensures structural
stability on the sea floor and creates multiple
micro-habitats with different current speeds (Figure
90) for various marine species on the pallets,
between and inside the gabions (Figure 92).

Figure 92: One unit can create a suitable habitat for multiple marine spﬁcies, such as Atlantic Cod, Actinia, various marine plants and juvenile
S
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5.4 Handling & Deployment

5.4.1. Construction & Materials

General properties:
e Full assembly dimensions: 720x1100x600 mm
¢ Weight of the whole assembly: 76 kg
e Volume of oysters per one unit: 126l

One unit is built from these elements:
¢ 126 | of spat on shell provided by the oyster
hatchery, usually 1 or 2 months old.

e 2 lightweight display pallets, with standard
dimensions of 800x600 mm. While pallet
dimensions are standard, board arrangements on
the pallet may differ (see Figure 94) and should
be made with a board arrangement that can
fit the gabions between the gaps in the correct
direction. Pallets can be sourced from various v
pallet recycling centers or bought from logistic ‘\
centers. Sometimes the blocks are made of 600mm
compressed wood fibers which should be avoided Figure 93: Assembly dimensions.
because they deteriorate in water quickly. Instead,
pure wood blocks should be used. Pallets are
usually heat-treated without using chemicals; this
treatment type is often marked on the pallet as
HT (discussed in Chapter 4).

720mm

Unsuitable = — p—
o - i T
v r v
/ Suitable Needg modification \

o

Figure 94: Various types of display pallet board arrangements, from which two are suitable.
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e 2 gabions of dimensions 400x400x440 mm,
made of 40x40 mm square spot-welded steel
mesh with 2 mm wire thickness. The 40x40mm
mesh gap size is an optimal solution to retain
the majority of oyster shells inside and ensure
effective water flow through the oysters. The
mesh is made of bare steel without surface
treatment, which, after being deployed to the
sea, will corrode in 2 years. By that time, oysters
had grown enough to protect themselves from
predation.

e 1 cotton lashing (25mm), length of 3m, with
a 25 mm cam buckle to tighten the assembly
together. Another alternative is to use a natural
jute/cotton rope only by tying it up with a taunt
line hitch knot, which is a self-tightening knot.
This would eliminate the need for a cam buckle.

¢ 1 leading rope, length of 20m, which connects
all units in a row. Ropes made of natural
fiber, such as Sisal, or Manila are used for
nautical activities. Sisal rope is heavier but
more resistant to breaking down in salt water,
which can be an advantage if the units need
to stay arranged in a row for multiple years for
monitoring.

5.4.2. Handling & assembly

While the whole unit assembly is done on a ship
deck, some elements are integrated into the
system earlier, and some are introduced at a later
stage (Figure 95). Gabions will be constructed,
filled with empty shells — up to 63l for each
gabion, and put in the hatchery pools where
young oysters will be grown on them. After one or
two months the gabions will be taken out of the
hatchery by hand, with ropes or with metal hooks.
Due to the wet shells and new young oysters, each
gabion will weigh around 35 kg and should be
lifted by 2 people. Every 8 gabions will be placed
into 1 IBC unit (Figure 96) and once all gabions

IBC tank (cut off)

Fits 8 gabions

Figure 96: IBC tanks can be used to transport the gabions from
the hatchery to the deployment site. Each tank can fit up to 8
gabions. Water can be filled up or drained according to necessary

circumstances.
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Figure 95: System map of the final design.
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are fit they will be transported to the ship. Other
materials for the assembly, such as display pallets
and ropes are transported to the ship from a
different location. While the ship is sailing towards
a dedicated location, the units with oysters are
assembled and prepared for deployment.

If the trip by ship is short, up to 8 hours, and there
is no direct sunlight that day, oysters can stay
without being submerged in the water, with some
periods of hosing them with water. If the trip is
longer, taking more than 8 hours or with direct
sunlight, oysters need to be put into the water

to prevent drying out. This will be done by filling
up the IBC tanks with seawater while oysters are
transported to the deployment site in the vessel.
Right before the unit assembly task, IBC tanks

Iltems needed:

Gabion filled with
60l of oysters

Display pallet
(800x600 mm)

1.5 m cotton lashing
with a clam buckle

2 x C-rings
on each side

will be drained to improve gabion deployment
preparation tasks.

As the ship sails toward the deployment area,
units are being assembled and arranged for
deployment on the ship’s deck. The unit is
assembled in 5 simplified steps (Figure 79):

1. Place two gabions with oysters on the pallet in
a double diamond position.

2. Fix the gabions together with two hog rings on
each side.

3. Put on the top pallet. Put the lashing around
the unit by puling it through the gabions and
the pallet.

4. Tighten the assembly with a clam buckle.

5. Finished assembly.

Figure 97: One unit assembly instructions.



5.4.3. Deployment

The units are arranged in a string and tightened
with a continuous leading rope, with an anchor
at the very beginning of the row. When the ship
arrives at the desired location, the anchor is
thrown overboard and while the ship is moving,
it grabs onto the seafloor and starts pulling the
units. Units slide off the deck one by one into the
sea. To deploy 1 m? of oysters in a single chain,
8 to 9 units are needed, and more units can be
attached to deploy a larger oyster volume with
one anchor.

To see how a deck arrangement could look like,
ARK'’s plans to deploy 5m3 of spat on shell were
taken into account. One of the suitable vessels
for this type of deployment would be RV Pelagia
owned by NIOZ (Figure 99), which is a marine
research vessel with a clearance at the end of
its deck where gabions can slide off into the sea.
A plan for 5m3 spat on shell deployment on an
8x8m deck is planned accordingly (Figure 100):
if gabions are filled at a maximum 90% capacity,
40 units will be needed to deploy this volume.
For this, 80 gabions will be carried in 10 IBC units
which will be located at the back and near the
edges of the deck space to reduce the time for
walking when assembling. During the assembly
10 oyster units can be connected together with
a leading rope and an anchor in the middle of
the deck. Gabions are carried for IBC units in the
corner to the middle of the deck.

Knot
_— (+carabiner)

4 AT : s 7
Figure 99: RV Pelagia. Photo credits: NIOZ, 2017.

Deck: 8x8m

[ran

[ran
‘m
L~

Figure 100: A plan for an 8 x 8 m deck. IBC units are located at

the back and around the edges to minimize the distance needed

to walk. In the middle 10 oyster units are prepared before the

deployment, all connected with a leading rope (marked in purple)

which is connected to an anchor.

Figure 98: deployment scheme

80



5.5 Final design evaluation

Finally, the design is evaluated (Figure 23)
according to previously collected design criteria
(Chapter 2, Table 3) and requirements with in-
depth explanations in Table 8.

Low price

No need to
retrieve

Possibility

to locate

Integration into

the hatchery

Fast deployment

Lightweight Micro-habitats

Final design

Protection from
sedimentation

Protection from
predation

Effective
waterflow

ithstanding
bOTTO m currents

Minimal care to fall
in right position

Figure 101: Evaluation of the final design according to multiple design criteria. The further from the center the dot is, the better
evaluation. Dot size signifies the importance of that design criteria.

Table 18: Final design evaluation.

Points

Criteria X Explanation
given

1. Protection from 4 With gabions placed on the pallet in a double diamond position, 87-90% of oysters are above

Sedimentation the theoretical 20cm sedimentation line and should have a higher survival rate. In addition,
according to Flow Simulation results, sediment would tend to accumulate around the unit
and not below the gabions.

2. Protection from predation 4 Gaps between the shells offer effective protection for young oysters against the main
predators such as crabs or starfish. At the same time, they will be able to grow in additional
gabion space and, later on, around them. Oysters on the outside layer might be more
susceptible to predation, but the inside ones will stay protected. Gabions are made of steel
mesh which will rust away in 2 years, enabling adult oysters to grow further.

3. Effective waterflow 4 Metal mesh with 40x40 mm grid openings and 2mm wire provides large enough gaps for

water to flow through and avoid being overgrown by marine organisms. Oyster filtration
depends on the current speed, and the location where oysters are in the gabion: oysters
in the outside layer will filter more water with nutrients, while oysters on the inside might
receive less water flow and fewer nutrients. Openings in the pallet allow more current

to flow under the construction and the oysters, reducing possible ‘dead spots’ with no
nutrients.
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Criteria

Points
given

Explanation

4. Low price

Structure without spat on shell for each unit costs 78 euros, which is almost 8 times cheaper
than producing 126l of spat on shell for each unit. With a larger scale, prices will go down
for both elements: spat on shell production will become cheaper and, with increasing
quantities, materials will become cheaper as well.

5. Fast deployment

At least 1 m3 can be deployed using 1 anchor and 8 units. More units can be added to the
same row to increase the deployed oyster volume with one anchor. 75 minutes are needed
to prepare 8 units with 1m? of spat on shell. Deployment does not use any additional heavy
machinery making deployment safer and faster.

6. Withstanding bottom
currents

Solidworks Simulations have shown that when units are placed parallel to the dominant
waterflow directions, they maintain a stable position even at the maximum current speed.
If structures are placed perpendicular to the main tide current directions, there is a chance
they can be tilted.

