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Chapter 3
Technological Approaches to Longline-
and Cage-Based Aquaculture in Open
Ocean Environments

Nils Goseberg, Michael D. Chambers, Kevin Heasman,
David Fredriksson, Arne Fredheim and Torsten Schlurmann

Abstract As the worldwide exploitation rate of capture fisheries continues, the
development of sustainable aquaculture practices is increasing to meet the seafood
needs of the growing world population. The demand for aquatic products was
historically satisfied firstly by an effort to expand wild catch and secondly by
increasing land-based and near-shore aquaculture. However, stagnation in wild
catch as well as environmental and societal challenges of land-based and near-shore
aquaculture have greatly promoted efforts to development farming offshore tech-
nologies for harsh, high energetic environments. This contribution thus highlights
recent technological approaches based on three sample sites which reach out from
sheltered near-shore aquaculture sites to sites with harsh wave/current conditions. It
compares and evaluates existing technological approaches based on a broad liter-
ature review; on this basis, we then strongly advocate for presently available
aquaculture technologies to merge with future offshore structures and platforms and
to unveil its added value through synergetic multi-use concepts. The first example
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describes the recent development of longline farming in offshore waters of New
Zealand. New Zealand has designated over 10,000 ha of permitted open ocean
water space for shellfish farming. The farms range from 8 to 20 km out to sea and a
depth of 35–80 m of water. Research has been ongoing for the last 10 years and the
first commercial efforts are now developing in the Bay of Plenty. New methods are
being developed which should increase efficiency and reduce maintenance with a
particular focus on Greenshell mussel (Perna canaliculus) and the Pacific Oyster
(Crassostrea gigas), Flat Oyster (Tiostrea chilensis) and various seaweeds. The
second case study involves a long-term, open ocean aquaculture (OOA) research
project conducted by the University of New Hampshire. During the course of
approximately 10 years, the technological aspects of OOA farming were conducted
with submersible cages and longlines, surface feeding systems and real time
environmental telemetry. The grow-out potential of multiple marine species such as
cod (Gadus morhua), haddock (Melanogrammus aeglefinus), halibut (Hippoglossus
hippoglossus), blue mussel (Mytilus edulis), sea scallop (Placopecten magellanicus)
and steelhead trout (Oncorhynchus mykiss) were investigated at a site 12 km from
shore. The last study presents a multi-use aspect of aquaculture for an open ocean
site with fish cages attached to existing offshore wind energy foundations.
Technological components such as mounting forces and scour tendencies of two
different cage structures (cylindrical and spherical) were investigated by means of
hydraulic scale modeling. The cages were pre-designed on the basis of linear theory
and existing standards and subsequently exposed to some realistic offshore wave
conditions. The wind farm “Veja Mate” in German waters with 80 planned 5 MW
turbines anchored to the ground by tripiles is taken as the basis for the tested wave
conditions. Based on findings stemming from the three example approaches con-
clusions are drawn and future research demand is reported.

3.1 Introduction

As the worldwide exploitation rate of capture fisheries continues, the development
of sustainable aquaculture practices is increasing to meet the seafood needs of the
growing world population. The demand for aquatic products was historically sat-
isfied firstly by an effort to expand wild catch and secondly by increasing
land-based and near-shore aquaculture. However, stagnation in wild catch as well
as environmental and societal challenges of land-based and near-shore aquaculture
have greatly promoted efforts to development farming offshore technologies for
harsh, high energetic environments. As a consequence, ocean domestication is of
key importance to maintain the ocean as a sustainable source of food, both eco-
nomically and ecologically (Marra 2005).

While the annual growth rate of aquaculture production has been 6.3%, total
aquaculture production grew from 34.6 million tons in 2001 to 59.9 million tons in
2010; thus it depicts the second important sector to supply the continued global
demand for marine proteins (FAO 2012). In 2010, world marine farming production
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was estimated at 36.1 million tons with a value of US$37.9 billion (FAO 2012).
Nearly all ocean farming is conducted inshore, in contrast to offshore aquaculture
that is still in its infancy. Offshore aquaculture may be defined as taking place in
areas of the open ocean exposed to significant wind and wave action, and where
there is a requirement for equipment and servicing vessels to survive and operate in
severe sea conditions from time to time (Drumm 2010).

There is an obvious, demand-driven need to develop offshore aquaculture
throughout the world. However, one of the most difficult obstacles to overcome is
finding locations for new aquaculture farms. Because of the difficulties associated
with inshore locations, it is assumed that most new aquaculture activities will be
developed offshore in the Exclusive Economic Zone (3–200 miles) where there are
fewer conflicts with existing user groups, and less risk of pollution. The high energy
(winds and waves) of such exposed locations, however, present significant technical
challenges in the design, testing and construction of aquaculture systems that are
capable of surviving in these areas. In addition to these technical challenges, there
are many biological, regulatory, social and economic problems to be solved.

Despite, drivers at local and global levels provide impetus for aquaculture to
move to these unprotected waters of the open sea. There are issues of competition
for space with other users, problems with water quality, and oftentimes there is a
negative public perception of aquaculture’s environmental and aesthetic impacts
(Kapetsky et al. 2013). Some of these conflicting issues are also common to the
offshore wind energy and oil industry. The oil/gas industry has a long history of
installed facilities in offshore locations. The recent pressure to reduce carbon
dioxide emissions has additionally leveraged the worldwide planning and instal-
lation of offshore wind energy converters. Countries bordering the North and Baltic
Sea with limited accessibility of inland building sites such as Denmark, Great
Britain or Germany started exploring offshore wind energy feasibility in the end of
the eighties (Hau and von Renouard 2006). High energy cost and natural disasters
facilitated this development. It is thus natural to assess if foundation structures
(piles, tripods, jackets) of existing or licensed wind energy sites could be co-used
for additional economic activities such as offshore aquaculture.

Aquaculture migration towards offshore sites has undergone substantial progress
in the last two decades. This progress was leveraged by advances in numerical and
physical modelling of various fish cages or long line arrangements as well as by
technological developments and prototype sites. In order to design an open ocean
aquaculture test site near the south of the Isles of Shoals, New Hampshire a
numerical model was used by Tsukrov et al. (2000) to optimize the structure. Finite
element analysis was applied to study the performance of surface and submerged
constructions and a simplified formulation for the simulation of the nets is pre-
sented. An improved formulation was presented by Tsukrov et al. (2003) offering a
consistent net element which is generally capable to model fluid action and net
inertia of fishing nets and allows to simulate environmental loadings originating
from currents, waves or other mechanical impacts. Motivated by the impact of
storm-waves to aquaculture facilities, a lump-mass method was used to study to the
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effects of currents to net-cage systems and good agreement was found between the
numerical results and prior experimental findings (Huang et al. 2006).

Experimental studies most often provide the basis for numerical modelling
attempts, help calibrating numerical models and verify achieved simulation results.
Experimental research offers down-scaled, controllable and repeatable conditions
for reliable analysis which becomes increasingly important as study sites move
from more sheltered near-coast regions to high-energetic offshore sites. The effects
of current-only conditions on down-weighed flexible circular nets were investigated
in greater detail experimentally by Lader and Enerhaug (2005). They emphasized
that forces on and deformations of flexible nets are mutually highly dependent on
each other. This in particular applies to aquaculture sites residing in the open ocean
with harsh environments. The suitability of a modified gravity-type fish cage was
similarly investigated by experimental and numerical means under exposed envi-
ronmental conditions with regular waves (DeCew et al. 2005). These controlled
wave conditions allowed for the derivation of motion response in heave, surge and
pitch as well as load response in the anchor and bridle lines. The findings were then
extended to the irregular regime by the application a stochastic approach. Based on
a combination of numerical and experimental approaches Huang et al. (2008)
conjectures aquaculture activities should not be situated waters with current
velocities above 1 m/s unless volume-reducing effects can be safely restricted by
technological means. At the same time it is recommended to carefully consider the
combined effects of currents and obliged waves before facilities are installed at new
sites.

Although the tendency to aquaculture site located further off the shore is well
traceable in literature there are generally much fewer sources which explicitly focus
on the combination of different aquaculture applications at one location or even
inclusion of non-aquaculture elements such as support structures from other
industries in the open ocean. Buck and Buchholz (2005) discussed the co-use of
existing or planned offshore structures for the growth of Laminaria saccharina by
comparing drag forces measured in a current flume with those resulting from
conditions in the North Sea. The authors also reported on the development of a
devices to culture macroalgae in a range of offshore conditions (Buck and Buchholz
2004). Based on the analysis of the current development inside the continental shelf
around the world Lacroix and Pioch (2011) plead innovative efforts to move
towards eco-engineered structures such as artificial fishing reefs or the incorpora-
tion of secondary purposes within wind farms. The mutual benefits of wave energy
converter foundations as artificial reefs were examined for a building site about
100 km north of Gothenburg at the Swedish coast (Langhamer and Wilhelmsson
2009). It was found that basically the amount of fish and crab on the ground of the
foundations was considerably increase whereas the abundance of fish in the water
column above was not substantially altered. Another example of the multi-use idea
is the development of artificial reefs which oftentimes serve not only the purpose to
provide valuable habitat to marine species but also serve as one additional form of
coastal protection (Liu and Su 2013).
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This contribution presents recent technological advances and innovative
approaches towards aquaculture production in harsher oceanic conditions on the
basis of three case studies involving the idea of multi-use. The recent advancements
of tools and methods to study the response of aquaculture technology to environ-
mental loading such as winds, waves, currents and other mechanical impacts
describe above serve as the basis for the presented studies. Technological chal-
lenges and existing obstacles due to the high-energetic environment are discussed at
the end. Within the first two case studies, currently available potential and chal-
lenges of aquaculture is discussed in light of its applicability towards harsher
environments and high-energy impacts from winds and waves. Then, we extend our
analysis and the conclusions drawn from those first two case studies and present a
unique third case study. Therein, existing aquaculture cage technology is thor-
oughly tested as it is innovatively attached to a commonly used offshore wind
energy converter foundation, called a tripile foundation. For the first time, such a
multi-use concept was tested under laboratory conditions with valuable conclusions
and inter-comparisons between existing and anticipated offshore technologies being
reported in the discussion and conclusion chapter.

3.2 Case Study on Long Lines

3.2.1 Mussel Farming Development in NZ

Mussels (the Greenshell™ mussel, Perna canaliculus) are the main shellfish in both
mass and value to be farmed in New Zealand. They have been farmed in sheltered
and semi-sheltered areas since the industry started in 1979. The current production
has fluctuated between 86,000 and 101,000 ton per annum between 2011 and 2014.
Mussels are farmed using the New Zealand longline system, the general structure of
which is discussed below. There are variations to this theme depending on location
and farmer preference.

In 2003 consents for the offshore aquaculture space were lodged and the process
of obtaining this space started. There were numerous reasons for the departure from
the sheltered waters including user conflict and a desire to increase farm size. The
proposed farms were in waters ranging from 6 to 20 km off the coast in water
depths ranging from 35 to 80 m.

In 2005, the first experimental ropes were installed into the open ocean waters of
Hawkes Bay. The first open ocean structure was based on the traditional mussel
backbone but it was influenced by the systems used in the Coromandel in the North
Eastern corner of New Zealand North Island. The Coromandel generally has higher
energy than that of other culture sites such as the Marlborough Sounds.

A traditional inshore New Zealand mussel longline consists of: a mooring;
chain; warp; bridal; backbone; bridal; warp; chain and mooring (Fig. 3.1). The early
moorings were Danforth type anchors. These were overtaken in preference by
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concrete shaped moorings of up to 10 metric tons (22,200 lb.) in mass. Where
possible concrete mooring are being superseded by screw anchors when new ropes
are being installed and the substrate is suitable.

The chain is a heavy duty chain of 6 m (20 ft.) to 15 m (50 ft.) in length.
A synthetic rope of 27 mm (>1 in.) to 36 mm (1½ in.) called a warp is attached to
the chain and rises to the bridal. The warp is generally three times the depth of the
water. The bridal splits into two, each split attaching to a header rope on the
opposite edges of the float line, respectively. This section of the mussel longline
holding the buoys or floats is called the backbone. Since this backbone has a header
rope on each side of the float to support the production line it is referred to as a
“double backbone”. The backbone extends to the opposite bridal and so on. The
buoys are 1.3 m across (*4 ft. 3 in.) and spaced appropriately to support the mass
of growing mussels on the backbone. Typically the backbone ranges from 100 m
(328 ft.) to 200 m (656 ft.) long. A mussel longline (production rope) is hung from
the backbone. It is attached on one side, descends down to 10 or 15 m, loops up to
the opposite side of the backbone and crosses the gap between the buoys and the
descends down again. Each loop being approximately 50 cm (20 in.) to 70 cm
(28 in.) apart along the backbone. In this way, between 3000 m (9842 ft.) and
4000 m (13,123 ft.) of mussel long line is hung from a 100 m backbone.

The longline hanging from the backbone can produce between 6.5 kg (14 lb.
5 oz.) to 13 kg (28 lb. 10 oz.) per meter (or 4 lb. 12 oz. per ft. to 9 lb. 8 oz. per ft.)
depending on site and situation. The time period to produce this would range from
12 to 20 months, again depending on site and location.

As the industry changed from inshore to more exposed sites the backbones were
cut down to a single header rope (single backbone) i.e. there is no bridal and the
warp joined directly to the backbone (Fig. 3.2) and the production longline is
draped in loops along the single header rope or backbone. The backbone is sub-
merged and has approximately 66% of the floatation attached directly to it.

Danforth anchor/ 
concrete block/screw 
anchor

Fig. 3.1 Cross section of a New Zealand surface longline Credit New Zealand Marine Farmers
Association
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Additional floatation is positioned on the surface with strops extending from the
surface floats to the backbone. The length of the strop dictates the depth of the
backbone.

The surface floats will provide 30–40% of the floatation and also give some
indication of the load the backbone is bearing and when additional floatation will be
required. The backbone is installed loose enough so that a hook can be lowered
from a vessel to snag the backbone and the resultant apex of the snagged backbone
brought to the surface. The spacing between the droppers may be increased when
compared to the inshore systems and may be as much as 1 m (3 ft. 3 in.) apart. By
submerging the ropes, this system provides some protection from the wave energy
experienced in open ocean situations, however, the surface floats still transfer
energy to the backbone which can result in production losses and increased
maintenance. In addition, there is an issue arising from the additional requirement in
flotation as a result of mussel growth, i.e. once the farm has a large number of
backbones on it the management of floatation will increase significantly.

There is no doubt that new systems will be developed in the future. The next
generation system that is currently being developed and tested is the “Set and
Forget” (S&F) system. This system, developed by the Cawthron Institute (www.
cawthron.org.nz) in conjunction with an open ocean farming operation and
Government funding (MBIE and Kiwinet), is a fully submersible double backbone
system which will be deployed and recovered from the surface.

The S&F system (Fig. 3.3) has a similar configuration to the surface double
backbone but where the bridal meets the backbone, there is a mooring directly
below it (screw anchor). There are additional intermediate anchors spaced every
35 m along the backbone. These intermediate moorings are threaded through a
mechanism in the S&F buoy. There are also single S&F attachment mechanisms on

Fig. 3.2 Cross section of a New Zealand subsurface longline. Note More recent systems have
more floats on the submerged part of the longline Credit New Zealand Marine Farmers
Association
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each warp with a surface float. The idea is to fully seed the longline on the
backbone. The backbone is then floated with sufficient buoys to support the
intended harvest mass. Once seeded the backbone is pushed below the surface to
the desired depth and the S&F mechanism engaged. The mechanisms on the warps
are tightened to ensure the backbone does not collapse towards the center. The
mussels can then be left until they are due to be harvested. No intermediate
floatation is required. At harvest the mechanisms are released using a surface driven
unit (physically not electronically) and the backbone rises to the surface to be
harvested.

3.2.2 Oyster Farming in the Open Ocean

Oysters have also been tested on the open ocean sites. Although there are several
methods used, inshore only bags have been tested in the offshore situation. Pacific
oysters (Crassostrea gigas) have been held in purses or oyster bags (Fig. 3.4). The
bags are configured one below the other in a “ladder” configuration. There are 20
bags in a ladder spaced approximately 50 cm (20 in.) apart with 50–100 oysters in
each bag depending on bag size and oyster’s size. Some work is required in the
design of the bags to reduce the maintenance of the present ladder system. Baffles
have been introduced into the bags/purses to avoid the oysters being clumped into
one corner of the unit. Oysters have to be at a minimum depth below the surface to
avoid being “rumbled” by the wave energy which restricts shell growth. The level
of floatation has to be managed to reduce excessive energy transfer to the culture
units. Oysters have shown growth rates comparable with inshore waters in North
Island. The Flat oyster Tiostrea chilensis will be tested in the same ladder system in

Intermediate moorings

Set and forget release and clamp 
system

Cross section of the set and forget submersible shellfish

Fig. 3.3 Set and Forget system—next generation submersible backbone under testing (www.
cawthron.org.nz)
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the near future on the open ocean farm. Early indicators are that flat oysters will
grow in this system if they are away from direct wave energy.

3.3 Case Study on Submerged Aquaculture

3.3.1 Open Ocean Aquaculture in New Hampshire, USA

The University of New Hampshire (UNH) established the Open Ocean Aquaculture
(OOA) research farm in 1999 (http://ooa.unh.edu/). The overall goal of the project
was to stimulate the further development of commercial offshore aquaculture in
New England. Also important was to work closely with commercial fishermen,
coastal communities, private industry, and fellow marine research scientists to
develop technologies for the aquaculture of native, cold-water finfish and shellfish
species in exposed oceanic environments. The site was located 12 km offshore and
in 52 m water depth, away from traditional fishing activities, recreational vessels
and commercial traffic.

Backbone

Oyster “ladder” 
may be 20m 
deep

Oyster purse or 
bag

Float

Fig. 3.4 Oyster purses being hung in a ladder configuration on the backbone
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Prior to aquaculture systems going offshore, they were analyzed through
numerical and physical scale modeling at the Jere Chase Ocean Engineering lab on
campus. These tools help identify strengths and weaknesses of components, simulate
failure scenarios and help determine safety factors before they deployed and field
tested (Fredriksson et al. 2004; Swift et al. 1998; Tsukrov et al. 2000). The backbone
of the OOA research farm was a 12 Ha, submerged grid for holding surface and
sub-surface systems (Fig. 3.5). The four bay mooring had a scope of 3:1 and was
held in place by 12, 1 ton embedment anchors (Fig. 3.6). The mooring complex was
made from 5 cm dia. Polysteel lines that were tensioned and held in place by 1.43 m
composite subsurface buoys in the corners and center of the grid (DeCew et al.
2010a, 2012; Fredriksson et al. 2004). The robust grid provided the necessary
infrastructure to evaluate submersible cage systems (Chambers et al. 2011; DeCew
et al. 2010b). One such system extensively tested was the Sea StationTM 600 and
3000 m3 cages (Fig. 3.7a). Using a central spar with pennant weight, the cage could
be submerged to a prescribed depth or lifted by compressed air to the surface. It
utilized a Spectra net that shackled to the top and bottom of the central galvanized
spar and used a middle ring that gave its bi-conical shape. Also evaluated offshore in
the grid was a 600 m3 geodesic AquapodTM made with triangle panels and hard wire
(Fig. 3.7b). This system was neutrally buoyant and be could set at various depths
based upon the mooring configuration. Ocean Farm Technologies produces the

Fig. 3.5 Schematic of the University of New Hampshire Open Ocean Aquaculture site located
12 km offshore New Hampshire, USA
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AquapodTM and since their initial sea trial in NH, have made many advances to their
containment system. The American Soybean Association International Marketing
(ASAIM) came forth with the Ocean Cage Aquaculture Technology (OCAT) system
(Fig. 3.7c). The 100 m3 cage OCAT (2 m � 4.5 m � 7 m) was constructed of
HDPE pipe with galvanized steel fittings. Chain ballast hangs below the lower cage
rim providing a restoring force. The net chamber is formed by attaching net panels to
the cage framework. Engineers at UNH designed and evaluated components in the
cage frame to make it a submersible system (DeCew et al. 2010b). Information
gathered at the UNH OOA site helped these three companies improve their con-
tainment systems and increase global sales.

Fig. 3.6 Submerged grid mooring (a) and corner grid assembly (b). The side anchor assembly
was similar except for the use of only one anchor leg and a 0.95 m steel float
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Marine finfish species including summer flounder (Paralichthys dentate), cod
(Gadus morhua), haddock (Melanogrammus aeglefinus), halibut (Hippoglossus
hippoglossus), and steelhead trout (Oncorhynchus mykiss) were cultured and har-
vested from the research farm (Chambers and Howell 2006; Chambers et al. 2007;
Howell and Chambers 2005; Rillahan et al. 2009, 2011). Hatchery production for
cod, haddock and halibut was challenging with growout time in the sea cages
ranging from 2.5 years (cod) to 3.5 years (halibut). Initially, fish were fed daily
from a vessel through a feed hose that attached to the top of from the surface. An
onboard water pump was used to mix food pellet and seawater in a funnel chamber
before it was pushed down into a cage 12 m below. Autonomous feeders were not
yet developed for the open ocean. Hence the design course that UNH Engineers
embarked on to create three new generations of feeding systems (Rice et al. 2003).
Prototype buoys evolved and scaling up to a final 20 ton version (Fullerton et al.
2004; Turmelle et al. 2006) that was fabricated by AEG in New Brunswick, CA
(Fig. 3.8). The buoy hull was 8.6 � 6.9 m and had a draft of 3 m fully loaded with
feed and fuel. To keep the buoy upright, 22,135 kg of concrete was poured into
bottom. Fish food was pneumatically blown from a vessel into one of the four,

(a) Sea StationTM (b) AquapodTM

(c) OCAT

Fig. 3.7 Submersible cage systems (a–c) evaluated offshore New Hampshire. They include the
Sea Station™, the Aquapod™ and the Ocean Cage Aquaculture Technology (OCAT)

82 N. Goseberg et al.



5 ton silos. The house on top contained the majority of the electrical equipment as
well as the generator for powering computers, pumps, valves, and augers used in
daily feeding. During feed time, a flex auger would deliver feed pellets (5 mm)
from the bottom of a silo to a mixing chamber in the top house. Feed rates were
based upon fish species, size, biomass and temperature. In the mixing chamber,
seawater was added before the feed was pumped hydraulically to individual cages.
The buoy was moored adjacent to the cage grid by three, 750 ton Jeyco anchors.
Feed distribution lines (4), consisting of 10 cm dia. High Density Polyethylene

Fig. 3.8 Remote 20 ton feed buoy used to hydraulically feed four submersible sea cages up to
300 m away
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pipe, bolted to a manifold on the bottom of the buoy. They extended from the buoy
to the submerged grid approximately 200 m away. Individual feed lines then
integrated into the grid system and on to the top of each cage. Video cameras inside
the cages were cabled through the feed lines back to the buoy.

Submerged shellfish longlines were designed and deployed next to the mooring
grid (Figs. 3.5 and 3.9). Each 40 m long line was moored between two, 3000 kg
dead weights (granite blocks) and set 12 m below surface to escape wave energies
and predators (diving ducks). The backbone had surface lines so that it could be
hauled up for seeding, cleaning or harvest. Approximately 900 m of mussel rope or
sock could be deployed/line, able to produce between 8000 and 12,000 kg of blue
mussel (Edulis Mytilus) per year (Langan and Horton 2003). The sea scallop
(Placopecten magellanicus) was investigated on the submerged lines in stacked
pearl nets. Problems with bio-fouling and stress from cleaning lead to low survival
rates of this species.

Information important to scientists and farm managers was environmental
conditions at the OOA site. This data was collected and streamed live from a single
point, wave rider monitoring buoy (Irish et al. 2004, 2011). Figure 3.10 illustrates
the instrumentation used at varying depths on the elastic buoy mooring. Oceanic
parameters measured were wave height, current speed and direction (surface),
temperature, salinity, oxygen, turbidity and fluorescence (at 1, 25 and 50 m depths).

Operations offshore were difficult to perform under winter conditions, heavy seas
and with SCUBA divers. During the winter months, cages could not be accessed for
several weeks at time thus minimizing days at sea for maintenance. Submerged
cage systems were preferred in the North Atlantic to protect cage infrastructure and
livestock. During Northeast storms, seas >10 m were recorded with currents speeds
reaching 0.55 m/s. Underwater video cameras inside the cages provided insight to
the fish health and feeding. This information was transmitted real time from the
cages to the feed buoy and then back to shore through cellular modem.

Fig. 3.9 Typical long-lines configuration for mussel grow-out. Dimensions are those used at the
UNH OOA site and are representative
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Although the project succeeded in generating significant amounts of data and
new information, the high maintenance costs, exposed nature of the site, and slow
growth of marine fish species (cod, haddock and halibut) created operational and
economic challenges.

3.4 Case Study on Multi-use on Open Ocean Environment

3.4.1 Methodology

This third case study picks up from the two previous case studies and details how
the existing aquaculture technologies might be effectively utilized in a multi-use
arrangement. In here, the multi-use of offshore wind energy and open ocean
aquaculture is investigated experimentally. The location of interest for this

Fig. 3.10 Environmental monitoring buoy moored at the Open Ocean Aquaculture site.
Oceanographic parameters measured included wave height, current speed and direction,
temperature, salinity, oxygen, turbidity and fluorescence
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feasibility study resides in the German bight at Veja Mate, which is reportedly
114 km off the shore in the North Sea. The reported results purely base on an
experimental feasibility study since the stakeholder conflicts and the financial
demand for in situ testing would have been too extreme at the point of develop-
ment. The case study aimed to shed light on the general behavior of two different
fish cage geometries being mounted to a tripile foundation for a 5 MW offshore
wind energy converter (OWEC) at different submergence levels. An aspect of the
analysis comprises the change of wave induced particle velocity and its distribution
around the support structure due to the two fish cages. A second focus has been laid
on the forces exposed to the tripile as a result of the additional fish cage bearing by
means of force measurements under monochromatic waves. Thirdly the additional
effects to potential scour around the tripile are also investigated in order to sub-
stantiate earlier findings (Goseberg et al. 2012).

The mechanical system of the fish cage and the OWEC-structure is investigated
under regular wave attack with respect to (a) the deviations in the velocity field
resulting from the fish cage underneath the OWEC, (b) the additional forces
introduced by the fish cage and (c) the potential for scour evolution at the sea
bottom of the OWEC location. Therefore a 110 m long and 2.2 m wide wave flume
at the Franzius-Institute for Hydraulic, Estuarine and Coastal Engineering,
Hannover, Germany is applied. The experiments are scaled at Froude similitude at a
length scale of 1:40. The water depth at the wave maker (piston type) equals 1.0 m,
yet to investigate scour evolution at the OWEC-structure a 0.25 m deep sand pit
(fine sands of d50 = 0.148 mm) is installed at a distance of 42 m of the wave maker.
At the end of the wave flume a gravel slope acts as passive wave absorption. An
overview of the wave flume, its installations and a schematic of the mechanic
system under investigation is given in Fig. 3.11. The two fish cage models were
made of solid brass. Variations with three different surface properties (net solidity)
were accomplished under the attack of monochromatic waves.

Based on a potential building site in the German bight at Veja Mate, a frequent
(mean) and an extreme wave with a 50-yearly reoccurrence interval have been
chosen. In model scale investigated wave heights are H = 0.04 m with T = 0.95 s
for the frequent case and H = 0.28 m with T = 2.2 s for the extreme wave con-
dition respectively. Surface elevations are measured with capacity-type wave
gauges at various positions. Deviations in the velocity field around the structure and
the fish cage are recorded by either ADV probe inside the fish cage or by stereo PIV
measurements around the fish cage. Wave-induced forces at the constructional
conjunctions between fish cage and tripile legs are taken by force transducers
measuring normal forces. Force measurements are designed to consequently sep-
arate horizontal and vertical forces. Therefore all conjunctions between the fish cage
and the tripile legs are designed as pendulum rods whereas the vertical forces are
assumed to be gathered by a single tension rod connected to the upper tripile
intersection. Compression-tension type force transducers (HBM GmbH) with a
capacity of 500 N and an accuracy of 2% of its capacity were used. Scour depth
evolution was manually measured with sediment gauges of 2 mm PVC sticks
which were observed by underwater cameras (Abus GmbH). This optical method
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where the difference between the initial and actual bed level is read from a cen-
timeter scale on the PVC sticks based on the camera recordings gave reasonable
accuracy (±0.5 cm).

3.4.2 Velocity, Force and Scour Regimes

Velocity measurements are accomplished to investigate the velocity regime in the
vicinity of the OWEC-structure and its deviations by means of a fish cage installed
inside the tripile legs. Foremostly, this part of the experimental program was
intended to learn how velocities range inside the fish cage under wave attack in
order to allow marine biologists to evaluate if fish production is feasible at all and
how strong velocities influence the natural behavior of potential marine species

Fig. 3.11 a Schematic of the OWEC and cage arrangement. b Tripile model with cylindrical fish
cage, c tripile model with spherical fish cage, and d longitudinal section of the wave flume with
wave maker, position of wave gauges, sand pit and tripile model
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inside the enclosure. By means of the particle image velocimetry (PIV) technique
(Raffel et al. 1998; Sveen and Cowen 2004) measurements of the velocity field very
near to the tripile structure are feasible. Figure 3.12a shows an example of a
velocity vector field during a propagation of a wave crest modeling extreme con-
ditions for the cylindrical fish cage design.

Furthermore, the PIV-measurements which are recorded in stereo mode also
allow for the extraction of 3D time series of velocities at a discrete position. For the
evaluation of additional direct wave forces to the tripile legs the knowledge of
velocity distribution is needed. Figure 3.12b hence shows the time series of hori-
zontal velocities taken from PIV-measurements directly in front of the wave facing
tripile leg at the height of the fish cage cover. Though maximum positive velocities
are not significantly altered, it is obvious that negative velocities during wave
trough are increased. Additionally it is apparent that phase duration of positive
velocities is extended. With respect to fish cultivated in such a high energy envi-
ronment a result could be that potential candidates have to be able to withstand such
velocity magnitudes unharmed. Besides horizontal velocity components, vertical
velocities are similar to their horizontal counterparts increased during the wave
trough phase of wave passage. ADV-measurements inside the cylindrical fish cage
reveal more moderate velocity changes which could be contributed to the damping
effect of the modeled net material. While horizontal velocity deviations between
experiments with and without fish cages are not so pronounced, it is apparent that
vertical fluctuations are in a range of approx. 0.2 m/s (laboratory scale). This fact
could especially influence health and behavior of flatfish which is one of the
investigated candidates for the fish cages.