7. Micro-habitats

When placed parallel to the dominant waterflow directions, each unit creates various micro-
habitats and a refuge from strong currents, enabling other marine species to hide, grow and
live there. Pallets introduce another important growth medium for various marine organisms
—wood. The structure is full of cavities (packed oyster shells) where small organisms or
juvenile fish can hide.

8. Minimal care to fall to the
right position

While there is no need for divers to take care that the structures fall correctly, some amount
of preparatory work on the deck is required to ensure units will fall to the right position:
steering the vessel deploy units in the right position to the currents, arranging them
correctly into the rows and connecting them to the leading rope.

9. Lightweight

Each gabion weighs around 35kg, which is a safe weight to be lifted and carried by 2 people.
Once assembled, the whole unit weighs around 80kg, but it will not be lifted and will be
deployed using an anchor and a pull force.

10. Integration into the
hatchery

Gabions can be placed into the hatchery with empty oyster shells inside to facilitate direct
spat fall on them. Later on, gabions are transported to the ship and assembled into the unit
on the deck.

11. Possibility to locate

This unit row is large, stable and does not get washed away. By geo-tagging the deployment
location, it is possible to allocate these structures when needed. Structures are large and
connected in with a leading rope, so they can easily be detected with a sonar to find their
exact position.

12. Minimal need to retrieve

Oyster units are made of biodegradable and naturally occurring materials (in the North Sea).
Therefore, there is no legal obligation to retrieve them as they degrade and integrate into
the marine environment.

Requirements (non-negotiable, to be achieved): Analysis of the final design has shown that the

e Structures should be structurally solution is feasible in terms of effective oyster
independent of the windmills. The protection and scalability. Further evaluation was
deployed unit rows are independent of the done, which included the final design comparison
windmills and stabilize themselves due to with the current solutions, the final design’s
the weight of the whole row. limitations, and future research, see Chapter 6.

e Structures should not be toxic to the
marine environment. All parts are made
of non-toxic materials: wooden pallets
are heat-treated without applying any
fumigation methods. Other parts are made
of bare steel, which corrodes without
releasing toxic particles. Cotton or jute
fibre lashings biodegrade without releasing
toxic elements as well.

82




CHAPTER 6:
CONCLUSIONS

6.1 Comparison with the current solutions
6.2 Limitations
6.3 Recommendations & future research

6.4 Personal reflection

Learning by doing: testing the
assembly for one of the concepts




6.1 Comparison with current
solutions

In comparison, to previously discussed solutions
(for details, see Chapter 2) final design is a more
scalable solution for larger marine restoration
areas and focuses on finding a balance between
the criteria instead of being only effective at
certain points (Figure 102).

A scalable solution

The price of the final design is comparative to the
approach where loose spat on shell is just thrown
into the area (Figure 102, A), additional structure
(steel mesh and pallets) comprises only 8% of
the whole unit price due to highly standardized

Final design

Protection from
sedimentation

Fast deployment

Low price

Protection from
predation

and widely available parts. But differently from
solution A, the final design adds more protection
to improve oyster survivability and less spat on
shell might be needed to regenerate self-sufficient
oyster reefs. Considering a high Flat Oyster spat
on shell price and limited availability, the final
design with improved young oyster protection is
likely to be cheaper to implement than any other
aforementioned solution.

A fast deployment where all units slide off from
the deck at once without heavy-duty equipment
will allow faster deployment than most solutions
(Figure 102, B, C, D, E, F). Considering high

staff and rental costs for offshore deployment
operations, fast deployment further reduces the
costs for the oyster reef regeneration.

A) Just spat on shell

B) Spat on shell in
plastic oyster boxes

Mln(;ma] C) 'Oyster cradle'
feed to Effective
retrieve waterflow
Possibility
to locate
Withstanding

Integration into

the hatchery

Lightweight Micro-habitats

inimal care to fall

in right position

bottom currents

D) 3D printed reefs

E) Reef Balls

Figure 102: Final design compared to current solutions discussed in Chapter 2.



Balance in criteria

Regarding oyster survival criteria, many solutions
on the market may perform very well but one
weak point can have a detrimental effect even

if other oyster survival criteria are satisfied. For
example, some designs offer good and effective
waterflow but do not provide additional barriers
for the predators (Figure 102, D, E). Differently,
other solutions may protect oysters from predation
very effectively but run the high risk of limiting
the waterflow essential for oyster survival (Figure
102, B). In comparison, the final design performs
in balance with all oyster survival criteria to avoid
these severe weak points.

The majority of the solutions (Figure 102, A, B, C)
aim directly at one task — regenerating the oyster
population, and apart from introducing oysters,
they do not provide many additional micro-habitats
for other marine species. Differently, designs
providing these micro-habitats (solution D, E) are
expensive to manufacture due to large amounts

of material and expensive manufacturing. In
comparison, the final design is primarily aimed at
successfully introducing young oysters, but at the
same time provides a variety of micro-habitats
(varied materials as growth mediums and places
with varied waterflow) for other marine species, all
while keeping the price affordable to scale in large
areas.

6.2 Limitations

The project and the final design have some
limitations, which are discussed below:

1. Structural integrity tests were done with a real-
scale prototype, but the impacts of the waterflow
on structural stability and sedimentation patterns
were tested only theoretically. In each deployment
area, sedimentation and waterflow dynamics
might be different; therefore, it was not possible
to predict a more accurate oyster survivability
outcome just by doing theoretical calculations.

2. The deployment procedure and fall position
were not tested with these units. Some uncertainty
about deployment operation and unit fall position
persists and should be addressed in the field tests.
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Figure 103: Additional board can act as a support to guide and
maintain the units in the right position.

There is a chance that there will be not enough
tension on the lead rope and units may fall on the
front or the backside. In that case, they can be
supported with an additional board to guide the
unit position and prevent it from falling to either
side (Figure 103).

3. The most suitable mesh for this design is
non-galvanized, 2mm wire with 40x40mm gaps,
which is not a standard size and could have
limited availability or only be done when ordered
directly from the mesh suppliers. 3mm mesh

with 40x40mm gaps is more widely available and
could be used, but more than 2 years might be
needed until this thicker wire degrades, which
could compromise oyster survival due to limited
space inside the gabion. Oysters positioned on the
outside layers will be able to outgrow the structure,
but the ones in the middle might have a lower
chance of survival.

4. Deployment operation still includes a big

part of manual labour for unit assembly and
connecting them into one continuous string. Due
to a limited spat on shell supply, deployment is not
expected to reach a large enough scale to invest
in highly automated processes within several
years, leaving operations with some manual
labour as the preferred solution. The final design
can be considered as a step towards scaled-up
deployment, but it would not be effective to
deploy oysters in 1 km? due to time and financial
limitations.



6.3 Recommendations &
future research

As described in the 6.2 Limitations chapter, there
are multiple uncertainties about how this design
will function in an offshore environment. Field
tests should be done to determine how the unit
design impacts the ecological criteria for oyster
survivability and broader ecological success: what is
the oyster survivability after 1, 2 and 3 consecutive
years, what are the sedimentation patterns and
how stable are the units against the water currents.
In addition, during deployment operation, the unit
fall position should be observed to see if additional
support boards are needed.

Determining oyster survival rate in 3 years can
provide better-quality data which could be used
to better determine the costs for other oyster reef
restoration sites because current calculations are
based on high uncertainty assumptions.

Restoring the North Sea ecosystem by bringing
back the flat oysters is one of many possible
interventions. It could be explored how deploying
multiple species can reinforce the positive effects
for ecosystem restoration. In that case, the
design could be adapted to cater to multi-species
deployment and placement.

Macro-iterations

Micro-iterations

Design directions

Figure 104: Iterative approach in this project has led
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6.4 Personal reflection

Research by design and iterative
approach

In this project, multiple design methods were used
with an overarching methodology of research

by design. Research by design approach led to
exploration, development, and testing of different
ideas in multiple micro-iterations. While exploring
these ideas, the overarching macro-iterations

gave a clear structure and understanding of what
needs to be achieved in each phase, which helped
when dealing with the unknown design outcomes.
Starting from the fuzzy beginning, each iteration
aimed at a more specific design outcome (deciding
on design direction, or concept choice) to lead to
the final solution. Making low-fidelity prototypes
early on has helped to filter out the ideas and
decide on the most optimal solutions. In addition,
building and getting feedback on the prototypes
has helped to collect the required knowledge along
the way.

Ideation
Prototyping
Testing
Reflection

Concepts

O

Final design

to extensive idea exploration while maintaining



Design methods: Whole Systems
Mapping & Biomimicry

As a pair of methods, Whole Systems Mapping
(WSM) and Biomimicry have worked together well
during the exploration for nature-centric solutions,
especially at the beginning of the project. In later
stages, WSM was mainly used without Biomimicry.