Force transducers in case of the cylindrical fish cage were arranged in two height
levels. Force transducers FT_4 to FT_6 were mounted in the upper measurement
plain connecting to the tripiles whereas the remainders (FT_1 to FT_3) were
measuring forces near the bottom of the fish cages. Vertical forces were monitored
with a single vertically arranged force transducer at the top cover of the cylinder.
Compression forces were defined positive while tension forces were negative. Force
transducers were pre-stressed and then zeroed before each experimental test for

Fig. 3.12 a Example vector field of horizontal velocities near the front tripile for extreme wave
conditions, upper measurement plain during wave crest propagation along the tripile. b Horizontal
velocity from PIV-measurements comparing setup with and without fish cages assembled. All
velocities reported are in laboratory scale. For prototype conditions multiply by
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stability reasons. Similarly, the spherical fish cage had three force transducers
connecting from the equator of the sphere towards the tripiles plus a vertical force
transducer to bear the vertical forces. Highest tension forces appear at the
wave-facing tripile leg during the passage of the wave crest. In parallel, these forces
initiated by the wave at the front of the cylinder are also measured at the backward
force transducers but with opposite sign and vectorially separated.

In order to analyze the correlation between the wave heights and the caused
reaction forces a zero-crossing method has been applied to the water surface ele-
vation measurement which was located besides the wave-facing front tripile of the
OWEC. Thereafter the maximum values of the surface elevation and the forces
have been collected. Experimentally, three different flow resistances are considered.
First, the fish cage is tested only with its support structure. One and two layers of
net material are fixed to the fish cage in subsequent tests. Figure 3.13 shows an
example of the correlation of maximum wave heights and the respective maximum
force measured with respect to the number of net layers. In general it is apparent
that the additional forces exerted to the tripile structure increase with increasing
wave height. Though, the correlation is not linear but growth exponentially. Due to
the limited number of wave heights analyzed so far it is yet not feasible to present
valid regression functions. The influence of the flow resistance variation is though
clearly obvious. While the increase of net layers from zero to one results in an
increase of forces of more than 100%, the further increase towards two layers of net
material only results in further loading of approx. 40%. The variation of let layer

Fig. 3.13 Correlation of maximum wave heights and measured forces for cylindrical fish cages
for force transducer FT_4 with respect to the number of net layers
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numbers is yet important to investigate how loadings develop under the additional
resistance due to marine fouling. Up-scaled overall forces that have to be absorbed
by the tripile structure are at least for stormy conditions in the mega newton range
and deemed clearly design relevant for the OWEC structure. For the chosen cases,
the connecting joints between the investigated fish cage variations are arranged so
that bending moments are also induced. In upcoming studies it is thus recom-
mended to lower the connecting joints further down to the sea bottom in order to
greatly reduce the effects that aquaculture applications connected to the OWEC
would have.

In literature a number of theoretical approaches exist to deduce the maximum
scour depths at piles (Melville and Coleman 2000; Sumer and Fredsøe 2002) which
nowadays depict an important piece of information for the safety assessment of
OWEC. In case of complex marine constructions involving multi-use of an OWEC
with multiple, complex-shaped constructional members, the analytical approaches
are not easily applicable. Hence an optical method is applied which consists of
sediment gauges and image capturing. A manual post-processing routine is chosen
to estimate the local sea bed evolution. The local water depth of the modeled
OWEC structure and the chosen monochromatic waves limit the scour tendency.
Scour evolution is yet possible under the assumption that swell generated in a far
field arrives at the location of interest. Therefore additional experiments with an
elongated wave period of T = 3.0 s are conducted. In this case scour around the
tripile legs can be observed clearly. Under the assumed boundary condition relative
scour depth of S/D = 0.54 is determined at the front leg of the tripile whereas
relative scour depth of S/D = 0.36 is found below the tower of the OWEC for a
setup without a fish cage. Slightly different results are obtained under the presence
of fish cages mounted to the OWEC. Relative scour depth of S/D = 0.48 (front leg)
and S/D = 0.25 (central below tower of OWEC) are found. This reduction of scour
observed underneath the main tower of the OWEC below the tower can be
explained by a reduction of wave-induced flow velocities and shear stresses in this
area.

3.5 Discussion and Conclusions

In the following, not only are conclusions drawn from the single case studies but it
is highlighted how open ocean aquaculture might benefit from its transition towards
a multi-use concept. Direct benefits such as cost reductions through multiple usage
of anchor constructions as well as indirect ones like shared usage of supply vessels
or personnel indicate that time has come to move aquaculture industry further
offshore. Ongoing initiatives such as the European framework funded projects
MERMAID, H2OCEAN, and TROPOS are a vital indication of the present demand
for research and development in this area.

Open ocean shellfish farming is at a pivotal point at this time. Technology has
reached a point where economically viable commercial production is a real
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prospect. Once production becomes more routine and operating under standard
procedures, it is believed that companies will direct greater focus towards
improving efficiency in a similar way the inshore longline system developed in New
Zealand in the 80s and 90s. In further support of the open ocean mussel farm
mentioned in the case study, mussel spat is being caught in commercial numbers as
far as 12 km off the coast and may be accessible even further out to sea. This means
the whole production chain can be handled on the same farm. It is estimated that
this particular farm will deploy 350–400 km of mussel production rope per annum
within the next 3–4 years. Once this farm has shown itself to be technically and
economically viable, other farm owners have indicated that they will start pro-
duction. The potential will then be enormous.

There are some considerations regarding production and seasonality that must be
taken into account. It has been found that mussels inshore have a longer and more
varied condition window than mussels grown offshore (Heasman, unpublished), i.e.
shellfish conditioning at the open ocean site is more uniform across the growing
area and is shorter in duration. This is an advantage in terms of processing however
the shorter window leads to production peaks and troughs. For example, an offshore
farm may be capable of producing 30,000 ton of mussels but if they all have to be
harvested in a 6–12 week period it will require a large number of vessels and
processing capability for that period. These units will sit idle or at low usage for the
remainder of the year. For this reason it is important to have multiple species in
production simultaneously, unless a species that can be harvested year round is
utilized.

Despite the findings in New Hampshire, other open ocean locations and tech-
nologies may be more suitable for offshore farming. An example of this is Ocean
Blue located 11 km offshore Panama. Here they are raising Cobia (Rachycentron
canadum), a fast growing warm water species, in 6000 m3 Sea Station™ cages.
Last year they produced 400 MT with an expected 1200 MT by 2014. Currently
they feed via day boats through pneumatic blowers into each cage. Commercial
feed barges (http://www.akvagroup.com/products/cage-farming-aquaculture/feed-
barges/ac-450-panorama) are available however they cannot withstand seas over 4.
5 m. These barges are common in protected water ways in Norway, Chile and
Canada. Certainly if aquaculture is to move further from shore, remote feeding
systems will need to be improved to withstand seas >10 m. Also important will be
real time monitoring of fish behavior and environmental parameters inside and
outside the cages. In this, farmers can best manage animal welfare to optimize
growth and condition.

Ocean farming will slowly creep offshore as new, economical and robust
technologies develop. Farms of the future must be turnkey allowing for remote
operations such as feeding, environmental monitoring, fish health and harvesting of
product. These platforms could ultimately produce their own energy through wave,
wind and tidal turbine technologies. Ultimately, farming centers should be located
close to large coastal populations to reduce the carbon footprint from exporting
overseas.
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For the combination of aquaculture fish cages and OWEC structures, the
up-scaled experimental particle velocities at the highest position of the investigated
fish cages are in the range of 1.3 m/s under prototype condition for the maximum
wave height (storm conditions). This range of velocities is potentially harmful to
species candidates to be grown in the North Sea and might negatively affect sur-
vival rates and thus reduce economic feasibility of multi-use approaches.
Alternatively, the investigated cage systems could be modified in height (decreased)
and lowered further towards the sea bottom in order to circumvent the critical
particle velocities induced by storm waves. However, volume reduction of the
actual fish cages also minimizes the economic potential of the fish cages as the
amount of fish is decreased.

This alternative design has similar potential to reduce overall forces at the
contact points with the OWEC structure. In addition, as forces grow with the degree
of marine growth, net materials with growth retarding characteristics in combina-
tion with optimized maintenance cycles might decrease overall forces as well.
However, the greatest challenge for further testing in prototype conditions are still
the restraints from owners or designers of offshore wind energy parks which reject
any additional (and yet untested) loading stemming from secondary purposes for
safety reasons. Unless legitimate doubts and technological uncertainties are alle-
viated through further scientific effort, it seems to date still challenging to expect
marine multi-use applications in the near future.

In conclusion, based on differently far developed examples it has been
demonstrated that open ocean aquaculture has reasonable potential for future
growth and prosperity. In future, multi-use is not only a feasible add-on to farming
in open ocean conditions whenever technological or logistical challenges are
resolved thoroughly but it might depict the key innovation towards economically
feasible offshore farming in high energy environments. For example, it might be
beneficial for the aquaculture ventures to rely on pre-existing fixed structures such
as piers, foundations amongst others to attach feeding storage, supply equipment or
instruments. Rather than constructing and installation of dead weight anchors in
rough environments, pre-existing infrastructure is seen advantageous to the
installation of various forms of aquaculture technology including fish cages, mussel
ropes or net pens. In turn, infrastructure owners would be able to generate addi-
tional income through leasing out their property to aquaculture.

However, some technological or logistical challenges which have been described
can only be addressed efficiently with the help of stakeholder dialog and proper
incorporation of end-users or operators. A chain of development steps from the very
beginning of a business idea to the final operation of this business incorporates
preliminary design, feasibility studies which involves various modelling steps, a
design phase to plan for a prototype development, and eventually an operational
farm or multi-use deployment which has undergone further optimization steps to
yield its full effectiveness under a wide range of external influences. A number of
approaches to tackle those steps of the development cycle have thus been high-
lighted in this paper aiming to help additional projects to be launched in the future.
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11.6.2 Data for the Economic Analysis

(1) See Table 11.6
(2) As the best and safest working conditions are to maximize onshore activities

(Sørensen et al. 2001), the setup of all longline devices should take place on
land-based facilities and transferred to the aquaculture site during spring to
allow settlement in May of the same year. It was planned to install two full
mussel plots, which were scaled up in the following year, which would then be
equivalent to four mussel plots in operation. Exchange of longline devices after
its operating life expectancy can automatically be done during or after main-
tenance or harvest procedures. Consumption mussels reach market size after
approximately 1.5 years; therefore, the farm will operate at full scale in the
second year, which results in a form of shifting cultivation (Bartlett 1956).
While only in the first year of the enterprise no mussels can be harvested due to
their growth period to reach market size, in the following years two plots can be

Table 11.6 Site-specific data of the offshore wind farm-aquaculture multi-use concept at the
offshore lighthouse “Roter Sand” (modified after Buck et al. 2010, based on Buck 2004 and Buck
et al. 2008a, b)

Basic data

Distance to shore (City of Bremerhaven) 17 nautical miles

Number of planned wind turbines/power 18/5 MW-class

Salinity 20–33‰ (due to tidal current and the influence of
the Weser estuary)

Depth 10–15 m

Condition of the sea bottom Soft bottom (Wadden Sea)

Turbidity and light High sediment load (due to the Wadden Sea)

Wave climate exposed

Current velocity 0–1.2 m s−1 (depending on the tide)

Significant wave heights 0–6 m

Nutrients Eutrophic situation

Water temperature 1.5–18 °C

Wind velocities Up to 8 Beaufort

Distance between turbines Approx. 1,000 m

Minimum spacing between turbines and
any aquaculture co-use

150 m

Size of aquacultural area (single mussel
plot)

700 � 700 m
(490,000 m2 = 0.49 km2 = 49 ha = 121 acre)

Number of single mussel plots 4 (196 ha = 484 acre)

Total length of the collector harness per
longline

1675 m (335 V-shaped collector pairs having each
a length of 2 � 2.5 m = 5 m,
71 � 1675 m = 118,925 m per single mussel plot

Biomass of mussels per meter of
collector

10–15 kg (16.75 metric tons � longline−1,
1190 metric tons � plot−1)
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harvested biennially each year (6 harvests in four years). Once the longline is
transferred at sea, deployed and ready for cultivation the production undergoes
two cycles: Spat collection (April–June) in year one and maintenance of
longlines to remove fouling organisms and modify buoyancy (August–May) in
year one as well and grow-out to consumption size within 15–18 months
(market size: <5.5 cm) and harvest in August–November in the second year.

(3) All costs were itemized by scenarios of production for consumption mussels
(Buck et al. 2010 also calculate seed mussel production). Cost calculations
were based on data gathered from existing traditional nearshore mussel culti-
vation activities. Some nearshore cultivation plots have a distance of 10–55
nautical miles to the port of trans-shipment, which is within the scale of the
planned offshore site (17 nautical miles) (BSH 2016). Offshore operations are
more labour and time intensive than nearshore sites. Much of the labour is for
maintenance that includes deploying or retrieving of moorings or other parts of
the construction harness, which may lead to generally higher operation and
production costs. However, some production steps necessary for nearshore
operations cease to exist offshore, which in turn leads to cost reduction. The
annual fixed costs consist of depreciation, licenses, motor overhaul, interest on
fixed capital and miscellaneous costs like insurance premium and administra-
tive cost. Interest rate was assumed to be 7%. Variable costs are fuel expenses,
wages, repairs and maintenance, miscellaneous costs and interest on variable
costs. Fuel was assumed to cost 0.55 € liter−1, wages are calculated with
3,333 € month−1. When using existing capacities of mussel farming in Lower
Saxony, an investment for retrofitting at the beginning of the enterprise will be
required. In the scenarios where new capacities have to be established,
investment into a new appropriate vessel as well as into a new land facility was
considered. All other costs are assumed to be similar to those used for the basic
scenario.

(4) A sensitivity analysis was calculated to explore the effects of changes in the key
parameters that reflect uncertainty, such as the biomass gain and/or the
development of costs and prices. Here, NPV and IRR for different mussel
prices, different biomass gain, different developments of single cost compo-
nents as well as an increase in overall costs were calculated as well as different
discount rates on NPV.

11.6.3 Calculation and Results

Following the data of the Federal Agency for Agriculture and Food (2007) and the
State Fisheries Agency, Bremerhaven, Germany (SFA) (2008), the average market
price per kg of consumer mussels has been relatively stable until 1975 (below
0.2 € kg−1). Afterwards, the price has been subject to fluctuations ranging between
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0.50 and 1.96 € kg−1. According to the development of the market price of Blue
mussels, a price of 1.0 € kg−1 of mussels was used in the base scenario (SFA 2008).
Thus, a single longline could have a production value of 16,750 €
(1,000 € � 16.75 metric tons) and a single mussel plot of approx. 1,190,000 €
(1,000 € � 1190 metric tons).

The cost of longlines including the complete harness is the sum of various
individual costs and levels around 15.80 € meter−1 of longline (including collec-
tors, mooring constructions, connecting pieces for the entire longline device, such
as shackles, swivels, rings as well as the complete buoyancy). Costs were calculated
by Sahr (2006) using the equations for the definition of key cost data published in
Pelz (1974). This leads to an overall investment cost of approximately 835,500 €
single mussel plot−1 every four years. In line with the estimates of Whitmarsh et al.
(2006) the operating life expectancy is assumed to be four years for longlines and
collectors, six years for buoyancy, and 10 years for anchors. A vessel adapted for
performing offshore operations is needed. In the base scenario, an investment in a
new vessel (45 m class, 430 GRT, 500 kW) for around 4 million € (Sahr 2006),
including all necessary equipment for longline cultivation, was assumed. This case
also includes a complete motor overhaul after 10 years with 385,000 € (assuming
motor costs to be 17.5% of total vessel investment and retrofitting to be 55% of the
amount of 17.5%; Sahr 2006). Because the mussel farmer community already
disposes of mussel farming cutters used for bottom culture, we also calculated the
NPV with the assumption of using existing capacities of mussel farmers.
Investment will then be reduced to the retrofitting of the vessel only, which was
calculated with costs of about 750,000 € (Sahr 2006). Capital investment costs
include the costs of a land facility for the purpose of equipment storage and for
carrying out land-based activities, such as tying and repairing collectors and other
equipment. Investment costs for a land facility are assumed to be 1,500,000 €.
Licensing costs for a single mussel plot at the offshore site Nordergründe is based
upon the scale of charges and fees of the State of Lower Saxony (NKüFischO
2006). Following the fees for mussel license areas, only the bureaucratic work load
will be charged, which was calculated by the State Fisheries Agency (SFA) in
Bremerhaven with a nonrecurring charge of approximately 1,000 € (personal
communication with Brandt from SFA). Miscellaneous fixed costs (e.g., insurance
premiums) are assumed to be 5% of depreciation leading to a total sum of
151,127 € in four years. Interest on fixed capital is 232,951 € for a four-year period.
Total fixed costs were 3,560,817 €.

11.6.3.1 Operation Costs

The experience of the bottom-culture aquaculturists indicates that approximately
70 days per year are needed for labour at four culture plots, amounting altogether to
280 offshore working days in four years. Taking into account 61.8% of full load
engine performance in a 24 h day, fuel costs per day at sea are estimated to be
1200 € (Gloy 2006; Sahr 2006). This totals 84,000 € per year or 336,000 € in four
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years. Two full positions and two seasonal employees are required per year. The
latter are employed only in times of the heaviest workload in the 6 months from
spring to autumn. Labour costs total 479,952 € in a four-year period. Costs of
maintenance and repairs, estimated as 10% of the yearly depreciation, are
302,254 €. Miscellaneous variable costs are estimated to be 5% of depreciation,
total 151,127 € in four years. Interest on operating capital sums to 88,853 € in four
years. Total variable costs were 1,358,186 €.

11.6.3.2 Enterprise Budget Analysis

Costs and receipts of two case-scenarios were calculated for consumption mussels.
Scenario 1: Production of consumption mussels with Investment into a new vessel.
This is the base scenario assuming a four million € investment into a new vessel for
farming of mussels for consumption. A general overhaul of the motor is necessary
after 10 years and is calculated with 385,000 €. Net returns for an average four year
period sum to 4,594,996 €. Scenario 2: Production of consumption mussels using
free capacities of existing mussel farmers. For this scenario, retrofitting costs for the
vessel are about 750,000 €. No land-based facility is included. This leads to net
returns of approximately 6,022,000 € in four years, which is 1.3 times higher than
in the base scenario.

11.6.3.3 Productivity Measures

Break-even yield and break-even price were calculated to estimate the minimum
level of biomass production and the minimum price per kg mussel to enable the
enterprise to cover cost. Assuming a biomass of 10 kg meter−1 (consumer mussels)
the break-even price is 0.52 € when a new vessel and land facility is taken into
calculation. Using existing equipment, a break-even price of 0.37 € results. In the
case of seed mussels the break-even price varies between 0.34 and 0.49 €.
Break-even yield for the consumer mussel scenarios lies between 3.67 kg and
5.17 kg per meter longline, respectively, assuming a mussel price of 1 € kg−1. In
the seed mussel scenario the break-even yields range from 3.42 to 4.92 kg. Actual
prices and yields observed at field experiments are higher than the break-even
values. This indicates the profitability of both practices, while the consumer mussel
production is clearly more above those criterions for economic viability.

11.6.3.4 Investment Appraisal

Assuming the operating life expectancy of a new vessel to be 20 years, we calculate
the NPV of cash flows over 20 years with a discount rate of 7% in the basic model.
This rate is chosen according to Liu and Sumaila (2007), who argue that the most
frequently used discount rate by Nature Resources Canada is within a range of
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5–10%. D’Souza et al. (2004) used 7, 9 and 11%, while Whitmarsh et al. (2006)
limits the discount rate to 8%. Due to the sensitivity of the NPV to the discount rate,
values ranging from 6 to 9% were used. In the base scenario, the price for one kg of
mussels was assumed to be 1.0 €. Net present value amounts to 5,667,073 €, with
an IRR of 14.73%. When using existing capacities of mussel farming in Lower
Saxony, an investment of about 750,000 € for retrofitting of the vessel at the
beginning of the enterprise will be required. All other costs are assumed to be
similar to those from the basic scenario. NPV levels around 9,622,937 € and an
IRR of 28.11%. Economically, the most promising enterprise is the production of
consumer mussels if existing equipment can be used. But also in the case of a new
vessel and a new land facility profits are likely, since the IRR levels at 14.73%. This
should be in most cases higher than the costs of capital.

11.6.3.5 Sensitivity Analysis

A sensitivity analysis was carried out to assess the economic feasibility, if key
parameters of the economic analysis are changing. As the biomass harvested was
assumed to be at a low level, the positive impact of a 25 and 50% biomass increase
was estimated for consumer mussels as well as an increase of 10% for seed mussel
yield. Fuel costs were increased by 10 and 20% per year, wages by 3% per year,
longline costs by 5% per year and total costs by 5% per year. Discount rates were
varied from 5% over 6 to 8%. The mussel price was changed by 10% in case of
consumer mussels and by 20% in case of seed mussels. The results are shown in
Table 8. The overall result shows the capacity of the production of consumer
mussels with existing equipment to withstand cost increases quite well. In case of a
new vessel and new land facility NPV remains positive except for an overall cost
increase of 5% per year. All calculated discount rates leave NPV to be positive.

11.6.4 Final Conclusion

Assuming a baseline production of 2380 tons of consumption mussels per year (2
plots) the results of the economic study show that the base scenario is clearly
beyond the break-even point. Varying parameter values, such as investment costs
concerning longlines, new vessels or retrofitting, operating costs like wages and
fuel, biomass yield, market price, total cost increases, and different discount rates,
show different levels of feasibility. Offshore mussel production for consumption is
profitable, but profits are less with a new vessel and a new land facility and higher
in the scenarios without a new vessel and a new land facility, respectively.
The NPV and IRR are large enough that this business can be recommended as long
as there are existing capacities. Of course, all businesses can become profitable and
respectively more profitable if costs can be reduced and revenues increased.
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The lack of practical experience of culturing mussels in exposed environments
precludes estimating effects of economic risks.

11.7 Ownership Issues

11.7.1 Modes of Cooperation

The relevant government policy as a central framing condition must be part of any
analysis of likely management scenarios for an integrated wind energy-mariculture
facility. In the North Sea area, the here presented concept is ahead of the current
institutionalized regulatory system. Indeed, a systematic regulation addressing this
multi-use concept in the context of industry support is yet lacking. While current
legislation may preclude concurrent economic activity within offshore wind farms,
that likely can be interpreted as a de facto law absent any regulatory consideration
on this multi-use issue. However, given the strong push for spatial efficiency and
multi-use concepts in the maritime waters in the EU and elsewhere (Krause et al.
2003; Lutges and Holzfuss 2006), it can be expected that more comprehensive
regulatory frameworks will develop in due time. Krause et al. (2011) identified
three likely avenues under which an integrated mariculture-wind energy facility
may be organized. These are not exhaustive, or mutually exclusive from each other,
but rather provide a straightforward method for categorizing potential outcomes. In
the following, a brief synopsis of these three different ownership scenarios of
multi-use in the offshore realm is provided.

11.7.1.1 Sole Owner

At the extreme end, a sole owner situation could be envisaged, in which a multiple
use business plan could be enacted by a sole company without any cooperation.
This set-up may accommodate especially the interests of the wind energy pro-
ducers, who would have easier access to the financial resources needed. In view of
the current complexity of drafting and following a contract with an outside firm
makes this sole owner approach highly appealing. Indeed, from an economic point
of view, governance structures that have better transaction cost economizing
properties are preferable. Additionally, transaction cost economics suggests that full
vertical integration completely resolves issues related to hold-ups and misaligned
incentives (Williamson 1979, 1981; Johnson and Houston 2000).

Undeniably, the potential for further net revenue via mariculture may be alluring
to a wind energy firm, especially in the light that the area occupied by wind turbines
is roughly 1–3% of the total area of an offshore wind farm (Mee 2006). Economies
of scope may act thus as a financial catalyst, i.e. simultaneously producing two
products with a lower average cost than if undertaken separately.
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Undertaking this economic decision as a sole firm partly however rests on the
ability of the wind energy producer to culture products at a similar or lower average
cost than if they had negotiated a contract or formed a joint venture with a firm who
specializes in mariculture. The lack of knowledge on the different modes of conduct
in the mariculture section could act however, as a major impediment to such sole
ownership scenario of a wind farm enterprise. Thus, while a sole ownership
approach may initially appear promising, the degree of risk involved in operating
two very different businesses at the same location is high. The relative risk of
internalizing both productive activities can be somewhat combatted by the degree to
which personnel with specialized knowledge could be brought into oversee and
conduct these operations. Current lines of research are assessing the economic
merits of a joint mariculture-wind energy facility and will help illuminate the
viability of such a venture from multiple perspectives (Griffin and Krause 2010).

11.7.1.2 Negotiated Contract

Forming alliances is a common commercial strategy that is employed to organize
and mitigate activities that are riskier than a firm’s average inside project. These
alliances occur more in riskier industries (Robinson 2008). Expanding to an
industry-level analysis, Robinson (2008) found that alliance intensity across
industries is positively associated with the risk difference between the two indus-
tries. This dynamic could play an important role in alliance formation versus single
firm management of a multi-use facility. Therefore negotiated contracts are a
alternative path to mitigate and manage the risk associated to an integrated facility.
Such categories of agreement may cover a multitude of different settings, such as a
joint venture or a consortium or any form of subcontracts. Central hereby is the fact
that the outlined interdependence between firms must provide benefit to each party
(Pareto-improving) and be perceived as fair by the participating entities. Continued
cooperation between parties must be sustainable by the underlying game structure
(Grandori and Soda 1995). Alliance between firms that both hold unique capabil-
ities that neither partner could efficiently provide alone, have the highest potential
for coordination. Michler-Cieluch and Krause (2008) showed that under such an
umbrella there is sufficient scope for such wind farm-mariculture cooperation in
terms of operation and maintenance activities.

However, the process of drawing up a contract that delineates the lines of
cooperation between firms is fraught with challenges. Hold-up hazards increase
when complexity and uncertainty make writing and enforcing contracts difficult
(Williamson 1979), and when products require asset-specific investments, two
conditions that hold in this case. Only when there are offsetting economic benefits
and sufficient efficiency scope to doing so firms are compelled to engage in inte-
grated organisational structures over simple contracts or sole ownership (Johnson
and Houston 2000). Such economic benefits pertain to any of the previously out-
lined benefits from cooperation, such as reduced production costs, organisational
efficiencies, or pooling risk—but these benefits are not guaranteed. Because of the
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parties’ inability to write an a priori comprehensive agreement that covers all future
contingencies, Nielsen (2010) argued that all alliance contracts are necessarily
incomplete. Thus, these contracts may enhance or prohibit desired outcomes. In
order to be successful, all stakeholders involved in such joint cooperation agree-
ments must be informed and clear about their expectations, rights and duties
involved from the onset if being engaged in such multiple use setting.

Regarding the predictors of success in joint ventures and other alliances, an
amount of considerable research exists. Johnson and Houston (2000) find that only
joint ventures between firms in related businesses are likely to generate operating
synergies. Thus, combinations of dissimilar firms can reduce value by contributing
to bureaucracy and lack-of-focus. Beamish (1994) finds that the good intentions and
rational motives behind alliances are often not congruent with the strategic direction
of either firm on its own. This inconsistency can lead to poor performance and
instability. Indeed, Kumar (2007) finds that in incidences where firms with asym-
metric resource endowments enter into a joint venture, asymmetric wealth gains
arise via the negative wealth transfer effects of resource appropriation by the firm
with more valuable resources. Therefore, initial collaborative research between
sectors prior to the design and execution of a commercial agreement by act as
avenue to overcome this potential pitfall Michler-Cieluch et al. (2009a). In the
German case study, our interviews and survey work suggests that the stakeholders
in a potential mariculture-wind energy facility may be amenable to some type of
contracted agreement. Respondents have suggested that they would be open to the
idea of contracting out culturing activities at the site of an offshore wind farm as a
prior joint research initiative and feasibility study. It does seem unlikely though at
this point that a contracted solution could occur in the absence of some intervening
third body (Michler-Cieluch et al. 2009a). However, an advisory or some other
external independent mediating group or entity that helps to coordinate and facil-
itate the entire process generally improves the chances of reaching a successful
agreement (Noble 2000).

11.7.1.3 Legislated

In the third ownership option, a legislative prescription could attain desired policy
goals of spatial efficiency in the ocean area. The use of mandates, subsidies, tariffs,
and other policy tools can change the incentives of the current economic envi-
ronment to make the multi-use concept economically viable in cases where it may
not be to date very appealing or in places where finding a direct commercial market
solution for multi-use in the offshore setting is not possible. Increasingly, policy
makers may find policy instruments as a palatable solution for achieving policy
goals, especially as there is a growing focus on coastal zone management and the
efficient and equitable use of coastal resources in the EU, US, and elsewhere
(Krause et al. 2003, Lutges and Holzfuss 2006; Rhode Island Coastal Resources
Management Council 2010). Mariculture can offer expanded employment oppor-
tunities to rural peripheral regions and displaced fishermen in the area of a wind
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energy facility. Furthermore, it has the potential to make wild harvest fisheries more
productive if mariculture areas act as nurseries for wild fish (Mee 2006). Indeed,
multi-use layering of economic activities can maximize the value of offshore
resources while reducing conflict between stakeholder groups. Since regulators
have already shown they are comfortable with using legislation to spur growth in
the offshore wind energy industry, such type of legislative promoting a multi-use
concept would not be an uncommon step. Indeed, a clear, coherent, and stable
regulatory framework is a bare minimum when firms make financial decisions in
the inherently risky offshore marine environment. Managers need to be able to
predict with some certainty the expected outcomes of changes in strategy, be it an
internal decision or the decision to form an external alliance. To the contrary,
fragmentation in the structure of State decision making is shown to lead to more
elaborate and costly inter-organisational networks (Carroll et al. 1988). However,
the decision to actively foster cooperation on a multi-use concept should largely be
dependent on market conditions, which must be somewhat accommodated for by
the legislation. The latter may be driven by the recognition of the potential social
benefits available from multi-use facilities. Williamson (1981) stated that “there are
so many different types of organisations because transactions differ so greatly and
efficiency is only realized if governance structures are tailored to the specific needs
of each type of transaction.” The legislative ownership discussion this far have
attempted to frame the potential cooperation in a multi-use setting in the context of
the broader social, political, and economic spheres. Next, the discussions also
acknowledge and illuminate the perceptions and characteristics of the particular
industries themselves. It appears clear that uncertainty and risk are large compo-
nents of this discussion. These were reinforced and frequently voiced by the survey
respondents in the German case study. It can be expected that the likelihood and
form of collaboration in the near future will be shaped by how well this risk and
uncertainty is addressed.