WSM helped to create a good overview of the
current system and to think about how each
design intervention may affect various system
components. For example, when brainstorming

on the system map and thinking about different
ways to deploy oysters, it was a constant reminder
to think about how the ideas will be integrated
into the hatchery. WSM was also useful in
formulating primary questions which were used
for further context research or search for design
inspiration using Biomimicry. A part of the WSM,
the Decision Matrix, has helped to reflect back

on the design criteria and evaluate different ideas
accordingly. Some decision matrix limitations were
acknowledged: when ideas are in the early stage of
development, many assumptions are made to deal
with the unknown outcomes, which if not dealt
with properly, will result in superficial evaluation
and scores which can be easily manipulated.
Therefore, the evaluated ideas were tested by
making small-scale prototypes and only then
Decision Matrix was used as a guiding tool together
with argumentation to make a sound evaluation.

During the brainstorming phase in WSM, it is
stated that brainstorming should take place

evenly throughout the system map. During the

first iteration of this project, brainstorming has
indeed been done throughout the system map to
explore the possible solution space. Differently,

in the second iteration, there was more focus

on scalability, and the majority of brainstorming
ideas were focused on deployment and different
unit configurations. Therefore, depending on the
iteration and design challenge, brainstorming

on the system map could be approached in two
possible ways: brainstorming throughout the whole
system to get more radical solutions; brainstorming
with a focus on critical aspects of the system, and
thinking about how these ideas can be integrated
into other system parts.

Biomimicry was effective in the beginning, to get
the initial inspiration because various biology
strategies from marine organisms could be applied
back to the design for the marine ecosystem. But
in the later stages of the project, when scalability
was highlighted as a focus challenge, biomimicry
did not provide much insight for further design
improvements, because those ideas would require
complex manufacturing techniques or novel
materials which would bring up the costs. This is
why even if the primary inspiration was biomimicry,
further iterations did not include a Biomimicry
method step.

Thinking with hands

Making low-fidelity clay figures and small-scale
prototypes has helped in communicating the

ideas to the experts and collecting their feedback.
Discussions with small-scale models were richer in
feedback, and people would express that they were
feeling more energized by seeing physical models.
In addition, letting myself or other people play,
touch, and interact with small-scale prototypes,
making hands busy, would spark a different way

of thought — ‘thinking with hands’. This allowed
more nuanced insights about the construction,
possible deployment scenarios or the way it would
work on the seafloor. This approach has led to
some extremely important ideas in the project and
impacted multiple design decisions: for example,
positioning gabions in a diamond shape to reduce
oyster mortality or connecting 2 gabions in a
double diamond shape have been the outcomes of
interactions with the interim prototypes. Therefore,
prototypes not only can be used for communicating
ideas more clearly but also as a way to ideate
further for additional improvements.

B =
Figure 105: Testing out the leading rope attachments with two
concept models.



Design for biodiversity

When designing for biodiversity, findings from
research in ecology inform design on which
interventions can be the most effective in a

specific ecosystem. Also, the end users in this
project, such as various benthic organisms, cannot
be interviewed directly to understand their
preferences. Therefore, ecology and biology experts
become the mediators between the design and its
end users, by providing insights about the North
Sea ecosystem, and offshore work context and
giving feedback on the different designs. In later
product development stages, the marine ecosystem
could be ‘interviewed’ by testing how it responds to
the design, but these testing times are dependent
on the season and may take a long time before
clear outcomes can be seen. Therefore, working in
a multidisciplinary team with ecology and biology
experts is one of the key aspects of designing
solutions for ecosystem regeneration.

As often happens in multidisciplinary teams, every
specific field and profession has its own vocabulary.
Many new ecological concepts and words had to
be learned, but organized field trips where reef

restoration context could be experienced and
having low-fidelity prototypes during the interviews
with experts have helped in understanding each
other more easily.

Finally, designing for nature teaches to deal

with uncertainty, because it is not possible to
translate the whole ecosystem into a collection

of parameters and be sure that the design will
work exactly how it is supposed to. For example,
it is impossible to state how much reef can be
regenerated during the restoration project, because
of the numerous unknown factors that neither
designers nor ecology or biology experts may

be aware of. And once the design is deployed,

it can take multiple years of monitoring until
some implications to the local ecosystem can be
determined. This, however, can be hard to explain
to other stakeholders who are used to accurate
predictions and clear results. Therefore, it is
important to keep this uncertainty in mind and
communicate it clearly to other stakeholders, to
ensure stakeholder agreement and allow the best
possibilities for learning.

Figure 106: Deploying young oysters in Voordelta with ARK Rewilding Nederland, Waardenburg Ecology and

Stichting Zeeschelp. Photo credits: Gwenaél Hanon, ARK Rewilding Nederland.
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APPENDIX A:
DESIGN DIRECTION -
DETAILED PROGRESS




Numerous design cycles have taken place

throughout the analysis described further, resulting
in sketches and low-fidelity prototypes which were

used to discuss the directions with design and

marine ecology experts. By the end of this design

phase, one design direction is chosen for further
development.

3.1 Initial cycle — graduation in

a day

A full workday was dedicated to going through
the project using Whole System Mapping and
Biomimicry methods to come up with several
prototypes in different design directions. The
Whole System Mapping method was used to
visualize the process from empty shells being
collected from the restaurants to the structures
being deployed to offshore environments and
interacting with a marine ecosystem, then
brainstorming new ideas for it (Figure 1). While
brainstorming, several questions arose about

how manufacturing, deployment, and functioning

possibilities.

A few of those questions (“How to stabilize the
structure” and “How does nature provide a
varied environment”), were chosen for analysis
using Biomimicry: challenge to biology method
from which several low-fidelity prototypes have
been developed and discussed with experts from
ARK. Detailed prototype evaluation and main
takeaways can be seen in Figure 2. For the second
design cycle, the main takeaways include these
requirements and suggestions:

e Structures should offer more protection from
predation and sedimentation, otherwise young
oyster mortality rate will be significant.

e Connecting single modules into a cluster
seems to be an effective idea to stabilize the
structures, in addition, it would be easier to
deploy the whole cluster instead of single
individuals. Finally, the cluster can have a lot of
surface variability due to modules piling up on
each other.

e Mimicking oyster shell surface irregularities
was noted as an effective way to offer variety,
further inspirations from oyster shells and
reefs should be considered, because they are
best adapted for biogenic reef formation.

¥ o mnirgihe Compinenks AAM b (Lho o Aie Al

i

Figure 1: Brainstorm on the system map.
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Evaluation of the prototypes

+ Modularity, different units make a cluster
+ Doesn't matter how they will fall down, random is good

- Improved stability on sand
« Legs raise the spat

- Lines will need to be ext
500-600m)

+ Introduces different levs
- Can fall on the sea floor
- Would need a GIANT on

need special equipment.

500-600m)

therefore expensive

go further away from the

Figure 2: detailed product evaluations and main takeaways.

3.2 Second cycle

After gaining insights from the initial design cycle
and additional expert feedback, more design
requirements were added regarding viability: Flat
oyster survival and broader ecological success.

A more detailed context analysis was done to
understand the North Sea offshore environment,

Wi
Design requirements

(for oysters)

+ Should protect young oysters
from predation.

+ Can be integrated into the hatchery
- If units are lightweight the structure will roll and move

+ Hardest to move due to large surface area at the bottom
+ Water flow pushes structure down

+ Good stability in sand due to spikes
- Manufacturing would be very complicated
- If it's a one-unit structure then it will need to be MASSIVE,

-If it falls on the wrong side it could move to the right ane but could

What kind of sediment flow? Bathymetry

ra long (distance between windmills

el of height

Introduces a gradient of environments

in different positions which won't work
e structure, hard and expensive to handle,

Main take-aways

- Lines will need to be extra long (distance between windmills

« All prototypes are susceptible to predation
because they are on the seafloor.

Most of them are susceptible to silt covering
and suffocating oysters.

+ Falling on the seafloor: should be either easily
controlled or should be working in any position.
Mimicking oyster shell texture or using oyster
shells is a way to go.

spot.

Biomimicry method was used to gain inspiration
for new design ideas.

Context analysis

More detailed context analysis was carried out
with literature research and talks with the client,
mainly about the flat oyster and its survival and
the surrounding ecosystem. The insights are
described as the requirements with a summary in
Figure 3 and Figure 4.

ho are the main predators?

Starfish

Due to their unigue
body, can crawl up
to almost anywhere

« Should protect young

oysters from sediment flow. e

- Young oysters need
protection, while older
oysters need space to grow.

When can oyster effectively protect themselves?

Sandbark: wicth 1-3 km, height 10m.
Migration speed of 3.5 miyear
(Figure 9)

Sandwaves: sppear superimpesed on
the sandbank. Distance between the
crests 300 m, height up 10 5m.

Mega-current ripples: on top of
sandwaves. Height: < few dm; Distance

¢ Most relevant for

this projects

between ripple crests: up to 10m.
Speed: travel relatively fast

Marca's comment:

+ Until 1- 2 years they need protection.
(overall good survival after 1 year)

+ When they are thumbnail size they can
be put out but they are sensitive to
predation.

- Crabs are the biggest risk

- Predation more important than
environmental factors for their survival

Young flat oysters are vulnerable to
predation until they are ~ 3 cm in size,
mainly because the shell is still thin
(Gercken & Schmidt, 2014)

—

Figure 3: Design requirements for oysters and related context details.
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Design requirements
(for the ecosystem)

- Should have large
surface/volume ratio for good
settlement area, efficient use of

material.
PO
+ Multi-purposeness: Structure ,.,g:_‘i -
should include a variety of 1284
gaps, cracks, holes and flows to  ———————»  seoen *; -
aid colonization of variety of oo -
reef inhabitants.

- Structure should be stable and
not flow away given the current
of 30m in depth

Biodiversiteit Noordzee

Ty :
I

{=
o
»|

What are the current practices?

+ Alot of gaps in natural
shells

« Large surfacefvolume
ratio in spat collectors

What's in the ecosystem?

The arthropods (crabs, lobsters,
shrimps,..)

The chordates (fish, mammals,

. birds and sea squirts).

al
Ring worms, molluscs (shellfish,
nudibranchs and squid).

Coelenterates (anemones and

jellyfish).

What's the current flow situation?

| Extreme cases:
i ! current speeds could
| { reach to 1,2 m/s

OWE Project pl
Depth: Water d
Tidal currents: 0.25-0.% m/s

Figure 4: Design requirements for the ecosystem and the related context details.

Biomimicry: challenge to biology

The requirements were transformed into
guestions for nature; for each question research
was carried out using the Asknature.org website.
Once a design strategy was found, a search for
current design applications for each strategy also
led to insights about how the strategy is adapted
in the design field already (Figure 5, Figure 6,
Figure 7).

97

Translating biology to design: two main
directions

With the insights from Context Analysis and
Biomimicry, it was clear that working with empty
shells seems to be a promising direction. Firstly,
oyster shells and their shape are already highly
irregular introducing the needed variety to the
structure design. Secondly, using empty oyster
shells as a waste source from restaurants reduces
the need for virgin materials and returns useful
nutrients back into the sea. Therefore, it was
chosen to use oyster shells as a medium for the
design. There are multiple ways the shells could
make these structures, the main design directions
were categorized between “Shells bound with

a medium” and “Shells bound with external
structure”.



Nature strategy

How does nature protect
itself from predators?

Qyster shells are rough and irregular. The bulky
and complex external structure of an oyster reef
shields a complex inner world of crevices,
fissures, and gaps that develop from the oysters’
nonuniformity. Larvae find protection within
these “interstitial folds,” where calmer waters
exert weaker stresses. Inside these protected
zones, tightly packed vertical surfaces provide
additional refuge, restricting access for predators
such as the blue crab.

Nature strategy

How is

For coral reefs:

it applied currently?

Grow oyster reef tile: Uses
oyster concrete, can be casted
or 3D printed.

Need to ensure that it stands
upright

Coral carbonate: 3D printed
form Calcium carbonate with
binder jet printing.

Multi-sided function, including
many gaps and holes

3D printed with Terracota
clay, one sided function

Figure 5: Biomimicry strategy for protection.

How does nature live on sand?

How does nature create stability

in water flow?

Sand Dollar

Had g by

Lunules

]

Sand dollar.

The function of lunules: they act as pressure drainage channels
and thus help prevent the animal being lifter out of the sediment
by wave action. Hydrodynamic tests have shown that sand dollars
with lunules can live in settings with higher water flow rates.

How is it applied currently?

Creating holes

...or water channels

Figure 6: Biomimicry strategy for stability.
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Nature strategy

How

How does nature create the
diverse habitat?

Variations of geometry and textures
Irregularities everywhere

Gaps and cracks or fully exposed areas
Balanced predator-prey interactions

is it applied currently?

Hanging fish house

Used Coral Carbonate (mainly
calcium carbonate)

3D printed

ey & "‘! [y b 9 Variations in volume while
i ﬁ v R maintaining structure through
82 ! \

complex archs and surface area.

Figure 7: Biomimicry strategy for diversity.

Shells bound with a medium

One of the directions was to mimic the oyster
reef structure and find ways to glue oysters back
together (Figure 8) into a desired shape. For this,
additional material research was done, to see
what kind of materials would be similar to oyster
glue. In addition, iterations on the shape were
done while mimicking the details of the oyster
reef (Figure 9).

Figure 8: The goal of this idea would be to stick empty oyster shells
in a similar way as in the oyster reef.
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Various shapes were evaluated according to how
stable will they be once deployed on the seafloor,
how easy they are to form, and how large is

the surface area-to-volume ratio. Torus shapes,
inspired by Actinia (see Figure 10) provided good
stability on the surface, because even if they fall
on any edge, they will eventually drop on one

of the two major sides. Using them as modules
to make a cluster could offer even more surface
variety if structures fall slightly on each other
(Figure 11).

Figure 9: Shape exploration using modelling clay.



Figure 10: Actinia equina with tentacles growing in a circular
pattern around the mouth. (Image credit: Attrattorestrano at Italian
Wikipedia, 2008)

Scale model

A parametric design model was created
showcasing how the torus shape with irregular
surface from oyster shells could look (Figure 12).
High surface area/volume ratio, crenellations and
sharp edges provide an effective surface for oyster
spat settlement and protection against predation.
The nature strategy of the Sand Dollar (Figure

13) was applied by incorporating holes that allow
some water to go through the structure. In this
case, holes act as pressure-drainage places making
the structure more stable against the water
currents.

Considering the large-scale deployment, it would

Figure 11: Torus-shaped modules could be tied into a cluster to offer
more geometrical variety and stability on the seafloor.

be most effective to form large structures with a
great number of cavities formed by empty shells
for various reasons. Firstly, if structures are to

be connected with each other (see Figure 11) to
improve deployment efficiency and retrievability,
having a lower number of large-scale units will
minimize the labour costs of connecting them.
Secondly, as juvenile oysters grow, they will need
protection for at least 1 year (grow up to around
3mm in size (Robert et al., 1991)), therefore
structures should provide large enough cavities.
Finally, larger structures can provide higher
structural variety and raise the young oysters from
the seabed more effectively as opposed to small
elements. Each torus structure would be around
70cm in outside diameter.

Figure 12: Parametric design model (scale 1/10) combining the chosen shape and mimicking the irregularities of the oyster reef.
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Material

What is the most suitable material to bind these
empty oyster shells together? It is still unknown,
with several possibilities raging from ceramics to
bio-based plastics.

It is possible to use bio-based plastics which
degrade in an ambient marine environment,

such as PHA or PHB, however, the rate of
biodegradation in a marine environment is
relatively slow. For example, it takes 1,5 to 3,6
years for a PHA bottle of 800 um thickness to
completely biodegrade, while increasing thickness
the range of uncertainty and time required also
increases (Dilkes-Hoffman et al., 2019). Therefore,

Figure 13: The sand dollar’s skeleton with 6 holes called lunules.
(Image credit: The Natural History Museum, n.d.)

for large, thick structures which need to show
significant biodegradation in 5 years, PHA or PHB
is not a suitable material.

For ceramics, materials with calcium such as
gypsum, chalk or limestone can be very useful for
oyster formation and growth, because calcium
carbonate is one of their main shell-building
materials (Yoon et al., 2003). Oyster larvae have
also shown a preference to settle on surfaces
which have a high amount of calcium because it
resembles the chemical composition of shells,
mostly preferred were empty oyster shells, lime or
clay (Colsoul et al., 2020). One of the possibilities
is to use BESE-reef paste, which comprises 80%
ground shells and 20% bio-based binding additives
(BESE products, 2021).

Testing the BESE-reef paste

BESE has provided a sample of reef paste and
the small-scale structures made of oyster shells
and this binder could be tested (Figure 14). Three
different samples were used to test different
binder application techniques (Figure 15): applying
the binder on top of the shells or mixing shells
and the binder together while differing the

paste viscosity. Samples were weighed (before
paste application and after) and put in the room
temperature ( ~20 °C) environment to dry and
set. After 10 days all samples were dry: samples

Figure 14: Various types of samples prepared for testing with BESE-reef paste. One of the techniques is to mix the shells with the binder.



a) Paste poured on
top of shells

b) Shells mixed together with
paste (lower viscosity paste)

c) Shells mixed together with
paste (higher viscosity paste)

Figure 15: Prepared samples with different application methods.

B and C were brittle and shattered shortly after
taking them out of the moulds. Sample A was
stronger and could retain shape, but after several
handlings, it shattered 15 days later as well (Figure
16).

This test provided some important insights and
showed the challenges if this design direction
would be chosen:

e Weight: Sample A (dimensions: =22 cm, h=8
cm) weight increased almost 2 times after
the reef paste was applied and dried (Figure
16). Large-scale shapes (2=70 cm, h=30 cm)
could weigh around 44kg, which could pose
challenges for handling & transportation.

o Brittleness: All samples were brittle and

shattered within 15 days with minimal handling.

That might be due to the microfractures in the
binding matrix. Structures should withstand
stresses when being deployed to the sea, the
brittleness of this material poses a challenge in
an offshore environment where quick handling
and time effectiveness is essential.