11.8 Regulation of Aquaculture Within the German Bight

The EEZ is a special area—it is not a state territory even if a coastal state has there
sovereign rights and jurisdiction. This is an area where three legal systems come
together: international law, law of the European Union and national law (Buck et al.
2003). There are no commercial aquaculture operations in the German EEZ and no
approval procedure has been completed so far. Additionally, some sites are not
suitable for aquaculture, especially because of nature conservation and shipping.
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11.8.1 Mariculture in the German Exclusive Economic
Zone

Mariculture in the Exclusive Economic Zone (EEZ) could be in the future an
interesting completion of fishery, not least because of overfishing of natural stocks.
Nevertheless, its legal questions are still not fully answered (for an overview of
legal frame of mariculture see Kersandt 2012 as well as in BLFRG 2012; ECR
2006, 2007, 2008; EC 2000, 2008, 2011; SAG 1965; VüAs 1997).

11.8.1.1 The System of Law in the EEZ

The EEZ cannot be considered as a part of the state territory. It is a sui generis zone
and the coastal state can only use it and regulate its use as outlined in the relevant
provisions of the United Nations Convention on the Law of the Sea (Dahm et al.
1989; Gündling 1983). This effects the first restriction for the German law-maker.
Furthermore, Germany as a member of the European Union, has to respect the
European law. Although the EEZ is no sovereign state territory, the EU is allowed
to issue the law: The EU has legislative authority in the area outside the members’
territory, where the international public law gives such authority to the state, e.g.
fisheries on the High Sea (Grabitz et al. 2010). Some directives and regulations
refer to aquaculture, e.g. regulation concerning use of alien and locally absent
species in aquaculture, directive on animal health requirements for aquaculture
animals, products thereof and on the prevention of diseases or regulation on con-
ditions for market placing and the import of aquaculture animals. Some general
(i.e., not specific to aquaculture) rules are relevant to aquaculture, e.g. Marine
Strategy Framework Directive, Water Framework Directive or EIA Directive.

The legislative authority usually belongs to the Federal Republic of Germany
and not to the German States (Länder). It depends on the jurisdictional provisions
of Article 74 GG, e.g. the law relating to economic matters (no. 11), deep-sea and
coastal fishing (no. 17), and protection of nature and landscape management (no.
29) or management of water resources (no. 32).

11.8.1.2 The Approval Procedure

The basis for the approval procedure of aquaculture in the EEZ is Marine Facilities
Ordinance (SeeAnlV), which is based on Federal Maritime Responsibilities Act.
The agency deciding on the approval of mariculture in the EEZ is Federal Maritime
and Hydrographic Agency (Bundesamt für Seeschifffahrt und Hydrographie, BSH).
Aquaculture, as any other facility that is not purposed to produce or transmit
energy, needs an approval. For energy projects, a plan approval procedure is
mandatory. The approval, different than the plan approval, doesn’t have the
“concentration effect”: the applicant needs to get all necessary permits on his own
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(Dahlke 2002). Especially provisions of the German Federal Nature Conservation
Act (Bundesnaturschutzgesetz - BNatSchG) are here determined, e.g. those about
protected species (Art. 44 ff. BNatSchG), protected habitats (Art. 30 ff. BNatSchG)
and Natura 2000 areas (Art. 31 ff. BNatSchG) (BNatSchG 2009).

An approval is a non-discretionary administrative act, i.e., it has to be granted
when there are no reasons for denying approval (Dahlke 2002). According to
Sect. 7 SeeAnlV the approval has to be denied when

• it is likely to impair the safety and efficiency of navigation or poses a threat to
the marine environment or

• the requirements of regional planning or overriding military or other public or
private predominant concerns are against the approval.

Before the approval has been granted the Federal Waterways and Shipping
Agency (former Waterways and Shipping Directorate) has to give a declaration of
agreement. It can only be denied if the facility impairs the safety and efficiency of
navigation and it is not possible to prevent or compensate the detrimental effects
through conditions or requirements, Sect. 8 SeeAnlV.

The term “marine environment” is explained in Sect. 5 subsection 6 no.
2 SeeAnlV. It refers to the definition of “pollution of the marine environment” in
Article 1 (1) no. 4 UNCLOS. The approval is to be denied when the pollution gives
rise to concern. Aquaculture projects in the EEZ can require environmental impact
assessment. The Environmental Impact Assessment Act, which implements the EIA
Directive, intends the examination only for intensive fish farming and not for other
candidates like mussels or seaweeds. Whether the assessment is mandatory or not
depends on the yearly fish amount: it is mandatory if this amount is larger than
2500 t. Otherwise, there is a general (500 t–2500 t) or site-related (250 t–500 t)
preliminary examination of the environmental compatibility to undertake.
Depending on the result, the assessment is to the end or the whole EIA has to be
done.

11.8.1.3 The Sites for Mariculture Facilities

Spatial Planning Ordinance for the German EEZ in the North Sea (also in the Baltic
Sea) regulates targets and principles of spatial planning. Marine aquaculture is
identified as a meaningful economic sector in the future. Negative impacts of the
mariculture on the marine environment shall be avoided. Facilities for mariculture
shall be established preferably in combination with existing installations, Sect. 3.6.1
(1) and (2) Spatial Plan North Sea. Spatial planning has an effect on the site for
mariculture facilities. In some areas, e.g. in shipping priority areas, measures and
projects which are not compatible with the character of this area are not permitted,
as stated in Sect. 3.1.1 (1) Marine Spatial Plan North Sea. In the reservation areas,
other uses are also allowed, but the main use is given special consideration. This
needs to be taken into account in a comparative evaluation assessment with other
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spatially significant planning tasks, measures and projects. Corresponding rules are
provided for the Baltic Sea.

There are also other sites where mariculture is not allowed. In Natura 2000 areas,
which are protected areas under national law, mariculture facilities are prohibited. 2005 the
Eastern German Bight became a nature conservation area under German law, other sites—
Dogger Bank, Sylt Outer Reef and Borkum Reef Ground—were nominated to the
European Council. In Sect. 4 subsection 2 no. 1 of designating ordinance mariculture
facilities are prohibited. It is likely that other ordinances will have the same regulation.

11.8.2 Approval procedure of offshore multi-use
installations

Changing marine utilization patterns represent considerable challenge to society
and governments. Indeed, the ongoing intense competition for ocean space leads
and has led inevitably to disputes. As a case in point, the somewhat private own-
ership of ocean space, which usually is assigned via central government authorities,
has fostered the raise of “client mentalities” of the ocean pioneers. This has resulted
in a complex mix of ownership, associated commons and private property. Thus,
the central question remains how to operationalise the multi-use dimension of
offshore installations within marine spatial planning?

Centralized authority planning, such as showcased by the existing permitting
procedure in the offshore realm in Germany that is charged by one lead agency
(Federal Maritime and Hydrographic Agency) has given way to new forms of
governing—tendency to define issues at only one scale and only one installation at
time. Indeed, in the case of Germany, a highly comprehensive regulatory frame-
work for offshore wind energy, but only a weak and uncertain framework for
offshore aquaculture installations is in place. For the latter, technological as well as
ecological standards are yet needed. In Fig. 11.45 we present a permitting proce-
dure that possibly integrate multi-use installations within the same suite of per-
mitting process. This is showcased by the integration of offshore wind farm
installations and open ocean aquaculture. By acknowledging throughout the process
the different demands, potential impacts and outcomes of each partner within a
multi-use system, the permitting process could be streamlined and efficient. By this,
the permit process would become more specific articulating societal choices about
goals and their related social values in a multi-use context. Open issues pertain to
e.g. who should be included in a balanced jurisdiction and what should that
jurisdiction do? What criteria are relevant to opt for open ocean aquaculture and
what are the implications of such criteria and how to include cross-border users? E.
g. regions, where offshore wind farms are planned, are also important fishing
regions of German, Belgian, Danish and Dutch fishermen.

In summary, the current gap between oceans as commons and ocean as private
property as well as diverging views and pictures leads to a contested sea space.
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A more holistic, integrated approach to ocean management that acknowledges the
interconnectedness of human and natural systems is timely. However, there is a
high risk of failing in the current window-of-opportunity to integrate open ocean
aquaculture within the emerging management of the marine realm. What is at odds
is the management discourse of the politically powerful vs. newcomers, reaffirming
the socially constructed nature of knowledge.
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Chapter 12
The EU-Project “TROPOS”
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Abstract The global population is growing and the demand for food and energy is
steadily increasing. Coastal space all over the world becomes increasingly limited
and near-shore resources are often already heavily exploited. The use of offshore
regions may provide new opportunities, but also involves major challenges such as
the development of designs and technologies suitable for offshore condition. The
floating TROPOS ‘Green & Blue’ modular multi-use platform concept introduced
in this chapter is especially designed for offshore conditions and provides solutions
for the problems and obstacles involved in “moving offshore”. The Green & Blue
platform concept integrates fish and algae aquaculture with a wind farm. The
floating multi-use approach allows for platform operation in deep waters and the
promotion of synergies such as joint logistics, shared infrastructure and services,
thereby making the use of offshore resources viable and profitable.
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12.1 Introduction

12.1.1 Moving Offshore

Coastal space all over the world has become increasingly limited and near-shore
resources are often already heavily exploited. As a consequence, there is a growing
call to move towards offshore aquaculture technologies. The advantages of offshore
aquaculture compared to coastal aquaculture include, e.g., fewer restrictions (en-
vironmental, geographical, political), less competition for space with other activities
(Ryan 2004), and better environmental conditions which result in improved fish
growth, more efficient feed conversion, and a lower risk for pathogen infection
(Ryan et al. 2007). Additionally, moving from protected areas of restricted water
circulation to more exposed sea conditions allows farms with higher production
capacity without increasing environmental impacts (Lu et al. 2014). However,
moving offshore involves some major challenges, among others, high costs for the
required infrastructure and transportation, more difficult access to services, supply
and markets, and the need to adapt methodologies and procedures to offshore
conditions. The best approach to overcome these problems is the development of
shared solutions with other offshore sectors, i.e. to find and make use of synergies
for a common use of sea space, infrastructure, resources (energy, water, supplies),
services (maintenance, monitoring, surveillance) and transportation.

Accordingly, the European Union has launched the “The Ocean of Tomorrow”
call in the 7th Framework Programme (FP7) for Research and Development, with
one topic being “Multi-use Offshore Platforms” (OCEAN 2011.1). In total, three
projects were selected and received funding for the design of multi-use offshore
platforms: H2OCEAN, MERMAID and TROPOS. The latter one, the TROPOS
project, is presented in this chapter.

12.1.2 About TROPOS

The full title of the TROPOS project is “Modular Multi-use Deep Water Offshore
Platform Harnessing and Servicing Mediterranean, Subtropical and Tropical
Marine and Maritime Resources”. TROPOS had a total project duration of 3 years
(January 2012–January 2015). The project involved 20 partners from 9 different
countries and was coordinated by PLOCAN (PLataforma Oceánica de las
CANarias, Gran Canaria, Canary Islands, Spain).

The TROPOS project aimed at developing a floating modular multi-use platform
system for use in deep waters, with an initial focus on Mediterranean and sub-
tropical regions (Quevedo et al. 2012). Multi-use offshore platforms should allow
for sustainable and eco-friendly uses and a synergistic exploitation of oceanic
resources. A floating design facilitates access to deep sea areas and resources where
deployment of conventional platform types is not possible. A modular multi-use
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approach allows for the integration of a range of functions from different sectors. In
the case of TROPOS, functions of four different sectors were integrated, namely
Transport, Energy, Aquaculture, and Leisure (in short: TEAL; Fig. 12.1). Marine
Transport (T) provides critical services to the society ranging from building
commercial and leisure ships, shipping of goods and fuel around the world, pas-
senger transfer, to servicing offshore structures. The development of renewable
Energies (E) is essential to address the dramatic depletion of fossil fuel reserves and
to fight climate change, which has become one of the most critical global issues in
recent years. Natural marine living resources are already heavily exploited, while
the demand for these resources is steadily increasing. To reduce the fishing pressure
on wild stocks, the demand needs to be increasingly met additionally by
Aquaculture (A). The tourism industry represents the third largest socio-economic
activity in the EU and space is needed for the development of new Leisure
(L) activities. Not only in Europe, but all over the world there is an increasing
demand for innovative, eco-friendly solutions in the tourism sector.

The development process involved successive iterations to find feasible solutions
restricted by technical, environmental and socio-economic constrains.
A multidisciplinary and cross sectorial team of specialists developed several tools to

Fig. 12.1 The TROPOS TEAL (Transport, Energy, Aquaculture, Leisure) components (Fernando
Montecruz for the TROPOS project)
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explore suitable sites, combinations of resources, synergies, structural solutions and
their technical, environmental and socio-economic viabilities. The analyses also
included logistics, security, installation, operational, decommissioning and main-
tenance requirements. The outcome of the development process included different
theoretical platform concepts, designed and specified in great detail based on
simulations and models which were validated by experimental tests of realistic
small-scale models. The developed TROPOS concepts included the so-called
“Sustainable Sevice Hub”, “Leisure Island” and the “Green & Blue” concept. The
latter one, the Green & Blue concept, integrates offshore aquaculture and renewable
energies (Papandroulakis et al. 2014).

12.1.3 Aquaculture in TROPOS

Human population is growing and the demand for seafood is steadily increasing.
Marine organisms are a source of high quality nutrients (proteins, essential fatty
acids, vitamins, minerals, etc.) which are fundamental in human nutrition, but are
also an important component in animal feeds and non-food sectors (e.g. cosmetic
products). As the availability of natural resources is limited, an increasing amount
of the demand has to be covered by aquaculture products. Aquaculture is the fastest
growing economic area in the food industry sector and the proportion of the world’s
food fish coming from aquaculture has risen in 2006 to almost half (FAO 2014).
With the increasing demand for seafood the fish-farming industry will have to
continue this trend (Cressey 2009). Accordingly, the integration of aquaculture in
the TROPOS multi-use concepts was of major interest.

The European aquaculture sector has access to dynamic and cutting-edge
research and technologies, advanced equipment and fish feed. Production currently
meets the requirements for environmental protection, and the final products are
traceable and meet high quality standards. The European Aquaculture Technology
and Innovation Platform (EATiP) has set several objectives for the sector to achieve
by 2030. Particularly for the Mediterranean, the target is to increase production by
200%. This production scenario will increase the current production from 230,000
to 690,000 t. To meet this objective, EATiP has defined the development of effi-
cient technologies (such as developed in the scope of TROPOS) to support con-
tinued growth as one of its strategic goals.

Considering the expected growth of the aquaculture industry and the market
globalization, the targeted species, regardless of group (i.e. fish, shellfish, algae),
have to shift to those with global distribution and market. The target species should
be a fast growing and well adapted to the environmental conditions offshore and
clear oceanic waters. Among finfish, typical target species are large, fast growing
pelagic and deep demersal species, such as the greater amberjack and the wreckfish;
both species recently became targets for developing innovative and efficient rearing
technologies.
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In TROPOS, the main focus was not only on finfish but also on microalgae
aquaculture.

Microalgae are not only of high interest in the food and feed sectors, but also for
the production of biofuel (Enzing et al. 2014). The market volume and value of
microalgae range over a broad scale from 1,000–5,000 €/t for high volume biofuels
to 10,000–35,000 €/t for high value food. The value of microalgae used for phar-
maceuticals is even higher. In the aquaculture industry microalgae are important as
feed for early developmental stages of several species (larvae of molluscs, echin-
oderms, crustaceans, fish), with a worldwide annual production of approximately
10,000 t/year and a market value of about 30–250 €/kg. Approximately 1/5 of this
biomass is used for larval stages of fish and shellfish reared in hatcheries
(Muller-Feuga 2004). The most frequently used species are Chlorella, Tetraselmis,
Dunaliella, Isochrysis, Pavlova, Nannochloropsis, Phaeodactylum, Chaetoceros,
Skeletonema and Thalassiosira (Spolaore et al. 2006).

The greatest demand for microalgae lies in its potential to replace the current
sources of PUFA (PolyUnsaturated Fatty Acids; Omega 3/6 fatty acids). The
increasing public debate on the use of fishmeal for aquaculture puts microalgae in
the focus as substitute for fishmeal, and Omega-3 industries increasingly produce
concentrated EPA (eicosapentaenoic acid) and DHA (Docosahexaenoic acid) oils
for human consumption.

Microalgae (and macroalgae) are also considered as possible substitute for fossil
fuels. Despite a large body of research in the area of photosynthesis for carbon
sequestration, little work has been done to develop practical algae production
systems that do not ignore land availability limitations and can be installed at any
location for the production of fuels, food and animal feed. Offshore algae pro-
duction could fill that gap and allow the energy and cost efficient high volume
conversion into biofuels.

12.2 The Conceptual Approach of TROPOS

12.2.1 General Platform Design

The key characteristics of the TROPOS platform concepts are (i) the floating design
which enables platform operation in deep waters, (ii) the multi-use concept which
supports the integration of different functions and services at one site and facilitates
synergies, e.g. by joint logistic, and (iii) the modular approach which allows for a
flexible combination of different types of modules adapted to requirements. In this
way, the TROPOS multi-use platform system is able to integrate a full range of
functions from the four TEAL sectors (Fig. 12.1) and can be perfectly adapted and
used in a much greater number of global geographical locations than a non-floating,
non-modular and/or a single-use platform design.
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The conceptual design of the TROPOS platform involves a central unit asso-
ciated with modules and satellites (TROPOS 2013b, 2015). This floating central
unit can be moored to the seafloor and builds the core of the platform. The lower
part of the central unit is equipped with a double hull to prevent oil spills. Modules
with different functions can be directly attached to the central unit, and/or satellite
units can be indirectly connected (via undersea cables), each according to
requirements. Satellite units are fixed with their own mooring.

In Fig. 12.2, a schematic representation of platform elements and their functional
connections is shown as an example. In this example the platform is composed of
the central unit, two modules (substation and operation & maintenance base) and
one type of satellite (renewable energy and fish aquaculture). Functional units are
shown as black boxes, with the specific inputs and outputs relevant for their
functionality (TROPOS 2014b).

The design and engineering specifications of the platform concept considers
extreme weather conditions and unplanned events to be prepared for all kinds of
emergencies. Safety and security of crew and visitors, and protection of the envi-
ronment, are the top priority in the design of the TROPOS scenarios.

Fig. 12.2 Schematic example of TROPOS platform functional units and their connections. The
example shows the main in and outputs of the satellite unit and two modules integrated into the
central unit: a substation module representing the electrical connection between central unit and
satellites, and an operation and maintenance (O&M) module (Source TROPOS 2014b)
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Different concepts with different combinations of functional units from the
TEAL sectors were developed in the project, among these, the so-called “Green &
Blue” concept which is specified below.

12.2.2 The Green & Blue Concept

The Green & Blue concept is focusing on the use of physical and biological
resources, intending to follow the strategies and actions of “Blue Growth1” as
defined by the European Commission for the development of aquaculture and
renewable energies in the EU. The Green & Blue concept integrates offshore
aquaculture and renewable energies.

Depending on platform location and local conditions and dynamics, the
renewable energy source to be harnessed might be wind, waves, solar or ocean
thermal energy (Quevedo et al. 2013). Accordingly, the renewable energy com-
ponent of the concept may be represented by a wind farm, wave energy converters,
photovoltaic (PV) panels or an OTEC (Ocean Thermal Energy Conversion) plant.

The aquaculture component of the Green & Blue concept primarily includes fish
and algae aquaculture. Generally, the fish culture unit is planned in the form of
floating, submerged or drifting cages. Depending on the location, secondary cul-
tures around the fish cages may be developed for bivalves and/or macroalgae.
Additionally, if the location’s depth allows such an activity, bottom cultures could
be established. The algae culture unit can include several components, e.g. pro-
duction of biomass (microalgae and macroalgae), products with high market value,
and biofuel/gasification from macro and microalgae, and CO2 fixation from flue
gases. Wastewater e.g. domestic wastes from a central platform can be used to
nourish algae, thereby combining algae biomass production with wastewater
treatment. The source for the flue gas may be emissions from the satellite or the
central platform or from on-shore emission sites as CO2-stripping at a biogas plant.

The aquaculture units (both fish and algae) take advantage of the facilities that
the platform offers, namely energy, protection, anchoring and logistics with regard
to installation, maintenance and operation. An example for a Green & Blue concept
integrating offshore fish and algae aquaculture and wind turbines is shown in
Fig. 12.3.

One Green & Blue case scenario, developed in TROPOS and designed to be
located in the Mediterranean Sea in deep water locations, is described in more detail
below.

1“Blue Growth” refers to the European Commission’s long term strategy to support sustainable
growth in the marine and maritime sectors.
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12.3 The Green & Blue Concept in the Mediterranean

One Green & Blue platform was designed for a location north of Crete (southern
Aegean Sea) at about 100 km distance from the shore in about 450 m water depth
(Fig. 12.4). The site was chosen based on a GIS supported multi-criteria decision
analysis, which also considered socio-economic and environmental aspects.
Climatic, geographic and oceanographic characteristics and dynamics in this area
were found to be appropriate for this platform concept (TROPOS 2013a).

In this particular scenario,fish andmicroalgae aquaculture are combinedwithwind
turbines and some PV panels (see Fig. 12.3). The scenario includes six modules
(integrated into the central unit) which aim to service, maintain and monitor the
satellite units and to ensure smooth and optimal energy and biomass production flow.
In all, there are 30 floating satellite units placed around the central unit, which com-
prise the wind turbines, some PV panels, as well as fish cages and algae floats.

12.3.1 Central Unit

In this concept, the central unit extends over several decks and hosts all functions
and services that are needed for the daily operational requirements of the platform.
This includes, among others, the engine, diesel oil tanks, waste and wastewater

Fig. 12.3 Green & Blue concept integrating offshore fish and algae aquaculture and wind turbines
(Fernando Montecruz for the TROPOS project)
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storage and treatment plants, transformers, a desalination unit for freshwater pro-
duction, freshwater tanks, different kind of workshops, maintenance and repair
areas, air conditioning and storage rooms. Moreover the central unit hosts
fire-fighting system, control, surveillance & monitoring rooms, and also offices,
common and leisure rooms, laundry, kitchen and hospital (TROPOS 2014b). The
energy demand of the platform will be completely met by the locally produced
renewable energy; the diesel engine mainly serves as a backup in case of emergency
or deficiency of the natural energy resource. Waste and wastewater produced during
the operational phase of the platform will be treated following best practice and
stored on board until it can be transferred to shore. Both aquaculture and energy
production require specific facilities for proper operation. These facilities are
organized in different modules on the central unit.

12.3.2 Modules

The major objectives of the modules integrated into the central unit in the Green &
Blue concept are for monitoring, service, maintenance and processing of the energy
and aquaculture production on the satellite units (TROPOS 2014a). These modules
include

Fig. 12.4 Approximate Green & Blue platform location in the Mediterranean, north of Crete
(Map created by Fernando Montecruz for the TROPOS project)
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• The fish processing plant
• The aquaculture workshop
• The aquaculture support
• The algae biorefinery
• The substation
• Accommodation facilities

The fish processing plant provides all facilities required for processing the fish
production. Generally, fish biomass produced in a farm may be either being pro-
cessed on site or transported to another processing facility according to the business
plan that will be followed. While for land-based or nearshore aquaculture the
processing units are close to markets and the flow of product is continuous. This is
not the case for offshore farms where connection with land is neither easy nor daily.
Hence, an on-site processing unit is a requisite in order to prolong product’s shelf
life from days to weeks depending on the processing level. Also, the disadvantages
of the offshore farms due to distance may turn to benefits with the production of
value added products. Existing alternatives to this approach represent the use of a
“boat-factory” which, however, presents some disadvantages related to dependen-
cies on external services and the minimization of flexibilities for marketing.

In the plant, the harvested fresh fish can be directly processed without any delay.
The module includes the processing facilities leading to 3 groups of products:
(i) fresh fish on ice, (ii) degutted fish, subsequently IQF (Individually Quick
Frozen), and (iii) processed fish (fillets or steaks) either IQF or packed in MAP
(Modified Atmosphere Packaging). Special care is given to byproducts (estimated
at *20% of the biomass) that are also marketed. There are cooling and freezing
rooms, storages, warehouse for packaging material and an ice-production unit.

The aquaculture workshop includes a maintenance unit for repairing equipment,
warehouses for storage of harvesting equipment, nets and spare parts.

The aquaculture support module includes a central communication room for
control, surveillance and monitoring of the aquaculture production and environ-
mental parameters, and for operation and control of the automated feeding system.
The module also includes laboratories both for biological analysis and electronics.

In the algae biorefinery, the harvested microalgae may undergo further pro-
cessing, such as extraction of proteins, lipids, carbohydrates or pigments, and
conversion to biofuel.

The substation is connected to the wind farm and serves as infield cable node,
voltage transformation and/or current conversion system and export cable connector
between the satellite units, the central unit and the onshore grid. To establish such
connection, it is necessary for the substation to have specific power transmission
capabilities in combination with distinctive voltage transformation functionalities.

The accommodation module provides living space for crew and visitors.
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12.3.3 Satellite Units

The Green & Blue scenario off Crete consists of 30 floating triangular satellite units.
Each semi-submersible satellite unit is equipped with two 3.5 MW wind turbines
(Fig. 12.5). Some units also include small 434 kW PV panels. The wind turbines
have a rotor diameter of 112 m and total production of all 60 turbines (2 per satellite
unit) was estimated with about 198 MW (TROPOS 2013c).

According to the design, 30 units will be installed allowing a maximum pro-
duction capacity of 750 t fish per week. In each unit an open sea surface cage is
integrated at the inert part of the triangular base (Figs. 12.4 and 12.6). All daily
operational equipment including feed distributor, feed storage silos (66 t, 100 m3)
and monitoring equipment are incorporated to the base, and are remotely controlled
from the central platform. For the Green & Blue platform in the Mediterranean, the
production plan includes the rearing of 3 different species in two-year rearing
cycles: (i) the European Sea Bass (Dicentrarchus labrax), (ii) the Meagre
(Argyrosomus regius), and (iii) the Greater Amberjack (Seriola dumerili).

The cage is a typical cylindrical floating offshore cage of 33/36 m (internal/
external) diameter. The volume contained in the net cage is about 25,000 m3. In
some of the units, the top of the fish cage is covered by solar panels for additional
energy production (TROPOS 2013c).

Fig. 12.5 3D view of a floating wind satellite unit designed by EnerOcean S.L. for the TROPOS
Green & Blue concept based on W2Power patented design (Source TROPOS 2013c)
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The microalgae production unit or float containing the microalgae cultures is
connected to the triangular construction, one float per satellite unit, making a total
of 30 algae floats (Fig. 12.3). These photo-bioreactors are a closed system. The
dimensions of a float are 50 � 200 m with an inserted phytoplankton unit of
400 m3. Two thrusters, located at the end of the plant, help to manoeuvre the
submersible culture system (Fig. 12.7).

The satellite units are unmanned and monitored, operated and controlled from
the central unit. The fish cages and the algae photo-bioreactors are equipped with
sensors for online control and monitoring from the aquaculture modules.

Energy demands of the sensors as well as of the automated fish feeding system
are met by the local production from wind and/or solar energy. Service and
maintenance are provided by a crew based on the central unit.

In summary, the final layout of the satellite is comprised of:

• Two turbines (3.5 MW each/90 m height) installed on a triangular shaped
platform (column distance (base) 90 m/column distance (triangle legs) 80 m)
and their auxiliary component to enable an appropriate grid connection.

• A cage for aquaculture moored between the triangular legs (25,000 m3/diameter
33 m/depth 30 m).

Fig. 12.6 A model of the Green & Blue satellite unit triangular base structure with the fish net
cage inside; the model was tested at the UCC-BEAUFORT (HMRC)—National Ocean Wave
Basin in Cork (Ireland), model scale 1:100 (Source TROPOS 2014c)
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• An Algae Production Unit connected to the wind satellite unit at a single point.
• An automatic feeding system (64 t in two silos with two different feeds and a

distribution system located on the “vertical columns” of the triangle).
• An automatic feeding system for algae production (50 t CO2 storage + nutrients).
• PV panels are installed on the top of the module for an additive 0.5 MW per

satellite

12.3.4 Aquaculture Production Flow

Based on a theoretical production analysis the total aquaculture yield in the Green
& Blue scenario in the Mediterranean is estimated to be 7,000 t of fish in a biannual
production cycle and 2,000 t of algae in continuous production.

12.3.4.1 Finfish Aquaculture

The fish production plan developed for this Green & Blue scenario involves the
rearing of three different species in a two-year rearing cycles. Taking advantage of
the different natural spawning period of the selected species and in order to avoid an

Fig. 12.7 Algae aquaculture part of the Green & Blue satellite unit; the submersible algae float is
equipped with two thrusters (Source TROPOS 2014c)
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overlap in harvesting, stocking of cages is performed annually with half of the
dedicated cages for each species as follows:

• European sea bass (Dicentrarchus labrax) a total of 8 cages; stocking 1 cage per
month in February, March, April and May every year;

• Greater amberjack (Seriola dumerili) a total of 10 cages; stocking 5 cages in
July every year;

• Meagre (Argyrosomus regius) a total of 10 cages; stocking five cages in October
every year.