¢ Biodegradability: both shells and BESE-
reef paste are made of naturally occurring
materials based on calcium carbonate. In
addition, the reef paste also biodegrades in a
marine environment. These materials are both
beneficial to oysters and other marine life, and
they do not need to be taken out once the legal
permit period has ended.

While the material composition seems to be
beneficial for benthic growth, the binding
material is too heavy and too brittle to fulfil
design requirements for handling during offshore
deployment. Weight could be decreased by
adding more shells to the structure, but this
would further increase the brittleness. By using
reef paste in this way, the concept runs into the
inevitable limitations of calcium carbonate-based
materials being heavy and brittle.
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Shells bound with external structure

The second direction was inspired by the current
approaches from ARK, other reef restoration
organizations and oyster farms (Figure 18). Often
young spat on shell are put into the oyster crates
or meshed metal wire boxes which keep the oyster
shells together. Similar to the oyster reef (Figure
17), packed empty oyster shells create surface
irregularities and gaps which reduce predation
opportunities. To prevent sedimentation,
structures are raised from the seabed by hanging
them on the line or by adding the legs. From the
prototype analysis (Chapter 2), it is known that the
ARK model (Figure 18b) was challenging to deploy,
required a lot of manual assembly time, and

the legs were unstable so could not be moved,
once the structure is assembled, units had to be
deployed one by one, taking care that they land in
a correct position.

To solve challenges related to deployment with
ARK’s model, new design possibilities were ex-
plored with new aspects:

e Connected units: by connecting the units either
in a row or in a cluster and deploying them all
at once, deployment time is drastically reduced,
less manual labour is needed, and the system
can be further automatized. The inspiration
comes from the first iteration (Figure 19) and
from the technique used to catch lobsters in the
North Sea (Figure 20).

Figure 19: Cluster idea from the first iteration: separate units
forming a cluster.

- 7

Figure 20: deploying cages to catch lobsters. All cages are
connected in a rope and deployed in a row.

a

Figure 18: Various structures used to keep oyster shells: a - oyster baskets used in oyster farming, b - one of the prototypes developed by ARK
using metal wire mesh to pack empty oyster shells. (Photo credit for figure b - Ernst Schrijver, ARK Rewilding Nederland).
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Figure 21: When units are connected in a row and pulled towards Figure 22: Different support legs can impede or facilitate sliding on
the seafloor, they will rotate mostly on the longitudinal axis. Other the surface.
rotations are minimized.
e Limiting rotation axes: When units are The support structure is designed to function in
connected in a row and pulled from the deck of  any longitudinal rotation position — no matter how
a moving ship to the seafloor, they will rotate much cradles will rotate around the longitudinal

mostly around the longitudinal axis when falling  axis before falling onto the seabed, the supports
onto the sea floor. Lateral and vertical rotations  will always raise them 200mm above the seafloor,

are minimized due to the tension between the see Figure 25.

pulled units. Therefore, only the longitudinal

axis needs to be considered when designing The shape of the support structures is similar to
support structures to raise the unit from the a sleigh, which facilitates sliding. Moreover, the
seafloor. outline for each support wing is bent to minimize

surface area in contact with the ground as well as
strengthen the support wing against compression
from oyster cradle weight. Bending the outline

o Sliding: If the units would be deployed in a row,
pointed legs from the current design would
increase the friction on the deck surface and
could break off when being pulled. Instead, the
support structure could facilitate sliding on the
deck like a sleigh (Figure 22).

Scale model

A scale model of one unit was made (Figure 24)
to test out the assembly and understand possible
construction or manufacturing challenges.

The oyster gabion model houses spat on shell while L e —L\
being raised by the support structures. The cradle \‘.\Q!/‘/ \_2’}

protects the young oysters from predation, at the
same time, support structures raise it from the
seafloor to protect oysters from sedimentation.

Figure 24: A scale model for a design directiqyutitards distribdiasthetempression stress more
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992 mm 815 mm

815 mm

200 mm

Figure 25: General dimensions of the design. No matter which longitudinal side the structure falls, it will always be raised 200mm from the
seafloor.

uniformly and does not block the sliding movement
if any surface irregularities or bumps are met

along the way. The inner wing surface was cut out
to mimic the sand dollar strategy (Figure 13) to

act as water current-drainage places to stabilize

the structure. In addition, these holes help with
minimizing the weight, the place for inner structural
lines could be arranged according to typology
optimization to further reduce the weight but
retain the needed compression strength.

Assembly is made easier due to the interlocking
part between four support legs (Figure 26) with the
same method on the other side.

Igure 26: The interlocking mechanism for one support side.

However, during model creation, printing and

testing main challenges for this concept have been . » .
8 8 P moulding shapes or additional steps in

indicated: . .
manufacturing to attach the inner corners for
¢ Material use: for an 800x400x400 mm gabion the cradle. This will likely raise the price-per-unit
basket, the support structure will be large and will inhibit scalability from an economical
(Figure 25) and can become expensive due to perspective.

the amount of material needed. This will likely
inhibit the scalability. Therefore, further ideation
should look into the way to minimize the support
material while still protecting the oyster from
sedimentation.

e Assembly: even though the supports are
assembled easily, the support sides need to be
tightened together with ropes or belts. Tightening
all four sides will require more time for manual
labour during assembly on deck. This will have

¢ Manufacturing: due to their 3d geometry negative effects on scalability, due to economical
(corners holding the oyster cradle), the support and temporal reasons, and can become even
structures are more complex to manufacture, more challenging if the sea is not calm and the
they would need either more complicated ship is moving excessively.
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Material

The materials used for the oyster crates vary
according to their use case:

Oyster farmers often use baskets (Figure 17a)
made of polypropylene for the off-bottom
farming method: baskets are attached to a line
and repeatedly retrieved and used again for
multiple seasons. While this material is non-toxic
and effectively used in aquaculture, it cannot

be used for structures designed to be left at the
bottom of the sea, because polypropylene is not
biodegradable and will add to the problem of
marine plastic pollution.

Steel wire mesh can be used as well (Figure 17b)
because carbon steel comprises non-toxic elements
of carbon and iron. However, these meshes are
usually galvanized (coated with a layer of zinc) to
protect the mesh from corrosion and increased
concentrations of Zinc or Zinc Oxides can negatively
affect various marine organisms (Sarker et al.,
2021; Yung et al., 2014). Therefore, if the steel
mesh would be used in the new design, it should
be a bare carbon steel mesh without any corrosion
protection layers to limit the ecotoxicity in the
marine environment.
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APPENDIX B:
CONCEPT EXPLORATION

— PROCESS AND INTERIM
IDEAS




1. Oyster nets

Several ideas and iterations have been explored of
how biodegradable oyster bags could be used in a
large-scale oyster reef restoration project.

Figure 1: BESE oyster bag made from a biodegradable biopolymer.
Image credit: BESE products, 2022)

1.1 Oyster nets with support frames

One of the possibilities is to design frames which
could be attached to the chain right before it is
deployed to the sea. The frames could be attached
where the knot is placed by the deployment
personnel on the ship deck. Small-scale
prototyping (Figure 2) has provided some valuable
insight:

Advantages:
e \ery easy and fast support assembly, personnel
on the deck would just need to slide the
support into the chain where the knot is placed.

Disadvantages:
e Attaching frames to the flexible structure makes
them unstable and they do not raise oyster bags
efficiently (Figure 2). To stabilize these supports,

additional stabilizing elements and attachment
should be introduced to the assembly which
negates the initial ease-of-attachment
advantage.

Another possibility is to attach the support
structures to the bags. When the bag is filled with
oysters, it becomes less flexible and can offer

a more stable basis for the frame. In addition,
when on the seafloor, the raised bags would
remain straight without falling on one of the sides
because each bag is pulled and tensed by other
bags. A prototype (scale 1/10) was tested out

in the lake to see how it is affected by multiple
deployments into the water (See Chapter 5,
“Testing”). The support structure effectively raised
the oyster bags from the sand floor but after a few
additional drops, some frames started to fall off
and the oyster bags ended up on the sand floor.
With insights gathered from prototyping and
testing activities, the last improvements were
made: teeth on the inner right were introduced to
grab and secure onto the oyster net tighter, inside
the frame, patterned infill has strengthened the
frame, the whole frame was enlarged a bit (Figure
3, Figure 4).

Advantages:
¢ Test has shown that the frame raises oyster
bags from the sand floor.

e Frames are lightweight and easy to assemble
—the first iteration design was one piece
which needs to slide onto the connection
point between two oyster bags. More stable

Figure 2: First oyster bag frame iteration.
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frame designs are divided into two parts which e Frames inhibit the sliding - due to their

surround and squeeze the oyster bag. Teeth attachment method, the frames are
introduced in the last iteration provide the best perpendicular to the sliding direction of the
grip and stability. whole oyster bag row. Therefore, sliding this

assembly from the deck would not be a suitable
method. Unrolling or specific deployment
structures would need to be built to facilitate
easier deployment.

o Efficient use of space — all frames can be stacked
on top of each other to save space during
transportation. Without the frame, units with
oyster shells also are space efficient in the
hatchery or during transportation. e The hexagonal frame shape saves some

material use compared to the rectangular

Challenges: )
shape. However, the assembly is less stable
e Complicated and expensive frame underwater and if currents are perpendicular to
manufacturing - if frames would be laser the assembly row, it could start rolling.

cut, a lot of material would be lost. If frames
would be made from steel beams and welded,
the welding and bending process would be
complicated and expensive.

e Narrow frame edge can get buried in the sand
quickly. This will reduce the distance between
the bags and the sand floor but stabilize the
structure from rolling away.