The 2 remaining fish cages serve as backup units. The stocking with fry will be
followed by a rearing period of 2 years until market-size is reached (European sea
bass 0.6 kg, greater amberjack 3 kg, meagre 2.5 kg). Fish will be fed with artificial
feeds delivered by the automated feeding system. The amount of feed is based
on the demand. Feeds will be transferred from cargo boats directly to the satellites
and the silos will be loaded monthly.

Fish harvesting from the cages will be performed with a fish-pump mounted on a
working barge and the harvested biomass will be transported to the central unit. The
same fish-pump is used to upload the fish to the aquaculture module on the central
platform (TROPOS 2013c).

In Table 12.1 the results of a production analysis performed on a monthly basis
are shown. For all three fish species the amount of required feed, energy, ice for

Table 12.1 Production analysis (input/output table) of the complete Green & Blue fish
aquaculture farm in the Mediterranean

Species Fish fry
(1000
ind.)

Feeds
(t)

Energy
(kWh)

Ice
(t)

Harvested
fish (1000
ind.)

Harvested
biomass (t)

January European
seabass

641 735 145,306 152 507 304

February 641 774 134,536 152 507 304

March 641 807 145,156 152 507 304

April 641 829 141,316 152 507 304

May Greater
amberjack

819 146,138 256 342 512

June 410 748 142,736 292 195 584

July 410 717 146,276 292 195 584

August 205 745 144,808 146 97 292

September Meagre 763 142,598 256 427 512

October 513 706 146,372 304 243 608

November 513 657 142,832 304 243 608

December 256 678 144,856 152 122 304

Total 4873 8980 1,722,930 2610 3892 5220
Monthly
average (t)

487 748 143,578 218 324 435

Source (TROPOS 2014b)
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conservation of the final product, and the number and total biomass of harvested
fish was calculated.

After harvesting, the fish biomass processing in the processing module is
organized in 3 levels (Fig. 12.8):

• Process Level 1, Basic Processing—in this step fish are processed after harvest
either as fresh product (product 1) or pretreated for further processing in process
levels 2 or 3.

• Process Level 2, Filet Processing and Modified Atmosphere Packaging—in this
step fish are processed to produce filets and other products that require pack-
aging in a modified atmosphere.

• Process Level 3, IQF (Individually Quick Frozen) Processing—in this step the
final product is frozen biomass. Biomass inputs to this process level 3 are whole
fish from process level 1 and filet from process level 2.

The outputs from levels 2 and 3, apart from the final product include a significant
amount of byproducts, which are not considered waste but as a primary material for
other industries (e.g. fish meal production). Therefore, all byproducts are refriger-
ated and exported (TROPOS 2014b).

In terms of biomass, the total products from the Green & Blue fish aquaculture
are about 25% fresh fish, 55% transformed (Individually Quick Freezing/Modified
Atmosphere Product), 20% byproducts.

All the energy required for the operation of the fish aquaculture in the Green &
Blue scenario will be provided by the local renewable energy production.

Fig. 12.8 Fish aquaculture and processing plant flow chart including all inputs and outputs in the
Green & Blue concept (Source TROPOS 2014b)
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12.3.4.2 Microalgae Aquaculture

The algae production starts with the seeding of a microalgae starter-culture in the
closed photo-bioreactors on the algae floats. The key parameters for the algae
production are irradiance, nutrients and size of installation. As the microalgae are in
a closed system, the medium will be supplemented with some nutrients, such as
nitrogen (9 t/year), phosphorus and micronutrients (1.5 t/year) (Table 12.2). CO2 is
also applied to enhance the production yield. This will be done by direct injection
from a 50 t cryogenic CO2 storage with assistance of an air blower.

The online control system allows monitoring and controlling of the production
process inside the photo-bioreactors from board of the central unit. The unit is
operating valves and pumps and measures, among other parameters, temperature,
the pH value and the optical density in the system continuously. Environmental
ambient parameters like irradiance and temperature are also recorded.

When the microalgae culture reaches the desired concentration the culture is
harvested. The actual harvesting step of algae from the photo-bioreactors is carried
out on the satellite and the biomass is then shuttled to the central platform for
storage and further downstreaming. A two-step algae harvest is implemented with a
first step consisting in a pre-concentration of the algae suspension followed by a
second step of centrifugation. The dewatered algae biomass is then dried by
spray-dryer or solar-dryer and either cold stored until transport to the shore or

Table 12.2 Details on the algae aquaculture production unit, including dimension of floats, inputs
in terms of nutrients and output in terms of production as calculated based on a production analysis

Algae aquaculture

Component Subsystem Number Units

Units Number of units 30

Dimension Length 200 m

Beam 50 m

Area 10,000 m²

Production per unit 65 t/a

Total production
(6–8 months, 30 units)

1950 t/a

Store nutrients Nitrogen consumption per
unit

9.0 t/a

Phosphorus and
micronutrients
consumption per unit

1.5 t/a

Volume per unit
(Phytoplant)

400 m³

Production capacity Max. production per week 750 t

Production per day 300 t

Source (TROPOS 2013c)
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directly further processed in the algae biorefinery module on the central platform.
A flow model of the entire algae aquaculture production and processing is shown in
Fig. 12.9.

In total, considering all 30 satellite units of the Green & Blue scenario, the
annual production capacity of the facility was estimated with 1950 t/year (dry
weight) (Tables 12.2 and 12.3).

Fig. 12.9 Algae aquaculture production and processing; flow chart including all inputs and
outputs in the Green & Blue concept (© by Phytolutions)

Table 12.3 Estimated
microalgae production per
month considering all 30
satellites units of the Green &
Blue scenario

Months Product (t)

Jan 60

Feb 80

Mar 130

Apr 150

May 200

Jun 280

Jul 290

Aug 250

Sep 210

Oct 160

Nov 80

Dec 60

Estimate per year 1950

Source (TROPOS 2014b)
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Analysis of the economic impact confirmed that the Green & Blue concept in the
Mediterranean has a strong economic case for development (TROPOS 2014d) and a
virtual environmental impact assessment showed that the concept has minimal
negative environmental impact (TROPOS 2014e).

12.4 Summary

Moving offshore involves a lot of advantages such as reduced competition with
other activities compared to the near shore zone, optimum culture conditions in
term of water quality and absence of pathogens, and rapid dispersal and dilution of
any effluents to the wide open ocean (i.e. less negative impact on the environment;
Lu et al. 2014). Moving offshore, however, also goes along with a major challenge,
namely the suitable technology. Weather and wave conditions are often harsh in the
open ocean and deep waters make the fixation of aquaculture facilities a difficult
task. Moreover, the distance to the coast significantly complicates logistic service
and supply, and operation and maintenance. A solution to overcome these problems
and obstacles is represented by the TROPOS multi-use platform approach. The
floating structure was especially designed for offshore conditions and allows for use
in deep waters. As the annual offshore wind energy capacity will experience an
average net increase of 21.5% every year until 2020, the combination of marine
aquaculture farming with offshore wind energy exploitation seems obvious. The
Green & Blue concept intends to integrate an offshore wind farm with aquaculture
facilities for fish and algae, so as to create synergies among the activities: (i) Since
many components of the system need energy (e.g. workshop, laboratory, feeding
unit, etc.), aquaculture can achieve high levels of autonomy when combined with
the wind turbines triggering the development of the offshore aquaculture further;
(ii) Placing the cages between the turbines will save space and mooring lines;
(iii) Since maintenance tasks have to be provided in a frequent basis for both fish
and wind farm, the service infrastructure can be shared; (iv) Based on this, having a
common accommodation unit on the platform, downtime periods will be decreased
for both industries (since there will be permanently located personnel providing
continuous inspections and routine maintenance tasks, and able to respond fast in
case needed). Apart from this, sharing of divers and diving infrastructure, logistics,
maintenance tools, workshops, environmental monitoring, etc. will reduce the
service/maintenance costs.

12.5 Outlook

Multi-purpose offshore platforms are designed to incorporate modules of several
compatible activities, and thus, provides the opportunity for the aquaculture
industry to operate viably and profitably in offshore sites. Since mooring is one of
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the major constrains for offshore aquaculture (the industry operates in
depth <100 m), the synergy with the platform is vital for a feasible industry at deep
offshore sites. The innovative synergies developed on modular multi-purpose
platforms provide the opportunity for aquaculture to expand in offshore sites and
meet future demands. Important constraints for success are the co-development and
shared use of infrastructure, the selection of sites and technologies appropriate for
environmental conditions, and the synergies in operational planning.

Until now, the aquaculture industry has moved offshore slowly and conserva-
tively due to high costs and immaturity of innovative technologies. Some proto-
types, consisting of submersible or semi-submersible cages, are currently available,
allowing farms to be located farther from the coast than today. However, a sig-
nificant research effort is needed on the development of new culture technologies
as, although several prototypes have been proposed, few have been tested in
commercial scale.

With its innovative design and technology the TROPOS concept represents an
advanced solution for an integrated and synergistic offshore multi-use approach
involving aquaculture and microalgae production. However, the next essential step
is to move from theoretical approaches and modelled designs towards “real world”
deployments. Even if financial support is possibly required at the beginning, pilot
scale deployments are vital to proceed in the field of multi-use offshore
installations.
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Chapter 13
Offshore Platforms and Mariculture
in the US

Jeffrey B. Kaiser and Michael D. Chambers

Abstract Global demand for seafood is increasing. Supply from wild caught
sources has been essentially flat for twenty years and, depending on the specific
fishery, in decline for many species that are considered fully exploited or
over-exploited. As the fastest growing sector of world food production, aquaculture
is increasingly playing a major role and currently accounts for nearly half of the
total aquatic production worldwide. Marine cage culture in particular provides an
opportunity to utilize vast amounts of the world’s surface area to produce fish,
shellfish, and plants, while avoiding land-use conflicts in crowded coastal regions.
Currently in the US, very small volumes of marine fish are produced and very large
volumes are imported. This trend shows no signs of slowing down with an ever
increasing annual seafood trade deficit. In an effort to initiate more domestic pro-
duction, private companies, research institutions, and government agencies have all
been involved in various types of aquaculture production. Aquaculture can be
generally categorized as land-based, near shore, or offshore. Offshore marine fish
culture utilizing cages has been conducted on both the east and west coast of the US
as well as in the Gulf of Mexico (GoM). Specifics on the projects in the GoM are
described in the following sections.

13.1 Background

The world’s population is estimated to be approaching 9 billion people by 2050.
UN estimates project the total global food supply will need to increase by 70% to
keep up with demand and the growth of a larger and more urban population
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(FAO 2009). The world’s oceans cover over 70% of the earth’s surface and provide
a large area to situate aquaculture operations that produce marine fish, shellfish, and
plants. Currently, the ocean is underutilized as a location for protein production
with 5% of the global protein supply (Oceanworld 2014) and a mere 2% of the total
human calorie intake (UNEP 2012) acquired from this biome. Demand for food
combined with a shortage of new arable land will require the global population to
attempt to maximize production from the world’s oceans. Potable freshwater and its
distribution and use in the future is another critical reason to utilize the marine
environment for aquaculture (Famiglietti 2014). All living organisms must have
freshwater to live, including humans. The efficiency of rearing a million tons of
protein in the marine environment when compared to producing the same amount
of terrestrial protein becomes evident when the freshwater demand is considered.
The current composition and location of water on the earth makes an obvious case
for the use of the marine environment for aquaculture—that is where the water is!
(Fig. 13.1).

The world is embracing aquaculture. Global output has increased from 7 million
tons in 1980 to nearly 70 million tons currently and cultured product volume is
projected to overtake capture fisheries within a few years. The US on the other
hand, while being a major consumer of seafood products (ranked second behind

Fig. 13.1 Distribution of the earth’s water (Image SanibelSeaschool.org)
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China), is a minor producer of product and barely ranks in the top 15 producing
countries (FAOFishStat 2016). The US currently imports around 90% of its edible
seafood supply and has an annual trade deficit value of more than $10 billion—and
that number is increasing each year. Ironically, for a country that has not effectively
promoted domestic aquaculture expansion through easing of regulations and per-
mitting processes, it is estimated that half of the product the US imports each year is
produced by aquaculture (NOAA FishWatch.gov 2014).

Nearly half of the global population currently lives within 200 km of a coastline
and that figure is expected to double by 2025 (PRB 2003). User conflicts and land
demands for development will compete for space to conduct commercial scale
marine aquaculture utilizing land-based pond or tank systems. Increasingly, both
researchers and investors are considering the benefits of moving into the offshore
environment where both water volume and water quality ameliorate many of the
issues faced by traditional aquaculture production (Price and Morris 2013). While
typically considered near shore, the explosion of the 1.8 million ton/yr salmon
culture industry in the last 30 years is just one example of the potential rearing
organisms in the marine environment offers. The vast majority of cage or net-pen
operations currently in place are next to or within sight of land, which in most cases
locates them within 10 miles of shore. Most, therefore, are situated with some sort
of land mass nearby and are not exposed on all sides to prevailing wind and sea
conditions.

With regards to the US coastline, several factors for siting of offshore aqua-
culture projects must be taken into consideration such as: distance from shore, water
depth, logistics of maintaining personnel, feed, and equipment, transportation
issues, environmental impact, culture species availability, product markets, among
others. The GoM presents a unique situation because it is a sub-tropical saltwater
environment which currently has nearly 3000 platforms in place associated with
energy production. Certainly not all of these structures are in suitable locations for
siting projects, but when the aforementioned factors are considered several of the
existing platforms would be candidates for aquaculture. Supporting the energy
industry are numerous vessels, terminal facilities, heavy equipment and experienced
personnel, all of which would be valuable assets for the development of a com-
mercial aquaculture venture in the offshore environment.

The mariculture projects utilizing offshore platforms described in the following
sections were conducted in totally exposed locations and as such, presented the
operators with unique challenges. Since 1990, there have only been three projects in
GoM waters attempting to raise fish in cages either nearby or attached to oil and gas
platforms. The platforms were used for monitoring the cage systems in addition to
being a base of operation in two cases and strictly for observation purposes during
the third project. It is important for the reader to note that the perspective offered by
the co-authors is from direct personal experience working on two of these projects
over several years—installing cage systems, stocking and feeding fish, inspecting
and maintaining the cages, and living or working on the platforms involved. Results
of these efforts will be discussed along with considerations for future use of oil and
gas platforms for offshore aquaculture.
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13.2 The Gulf of Mexico

Location is arguably the most important factor for any offshore cage culture project.
Siting will dictate the expected sea conditions, type of cage system utilized, water
parameters, and all transportation and logistical planning. These factors, among
others, will ultimately determine the success or failure of a project. The GoM is
characterized by short period wind driven waves for much of the year combined
with tremendously powerful episodic tropical events during the June–November
hurricane season. Offshore platforms, while engineered to withstand tremendous
forces for decades, can be damaged or destroyed during hurricanes and tropical
storms (Fig. 13.2) and an aquaculture project needs to have worst case contingency
plans in place. Cage systems at totally exposed locations should be designed to
survive a tropical event with nominal damage and above all, retain the fish within
the system. Escaping the energy at the ocean surface is critical and submergible or
submerged cages will likely be the preferred system in the GoM.