Figure 4: All support frame iterations: on the left- the first frame attaches to the knot, the middle - frame attached to the bag, right —an
improved frame attaching to the bag.
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Figure 5: 3D model of the wind-up lock which mimics a common click pen mechanism. It is possible to twist and wind up the frame in one
direction, but the frame cannot unfold because the ladder is blocking a rotation to the opposite side. The lock can only be released when the
head (on the right) is pulled away from the groove (on the left).

1.2 Oyster nets with unfolding frames

Instead of the necessity to attach the frame
manually right before deployment, the frame

could unfold automatically when it is needed.

By mimicking the basic clicking pen mechanism
(Figure 5) it is possible to twist the frame around
the oyster bag and lock it (Figure 6). A frame will
unfold automatically when pull force is applied to
the ends of the bag (Figure 7). The bags with a
winded-up frame would be stored in a roll, when a
chain of these bags is unrolled into the water, every
few seconds the roll stops and certain bags’ edges
are pulled due to inertia. The pull force releases the
lock mechanism, and the frame unfolds right before
entering the water. No active human intervention
would be needed during the deployment.

After low-fidelity prototyping, several insights can
be highlighted.

Advantages:

o |dea has the potential to become a fully
automated oyster deployment solution with a
human intervention needed only to assemble
the frame ends and to check deployment
procedure quality. This would greatly improve
deployment speed.

o With most preparation work done on land,
much fewer personnel are needed on the
vessel itself, which will reduce deployment
costs.

Disadvantages:

e Mechanism is complex and would be produced
with injection moulding, in the best case from
biodegradable plastic. Injection moulding
only makes sense in large-scale production.
For medium-scale production, the costs of
manufacturing would be too expensive to

Figure 6: Prototype for the unfolding frame. Left - the frame is winded up around the oyster bag, right - once the mechanism is pulled, it
releases the frame and it unfolds like a spring.
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make it a viable solution. 2.1 A single gabion

¢ Unclear how to manage the balance between For this iteration, the main goals included
frame beam stiffness: the beams should be minimizing the material use and reducing the
stiff enough to raise the oyster bag from costs of manufacturing while maintaining the
the sea floor, but also flexible enough to be aforementioned functions. The process went as
winded up around it. In the current prototype, follows:
the beams are not stiff enough to raise the
structure from the surface but can be twisted Firstly, supports were adjusted to secure to the
around quite easily. wall instead of the corner which would rotate the

gabion 90 degrees and it would sit on the edge at
the seafloor (Figure 8). Designs from the first and
second iterations were compared: In the rotated
design, material use for supports is reduced by
38% and geometry is simplified by taking out the
corners. Overall object volume is reduced by 43%,
which allows better stacking on the deck. Due to
2. Gabion baskets a part of the gabion touching the seafloor, some
oysters would get sedimented and suffocate. For
a fair comparison, it was calculated that oysters
below the 20 cm line will be lost. According to
the theoretical calculation: in the first design the
survivability would be 100%, while in the second
design — 80%.

e Large winded-up structures can be dangerous
for people around them, similar to numerous
large and loaded springs, these structures can
unfold with great force and cause accidents if
they do so at the wrong moment.

Several ideas and iterations have been explored
of how the steel frame gabions could be used in
large-scale oyster reef restoration projects.

Another idea was to reduce the support material
even further by attaching support just on one side
(Figure 9). Compared to the first design, material
use is reduced by 69% while losing 20% of oysters
to sedimentation. In addition, a one-sided design
reduces steps in assembly on the ship deck, which
would save deployment time on a ship deck and
structures can be connected in a row (Figure 10,

Figure 7: gabion baskets used for oyster reef restoration. Image .
credit: EnZar (n.d.) Figure 11).

Figure 8: different ways how support structures can be created: on the left — a design from the first iteration, on the right — a design with
reduced material use for the support structure.
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Figure 9: One-sided support design.

With one-sided support, the structure might fall
into a less desirable position with a front gabion
edge and one support structure touching the
seafloor (Figure 12). It was calculated that this
position would increase the oyster loss: 24%
loss compared to the desired position (80% of
survival). A test session was done with 1/10 scale
models in the lake with a foam sheet as a boat
to determine the most likely fall position and
possible deployment scenarios (see Chapter 5,
“Testing”).

Last support iteration focused on reducing oyster
loss by enlarging the support structures. The
topographic optimization method was used with
a 2D TopOpt app (DTU & Aage, 2020) (Figure 13).
Shape suggestions were translated to a scale
model (Figure 14) and this design is compared
with the first iteration (Figure 16).

Position 1

Sedimentation

Effective oyster _ 103 dmg

~80%
crate volume

Figure 10: Connection between two units.

Figure 11: Units connected in a row, while testing deployment
arrangements.

Position 2

~76% Cifective oyster _ oo 4 3
crate volume

Figure 12: Comparison of the different positions on how the structure can fall on the seabed.



Advantages:

e Material use is drastically reduced: 4™ iteration
uses 68% less material than the initial concept
with fewer manufacturing steps and easier
assembly.

e Easy assembly on the ship deck or land: The
base is connected in a cross structure, then the
gabion is placed into the support, the gabion
and support legs are tightened with a rope, and
the unit is rotated sideways and connected to
another unit.

Figure 13: Silhouette developed by a 2D TopOpt app. e Simple geometry with an interlocking
mechanism does not require using other
fastening equipment or tools for support
assembly.

e Structures are designed in a way to facilitate
easy sliding of the deck in the longitudinal
direction.

Disadvantages:

e 16%-20% of oysters would be lost if the latest
support design is used, compared to 0% with
supports from the first iteration. Supports
would need to be enlarged drastically to further
reduce oyster loss.

Figure 14: The last support iteration.
e Structures are complicated and expensive to

According to the ergonomic and technical manufacture, especially when using non-toxic
requirements, gabion measurements can material possibilities.

be adjusted (Figure 15), for further support
development gabion size of 400x400x800 mm
was chosen due to optimal size while handling
and minimizing the use of steel per oyster batch.
Gabion size is to be adjusted according to support
design and further ergonomic requirements.

e Tests have shown that for structures to fall in
an upright position, a large distance between
the modules is needed — more ropes, more
possibilities for entanglement and possible
danger on the deck.

g
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Figure 15: Few design ideas for using different gabion sizes for unit weight reduction due to ergonomic requirements.
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Gabion basket design comparisons

Version 1 Version 4
992 mm ‘ ) 815 mm
‘ 654 mm 898 mm
€ E| / 5
n £ &
— <t \ 7
o $ \\\‘\ y
Effective oyster _ 458 g4m? 100% ~gq9,  Effective oyster _ g 43
crate volume crate volume
Object volume = 658 dm’ 100% ~58% Object volume = 384 dm’ -
Rl Leg weight Leg weight .
(sample material: = 35 kg 100% ~32% (sample material: = 11,5 kg
porcelain) porcelain)

Figure 16: Comparison of support structure designs: on the left — a design from the first iteration, on the right - structure from the fourth

2.2 Gabions connected together

There is also a possibility to connect two gabions
together on the edge to make a double diamond
shape (Figure 17). In the case of 400x400x800
gabions, the diamond shape would already

lose fewer oysters to sedimentation: with 20%
under the 20cm line of possible sedimentation,
compared to 50% if the gabion baskets would
be just thrown out and land on one of the faces.
The structure is also deemed more stable in
comparison to a single unit - it is wider and will
resist stronger water currents without tilting.
Surface complexity is enhanced because two

iteration.

gabions introduce the bottom hole, several
corners, and gaps between each module, where
various fish and other marine organisms can grow
and live.

Because the middle edge connection already
holds gabions in desired diamond position, the
support structures can be designed to raise the
gabions more efficiently and save more oysters
from sedimentation. A few support structure
designs have been explored and will be discussed
further.

Figure 17: Double diamond shape when two gabions are connected.
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2.2.1 CNC frame manufacturing, but due to chemicals used even
in formaldehyde-free types, it is not a suitable
material to be left to decay in the marine
environment. Another way is to CNC these
parts from untreated solid wood planks, but
the whole process becomes more expensive
due to much more manual labour needed in
preparation stage.

One of the possibilities is to use a support frame
which would raise the gabions from two sides
and ensure that the whole structure falls or tilts
on those desired sides. The top and bottom
frames are identical, making them easier to
manufacture and assemble. Deployment would
remain the same: connecting the pair together
and then connecting multiple pairs in a row to
reduce rotation axes. By implementing grooves
and bumps on the support parts, the gabions are
secured from sliding off the structure (Figure 18).

e Bumps designed to restrict gabions from sliding
off might be too weak and could break off
during the deployment, because of the wood
fiber direction.

e When exposed to damp or weather dynamics

Advantages: environments, untreated wood parts tend to
e Assembly is quick and simple. Firstly, the deform non-uniformly, making the frame fit less
bottom frame is assembled from 4 parts. Then predictable.
two gabions are placed into the designated e Unit may fall in two positions: upright —in
grooves and connected together. The top frame that case 97,7% of oysters are above the
is assembled and put on top. All structure is sedimentation line, sideways — 79,7% of oysters
secured from two sides with jute lashings and are above the sedimentation line (Figure 20).
clamp buckles. The assembly is then connected Further testing should be done to determine
to another unit and the row is formed. what is the possibility the structure lands
sideways.

e Effective oyster protection and higher survival
rate. The frame protects gabions from impact
and deformation during the deployment and
raises them 140 mm from the ground which
results in an improved oyster survival rate
(97.7% above the 200 mm sedimentation line).

Challenges:

e Part geometry is complex, therefore, CNC would
be the method of manufacturing and would
cost around 30 euros per part (according to
the quotes from the manufacturing facility in

Figure 18: Gabions are secured with grooves and bumps to stay in

Amsterdam). Plywood is usually used for CNC place.
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Figure 19: Positions of how the unit might fall: a - intended upright (97.7% oysters above the sedimentation line), b - sideways (79.9% of
oysters above the sedimentation line).
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2.2.2 Pallets e Surface complexity: Pallets have a relatively
complex geometry with many corners, cavities

Another possibility is to use half-euro pallets or . . .
and holes for various marine species to settle.

display pallets as a base to maintain the same

functions as with a CNC frame. Challenges:
Advantages: e Unit may fall in two positions: same risk of
e Pallets - durable and standardized: Different the whole unit falling sideways (Figure 21),

types of euro pallets are used in many logistics which decreases the oyster survival rate (97,3%
operations. They are designed to endure the survival if the unit falls in a desired upright
rough handling process, manufactured from position, 84,3% survival if the unit fall sideways).
solid wood planks, the dimensions are on an Testing and evaluation need to be done to
agreed standard: 1200x800 cm - a euro pallet, measure what is the probability of structures
600x800 cm — half euro pallet with maximum ending up in a sideways position.

load capacity for half-euro pallet being 500kg.

Affordable: Pallets are used in almost

every larger-scale logistics operation, the
manufacturing process is highly automated,
therefore the costs are relatively low: from 10
to 15 euros per pallet.

e High availability: As a standard, euro pallets
are manufactured across Europe and used
interchangeably. Pallets can be acquired from
local warehouses or businesses reducing the
need for long-distance transportation.

e Circularity: Various companies that focus on
euro pallet repair. If necessary precautions
are considered, used pallets can be deployed
with this assembly as well. The main point of
attention would be to ensure that they are not
chemically contaminated. Figure 20: One of the pallet designs, one unit assembly.
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Figure 21: Two possible positions: a - desired upright positions (97.3% oyster survival), b - sideways position (84.3% oyster survival).
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Project team, Procedural checks and personal Project brief

This document contains the agreements made between student and supervisory team about the student’s IDE Master
Graduation Project. This document can also include the involvement of an external organisation, however, it does not cover any
legal employment relationship that the student and the client (might) agree upon. Next to that, this document facilitates the
required procedural checks. In this document:

The student defines the team, what he/she is going to do/deliver and how that will come about.
SSC E&SA (Shared Service Center, Education & Student Affairs) reports on the student’s registration and study progress.
IDE's Board of Examiners confirms if the student is allowed to start the Graduation Project.

USE ADOBE ACROBAT READER TO OPEN, EDIT AND SAVE THIS DOCUMENT

family name Motuzaité Your master programme (only select the options that apply to you):

initials .M. given name Juste IDE master(s): (kg IPD ) ()of) () spp)

student number 5393183

street & no.
zipcode & city Honours Programme Master
country _The Netherlands Medisign
phone Tech. in Sustainable Design
email Entrepeneurship
** chair _Prof.dr. ir. Conny Bakker dept. / section: SDE
** mentor Dr. Jeremy Faludi dept. / section:  SDE

Gwenaél Hanon
ARK Natuurontwikkeling
Nijmegen The Netherlands
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Procedural Checks - IDE Master Graduation

APPROVAL PROJECT BRIEF

To be filled in by the chair of the supervisory team.

chair _Prof.dr.ir. Conny Bakker date 13 - 09 - 2022 signature

CHECK STUDY PROGRESS

To be filled in by the SSC E&SA (Shared Service Center, Education & Student Affairs), after approval of the project brief by the Chair.
The study progress will be checked for a 2nd time just before the green light meeting.

Master electives no. of EC accumulated in total: _32 EC @ all 1% year master courses passed

Of which, taking the conditional requirements
into account, can be part of the exam programme  _28 EC missing 15" year master courses are:

List of electives obtained before the third
semester without approval of the BoE

name _C.vanderBunt date 16 - 09 - 2022 signature

FORMAL APPROVAL GRADUATION PROJECT

To be filled in by the Board of Examiners of IDE TU Delft. Please check the supervisory team and study the parts of the brief marked **.

Next, please assess, (dis)approve and sign this Project Brief, by using the criteria below.

e Does the project fit within the (MSc)-programme of MD) APPROVED[) NOT APPROVED )

the student (taking into account, if described, the

activities done next to the obligatory MSc specific ) APPROVED r) NOT APPROVED )
courses)?

¢ |s the level of the project challenging enough for a
MSc IDE graduating student?

e |s the project expected to be doable within 100
working days/20 weeks ?

¢ Does the composition of the supervisory team
comply with the regulations and fit the assignment ?

- explanation team members same section is missing

comments
name _Monigue von Morgen date 20 - Q9 - 2022 signature
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Design for biodiversity: enhancing biogenic shellfish reefs project title

Please state the title of your graduation project (above) and the start date and end date (below). Keep the title compact and simple.
Do not use abbreviations. The remainder of this document allows you to define and clarify your graduation project.

start date 12 - 09 - 2022 09 - 03 - 2023 end date

INTRODUCTION **
Please describe, the context of your project, and address the main stakeholders (interests) within this context in a concise yet

complete manner. Who are involved, what do they value and how do they currently operate within the given context? What are the
main opportunities and limitations you are currently aware of (cultural- and social norms, resources (time, money....), technology, ...).

space available for images / figures on next page

The North Sea used to be 20-30% covered in shellfish reefs, which provided important hiding, breeding and feeding
spots for various species. Reefs are a crucial part of marine biodiversity: 60% more species occur on the shellfish reef
than on sandy areas. However, intensive fishing with rakes on the seabed has eliminated most of them and now most
of the North Seabed comprises just sand.

One of the key species for The North Sea reef ecosystem is the Flat oyster. As ecosystem engineers they create reefs by
attaching and growing to solid structures, which for other species provides food source, shelter from high-speed
currents and predators. However, because of the flat seabed in The North Sea, the underwater currents are much
stronger, there is no hard surface for shellfish to attach to and create new reefs. This poses a looped problem: shellfish
cannot cling to the seabed and start forming the reef because there are no natural structures, such as reefs, which
would slow down the currents and provide a solid base to attach. In this degraded ecosystem, and intervention must
be done to encourage more drastic ecosystem regeneration.

ARK Nature (“ARK Natuurontwikkeling”) is an organization working on rewilding the Netherlands, focuses on land and
marine ecosystems regeneration as well as education on rewilding. @rsted is a Danish renewable energy company
competing in the tender to build an offshore windmill farm off the Dutch coast. Together they are starting a Marine
Field Lab in the Dogger Bank, which is a shallow part on the northern boundary of the Dutch North Sea to test out
solutions for marine ecosystem regeneration. ARK Nature will search for ways to rewild The North sea by 'kickstarting'
the ecosystem with the key species of flat oyster to form biogenic reefs. They are looking into development of
structures which could be deployed onto the North Seabed for shellfish to cling on and start growing. In the future
offshore windmill farm in this case will provide a crucial 'no fishing' zone - a refuge for the shellfish reefs to grow and
become hotspots for marine biodiversity. In addition, collaborating with @rsted would bring down the operational
costs of deploying and maintaining the reef formation solutions as the maintenance of the windmills and the reef
formation parts could be done with the same ships.
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introduction (continued): space for images

image / figure 1:  Shellfish reef in Voordelta (Source: ARK Nature)
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image / figure 2: __Suitable circumstances for shellfish reef formation.
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PROBLEM DEFINITION **

Limit and define the scope and solution space of your project to one that is manageable within one Master Graduation Project of 30
EC (= 20 full time weeks or 100 working days) and clearly indicate what issue(s) should be addressed in this project.

ASSIGNMENT **

State in 2 or 3 sentences what you are going to research, design, create and / or generate, that will solve (part of) the issue(s) pointed
out in “problem definition”. Then illustrate this assignment by indicating what kind of solution you expect and / or aim to deliver, for
instance: a product, a product-service combination, a strategy illustrated through product or product-service combination ideas, ... . In
case of a Specialisation and/or Annotation, make sure the assignment reflects this/these.

When stable structures are introduced to the North Sea waters, various species of shellfish can cling on and start
growing. The reef can start forming on these structures and grow further while creating a suitable habitat for a wide
array of other marine species. After interviews with ARK Nature team, several major challenges were noted:

First, rewilding of the North Sea needs to cover large areas to reach notable positive impact, from hundreds of
hectares to tens of km2. This kind of large-scale project faces cost and time limitations. Currently, there are numerous
different designs which are aimed to encourage reef formation. However, most of them are expensive or slow to
manufacture, or, more often, require too much deployment time and resources. Therefore, when trying to work on a
large scale, current solutions become unviable. Creating structures for large scale deployment by minimizing the
manufacturing costs and deployment time poses the biggest challenge.

Secondly, due to legal certification requirements, structures which are deployed in the North Sea to support reef
formation should be installed there temporarily. Structures should either become the reef itself, dissolve in the sea
water or be taken out. In the first case, the biomass should grow over the structure. In the second, the structure needs
to provide a solution for shellfish to attach for a suitable amount of time while slowly dissolving in the water leaving
only the natural reef formed in the future. In last case, the structures should be retrieved from the seabed, however,
this imposes additional costs of using the ship with the crew, which can easily turn into financially unviable solution. In
all cases, the material which the structures are made of should be biocompatible, because living ecosystems will be
growing on them. In addition, if the structure dissolves, special attention should be given to which chemical
components are introduced, to not negatively alter the chemical composition of the sea water.

Third, if the reef starts forming on the windmill, after 20-30 years the reef ecosystem will experience major, if not
destructible, disturbances due to windmills being dismantled and/or changed. Therefore, the reefs should form on the
sea floor in the space which would not be altered, for example between the windmills and outside of the wind farm, to
avoid being destroyed.

I aim to design a product, a structure, which could be used to enhance the shellfish reef formation. The structures
should: Create suitable conditions for the key species to grow and form the biogenic shellfish reefs in the North Sea;
Reduce the bottom sheer stress to aid biogenic reef formation; Be scalable for big volumes in terms of offshore
deployment speed and price; Have temporary lifetime due to legal certification - should dissolve gradually or become
a reef itself and should be biocompatible with the sea environment; Form a standalone reef.

The graduation project aims to answer these research and design questions:

1. Feasibility & desirability: How to design structures that actively enhance the biogenic reef formation in The North
Sea? Sub-questions consider how to: stabilize structures on the seafloor, effectively reduce the sea current speeds and
make material and structure selection according to ecological and deployment factors.

2. Viability: How to scale up the design in terms of quantity of hundreds of hectares or even tens of km2 of The North
Sea? Sub-questions consider how to: integrate the structures into the whole production process (from the oyster
hatchery to the North Sea site), minimize manufacturing & deployment price and time, use standard equipment and
materials to deploy these structures in offshore sites.

3. Success: How to measure the success of the design, in terms of effectiveness, usability and scalability? For
effectiveness, measurements will be done to validate whether the structures can hold a heavy current and test how
they handle the sediment flow and dynamics around. For usability, ease of production and possible deployment time
as well as worker safety will be evaluated. For scalability, manufacturing and deployment price will be calculated.
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PLANNING AND APPROACH **
Include a Gantt Chart (replace the example below - more examples can be found in Manual 2) that shows the different phases of your
project, deliverables you have in mind, meetings, and how you plan to spend your time. Please note that all activities should fit within

the given net time of 30 EC = 20 full time weeks or 100 working days, and your planning should include a kick-off meeting, mid-term
meeting, green light meeting and graduation ceremony. lllustrate your Gantt Chart by, for instance, explaining your approach, and
please indicate periods of part-time activities and/or periods of not spending time on your graduation project, if any, for instance
because of holidays or parallel activities.

startdate 12 -9 - 2022 9 - 3 - 2023 end date
Fulltime during Q1, 5 days/week Part-time during Quarters Q2 and Q3, 4 days/week
(12 EC, 9 weeks) (18 EC, 15 weeks)
Calendar week 37 38 39 40 41 42 43 44 45 46 47 48 4% 50 51 52 1 2 3 4 5 6 7 k) 9 10
Project week 1 2 3 4 5 6 0 11 12 13 14 15 6 17 18 19 20 21 22 23 24
Deadlines/ important meetings Kick-off, Sep 12th Midterm, - Green Light, - Graduation,

Nov 11th Feb 2nd Mar 3th

Context research
User research
List of Requirements

Graduation in a day

Whole system map
Biomimicry design lens: Challenge to biolog:
Prototyping

Testing, expert feedback

Choosing directions

- —

Updating Whole system map
Biomimicry design lens: Challenge to biology
Prototyping

Testing, expert feedback

Choosing ideas

Choosing Final idea

Christams holidays

Updating Whole system map
Iterating on chosen concept
Prototyping chosen concept
Testing working prototype
Finalizing design

Finetune design

Finetune prototype

Testing (if needed)

Preparing final visual material

Interim results
Final concept & Deliverables
Improve Deliverables
Report

Preparing presentations
Presentations

| am taking the research through design approach where design directions guide the attention to necessary research
topics and expert feedback for successful product development. The project will go through three major iterations,
while narrowing down the solution space with each:

1. First iteration, focused on several different directions, directions will be embodied with low-fidelity prototypes that
will be used to gain feedback from experts. Working or deployment principles could be tested on an abstract level.

2. Second iteration, focused on one design direction, ideas are prototyped in higher fidelity already reflecting the more
detailed working and deployment principle. Testing structure stability and effect on water currents, expert feedback.

3. Last iteration, focused on detailing design, producing, and testing a working part of the structure for effectiveness
(performance in water) as well as usability (worker safety, ease of handling and deployment speed).

Two specific design methods are chosen in this design process:

Whole system mapping — it will be used to get a good overview of the whole product cycle and stakeholders
involved. Secondly, it will be used to brainstorm ideas and see how they all can come together in the system. The map
will be updated and detailed with each design iteration.

Biomimicry: Challenge to biology - the product context is the marine ecosystem, therefore, design challenges
overlap with the challenges nature faces and has perfected its solutions for. Taking inspiration and learning from
nature will also guide the design to align with natural ecosystems.

Meetings with the graduation committee and the company mentor will be planned every 3 weeks to present the
progress and discuss the important parts for the project in that stage. Meetings with ARK Nature or their partners will
be done on a weekly basis to present the design progress, discuss arising questions and design ideas.
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MOTIVATION AND PERSONAL AMBITIONS
Explain why you set up this project, what competences you want to prove and learn. For example: acquired competences from your
MSc programme, the elective semester, extra-curricular activities (etc.) and point out the competences you have yet developed.

Optionally, describe which personal learning ambitions you explicitly want to address in this project, on top of the learning objectives
of the Graduation Project, such as: in depth knowledge a on specific subject, broadening your competences or experimenting with a
specific tool and/or methodology, ... . Stick to no more than five ambitions.

Healthy and resilient ecosystems form the base for the health and wellbeing of the human population through crucial
ecosystem services. With current trends of biodiversity loss and further weakening of ecosystems, there is no question
that contemporary ways of Anthropocene pose major threats to wellbeing of the great majority of Earth’s life forms. |
believe that humans are not on the top of ecosystem but rather entangled within the system of complex networks
and relationships. By acknowledging that, | want to act and use my skills to actively improve the ecosystem | am a part
of as well as work towards solutions which could foster human-nature coexistence.

Acquired competences but want to further develop:

My previous experience includes a project which was aimed at tackling the wild pollinator decline problem in
urban areas. From there, | already have acquired practical skills and base knowledge on how to approach design
challenges in ecology field. While the pollinator project was aimed at urban areas and citizen education, | want to
explore the other direction — designing solutions to help rewild natural areas on a larger scale, which could have more
positive impact on the ecosystem.

During an elective course of Sustainable Design Strategies for Product Development, | got acquainted and
practiced the Biomimicry method to develop a more sustainable product. A want to further develop my skills in using
this method because it perfectly aligns with a nature-oriented design goal.

Competences | want to develop:

To further improve my skills and knowledge in design for biodiversity, how to create for non-human users and how
to effectively communicate what ecosystem impacts the designed solution would have.

My previous designs for ecological challenges were based on a desk research about the species and their
requirements. In this project | will be working with a team of marine biologists and ecologists. | want to learn how to
effectively communicate and design the solutions alongside these experts of completely different field than mine.

Learn to effectively apply research through design approach to create effective solutions. Studying a challenge in
the ecology field can easily overwhelm and slow down and even restrict creative thinking due to sheer amount of
information intake. | want to strengthen my research through design approach to effectively iterate and gain
knowledge in the most relative directions that the project and design direction asks. This also includes testing the
design — how to use a wide array of tests to get the most effective feedback.

FINAL COMMENTS

In case your project brief needs final comments, please add any information you think is relevant.
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