The distance the continental shelf extends into the GoM varies greatly depending
on the specific location. It is the authors’ assertion based on cage designs and diving
requirements that for the purposes of siting, water depths of 30–60 + m would be
considered adequate for offshore cage culture systems. This depth would allow for a
cage to be submerged 10 m to escape the high energy surface forces and still have
enough space for the cage volume and some allowance to maintain the system off of
the bottom. The locations of the two projects off the coast of Texas, one 10 km

Fig. 13.2 Offshore platform damaged during a hurricane off of Louisiana
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(21 m deep) and the other 42 km (40 m deep) offshore, are designated in Fig. 13.3.
Conditions during these particular projects were seas calm to 7+ m, winds calm to
above hurricane strength (78 knots and then the anemometer disappeared), and
currents 0 to an estimated 130 cm/sec or 2.5 knots. During the course of several
years, the weather pattern observed from worst to best conditions during seasons
was periodic tropical events, followed by spring, winter, fall and summer. The
period from February to May is particularly damaging to cage systems since the
wind velocity and subsequent sea state often prevent site visits for maintenance
from several days to as much as 2 weeks.

Wave action, currents, and fouling of net or cage materials will constantly wear
and ultimately test all the materials of any offshore aquaculture system. Since
weather and sea state determines when components can be safely inspected and
repaired, the chosen design must assume extended maintenance intervals from days
to even weeks in extreme conditions. Unfortunately, in several instances this
inability to address a problem immediately, as can often be with onshore or near-
shore systems, has proven to be the greatest challenge in the GoM. Personnel
simply cannot safely operate in heavy seas and once a net, stanchion, mooring rope
or chain, or any other part of the cage is compromised, waiting for the weather to

20m

40m
60m

30 miles

MNE Seafish

Fig. 13.3 Site locations for MNE Inc and Seafish aquaculture projects in the Gulf of Mexico
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subside is the only option. Frequently this means that what begins as a minor issue,
combined with adverse conditions over several days, eventually causes major
damage and there is absolutely nothing on-site personnel can do to prevent it. In
some cases main component issues such as mooring failures or broken structural
pieces will not result in a permanent setback to a project. Other situations, however,
such as gaping holes in netting, cages breaking free and going adrift/sinking, or
catastrophic failure of an entire cage system present an entirely different set of
circumstances. The offshore environment is extremely challenging and it should be
noted that every project in the GoM to date has had one or several of these events
occur, often simultaneously.

In addition to the high energy environment of the GoM, another serious issue
with netting and other containment materials is biofouling. The wave and current
forces exerted on the cage systems stress the components and as barnacles,
hydroids, and other organisms accumulate this stress increases. Antifouling paint
and other coatings are available and were applied to cage materials however these
are meant to reduce biofouling and are not capable of eliminating it altogether. Each
year during the spring and early summer the GoM waters begin to warm and a
significant amount of fouling occurred very quickly on the cage systems. The only
options available are to either clean a cage in place or replace components when the
accumulation becomes severe. Needless to say, the challenge of changing a 30–
40 m diameter net that weighs several tons in the offshore GoM environment
resulted in the cleaning option being employed. Figure 13.4 shows the preventative
effect of copper based antifoulant paint on fiberglass panels on the left, with the top
row being the treated samples. On the right the drag created by a virtual carpet of
hydroids is seen on cage netting in a strong current. In addition to creating addi-
tional stress on all the system components, the deformation of much of the netting
also effectively reduced the cage volume significantly. Any future offshore projects
in the Gulf, however, will have to seriously consider biofouling and how to prevent
and adequately deal with the inevitable growth of numerous marine organisms,
particularly on the netting or containment materials.

Logistically speaking, operating at exposed locations offshore is significantly
more expensive than onshore and near shore sites, largely due to transportation
costs. Personnel, cage systems, maintenance equipment, fish, and feed are some of
items that have to be transported by either air or sea to the project site whether the
platform involved is manned or unmanned. Both platform situations have been tried
during the GoM projects and each had its advantages as well as disadvantages.
Certainly having a large, stable structure with multiple decks, living quarters, a
power supply and crane in an otherwise uninhabitable offshore environment is an
asset to an aquaculture venture. In the two projects off the coast of Texas, cages
were either attached directly to the legs of a platform or mooring lines from the
system were connected to the structure(s) at various points as shown in Fig. 13.5.
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13.3 Past Projects

The history of mariculture utilizing offshore platforms in US waters begins in 1990
off the coast of Texas (Chambers 1998; Kaiser 2003). During the next five years
MNE, a wholly owned subsidiary of Occidental Petroleum, embarked on a project
to assess the feasibility of using oil and gas platforms as a base of operations for fish
production. These included both manned and unmanned structures located 11–
54 km offshore at depths of 20–80 m in both state and federal waters. Several cage
designs were deployed, including both surface and submerged systems all of which
were connected at some point to the platform itself. Various types of feed units were
designed and placed on the platforms and company biologists would visit the
projects sites every 1–2 weeks to inspect the cages and fish, re-supply the feeders,
and perform general maintenance wherever required.

Red drum Sciaenops ocellatus was the primary species used during the project
although on one occasion a smaller prototype cage was stocked with Florida
pompano Trachinotus carolinus. Red drum from 30–85 g were acquired and
transported to the project sites utilizing offshore crew boats in a fiberglass holding
tank with supplemental pure oxygen. Stress and subsequent mortality was a

Fig. 13.4 Top Antifouling
effect of copper based paint
(top row are treated samples).
Bottom virtual carpet of
hydroids on cage netting
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challenge and it was not uncommon to experience losses of 25% or more during the
transport depending on a number of factors. Once in the cage and after commencing
feeding however, the fish exhibited very good overall health and no incidence of
disease or parasitic outbreaks were observed. Grow out of red drum for 6–
12 months to a market size of 0.7–1.0 kg at final harvest densities of 7–40 kg/m3

was successful on three occasions totaling approximately 7300 kg (Chambers
1998). Though not a significant amount of production in terms of commercial
volumes, this project stands alone as the only example of fish successfully stocked,
fed, and harvested offshore in the Gulf of Mexico to date (Fig. 13.6).

The cages that survived the extreme GoM conditions during the course of the
project were smaller, submerged designs whose cost per cubic meter would make
them uneconomical for a large scale operation. Results of the MNE project
demonstrated that the fish growth and acclimation to the cage system were very
good and maintaining them from a biological standpoint was not particularly dif-
ficult. The maintenance of cage system components on the other hand, combined
with the logistics of supplying feed and the production costs of simply operating
offshore resulted in the shutdown of the project in 1995.

The next project along the Texas coast was a joint venture with Shell Oil
company called Seafish Mariculture which took place from 1997–1999 (Kaiser
2003). The site chosen for the cages was an active platform complex 54 km off-
shore of the middle Texas coast in 40 m of water. This project differed from MNE
in that it was the first commercial scale cage installation effort with biologists living

Fig. 13.5 Dunlop Tempest 4™ 18,000 m3 cage system in 40 m of water at the platform site
54 km offshore on the central coast of Texas
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on the platform full time to monitor and maintain the systems. Two person crews
alternated during a 7 day on, 7 day off schedule which was coordinated with
planned helicopter transport of platform personnel to minimize costs. Cage system
supplies, fish food, fuel, water, and anything else needed for the project was
delivered by crew boats out of Galveston, Texas and also coordinated with pre-
viously scheduled trips to increase efficiency. The platform was outfitted with
permanent living quarters, a 7.3 m service vessel that could be craned off the
platform, and a pneumatic Akva automated feed system with hoppers that held
several tons of fish feed.

The cages that were tried during the project were both systems used in the
salmon industry consisting of a circular or hexagonal floating collar portion,
stanchions along the circumference, and a 30–40 m diameter cage with a weighted
net portion approximately 15 m deep. The first system was similar to many cur-
rently used around the world and was constructed entirely of high density poly-
ethylene (HDPE) and featured a double collar ring at the surface. The cage was
constructed onshore at a terminal in Galveston and then towed to the site, moored,
and had the main net installed along with an interior nursery cage to allow transport
of smaller fish to the site (Fig. 13.7).

The system was situated between two platforms with half of the eight mooring
lines connected to the legs of the structures and the other half anchored several
hundred yards away with concrete blocks and anchors common to the aquaculture
industry. Initially, the system performed adequately and was compliant enough to
absorb the daily equipment stress as well as the periodic heavy seas that charac-
terize the Gulf (Fig. 13.8).

Fig. 13.6 A portion of the 1.0 kg red drum harvest during the MNE/Occidental project in 1995
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Fig. 13.7 10,000 m3 double ring HDPE 30 m diameter net pen moored between two platforms
off of the central Texas coast

Fig. 13.8 Typical 4–5 m winter seas moving through the cage and platform site

384 J.B. Kaiser and M.D. Chambers



While HDPE is a strong and versatile material used globally in numerous cage
culture applications, the high energy surface action in the GoM exerted forces on
the cage which eventually began to break various components, especially the
stanchions and polysteel rope connections to the top of the net. This damage
combined with a particularly active tropical season during 1998 proved to be too
much and the system was totally destroyed by a storm and several thousand red
drum were lost in the process.

The next system deployed was an 18,000 m3 Dunlop Tempest™ cage system
consisting of 0.4 m diameter 16 m long pressurized rubber hose sections connected
by metal flanges at each juncture of the octagonal structure. This cage was located
100 yards from the platforms and attached to the legs of the structures in addition to
mooring lines spread in different directions with concrete blocks and anchors
(Fig. 13.9). Designed for use at very exposed offshore locations, the cage was
extremely strong and the floating collar portion in particular was able to withstand
tremendous forces during the project. As is the case in most cage culture operations
however, the netting can become easily compromised for a variety of reasons and a
significant amount of time was spent in the water patching holes as well as cleaning
biofouling on the net. Staying ahead of the maintenance required on a large system
proved problematic during the project and it was a constant challenge for personnel

Fig. 13.9 Dunlop cage deployed adjacent to the platform complex during the Seafish Mariculture
project in 1998 during typical 1–2 m seas
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to maintain the integrity of the cage. Damage would occur during a storm or heavy
seas, repairs would be made quickly if time allowed between weather events, and
then the next round of damage would occur. There were several thousand red drum
stocked into the cage which grew well and the feed unit used on the project
performed very well when the feed tube stayed attached as designed.

The project was ended abruptly and unexpectedly in 1999 when it was decided
the cage needed to be moved as soon as possible to make room for pipeline
construction in the area. Moving a large cage and moorings in the offshore GoM
waters is a daunting task in perfect conditions and an impossible one in marginal or
bad conditions. During this process the cage ended up entangled in the legs of a
platform, the net was compromised, and for all practical purposes that was the end
of the Seafish project. Several fish samples were taken along the way, but no
significant amounts were ever brought to shore or harvested during the two year
venture. A great deal was learned however in terms of what to expect and plan for
during installation, feeding, and maintenance of large cage culture systems in the
open GoM.

Though not directly utilizing a platform, there has also been one federally funded
effort to conduct offshore aquaculture research in the GoM. This research took place
from 2000–2003 and was initiated with the formation of the Offshore Aquaculture
Consortium (OAC) which was a collaborative, Gulf-wide research and develop-
ment program tasked with gathering primary scientific data regarding offshore
aquaculture. The project site was in federal waters 40 km off the Mississippi coast
at a depth of 26 m and within a few hundred meters of an active platform whose
only involvement was for observation of the cage. The position of the OAC
investigators was one of specifically not using a platform in an effort to have an
autonomous cage system in the offshore Gulf waters. A commercially available Sea
Station™ 600 m3 system was installed with a single point mooring whose efficacy,
ironically, was questioned at a workshop organized by the OAC in 2000. After
being deployed for 50 days a component of the mooring failed and the cage was
adrift for 40 days before being located and towed back to shore for repairs. The
cage was subsequently redeployed with a three point mooring system and although
fish were stocked into the system no significant amounts were harvested during
course of the research. Funding was discontinued and unfortunately what began as
an excellent opportunity for an offshore aquaculture demonstration project in the
GoM ended abruptly in 2003. A detailed description of the entire OAC project can
be found in the final report to NOAA (Bridger 2004).

13.4 The Future

Despite the challenging conditions, interest in offshore aquaculture production in
the Gulf of Mexico still exists. From a technology standpoint, new and improved
aquaculture systems are available that can survive and produce fish but the primary
question is can this be done profitably offshore? Thus far, in the GoM the answer to
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that question has been no based on the experiences of the projects to date.
A comprehensive economic feasibility study on using oil and gas structures in the
GoM for mariculture concluded that at the present time it not likely to be a prof-
itable venture (Kaiser et al. 2011a). Liability and decommissioning issues for the
structure itself have long been identified as the major impediments to mariculture
using platforms in the GoM and this situation remains true to the present (Dougall
1999; Kaiser et al. 2011a). The regulatory environment and permitting issues in
offshore waters of the US have hindered development for two decades and investors
have simply moved their offshore cage culture projects to other countries in many
cases (Upton and Buck 2010). Internationally, there are only a couple of locations
using dedicated platforms for mariculture production, one in the Mediterranean and
the other in Japan. The platform in each case has multiple cages attached to it and
acts as the operational center from which the growout systems are fed and main-
tained (Kaiser et al. 2011b). Considering the high energy environment, possibility
for hurricanes, platform cost and liability issues, logistical challenges, and eco-
nomic reality of offshore mariculture, it is not surprising there are no cage systems
currently in the Gulf of Mexico.

That being said, it is the authors assertion that in the future a project with the
right location, substantial capital investment, experienced personnel, and a good
cage system will profitably grow fish in the Gulf of Mexico. The scenario will likely
involve multiple submersible cages near a platform with a crane that houses a
feeding unit capable of holding 200+ tons of feed which can be operated remotely if
required. The structure may or may not be associated with an energy company and
it may turn out that a platform put into place and designed specifically for a
mariculture project, while certainly expensive, might be a better long-term option.
The potential of refurbishing and reusing a decommissioned platform has also been
suggested (Kaiser et al. 2011b) and may offer some advantages with regards to the
liability issues that are associated with ownership.

An alternative to a platform proposed in the OAC final report is an aquaculture
support vessel (ASV) which could be a large catamaran style vessel or more likely a
lift boat type commonly used for nearshore maintenance on platforms (Bridger
2004). Several issues come to mind that make that option less attractive considering
the high energy real world conditions in the GoM. Lift boats are very slow vessels
(5–7 knots) that can only travel in decent seas—this complicates the logistics of
anything in the 30+ km range. Because of depth requirements, these are the most
likely areas for a cage project requiring tons of feed every day so faster crew boats
would be required weekly to transfer the feed to a lift boat on a continual basis. In
addition, once an operation is established with multiple cages and a substantial
investment in fish stock, there can be no interruptions due to lift boat vessel
maintenance, annual US Coast Guard inspections, and other mechanical issues.
Because of this need for continual operation a second, backup ASV would be
required for any large scale project that is conducted in GoM offshore waters.
Assuming the cage site is in the preferred 30–50 m water depth, the cost of lift
boats that can operate at these locations would be in the $5–20 + million dollars per
boat range and would require the expense of two rotating teams of crew members as
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well. Lift boats cannot stay on site in all types of weather meaning that by
pre-emptively heading in before severe conditions, not only are no personnel at the
project site, but the feeders will not be getting filled on schedule, and fish will not
be growing. Taken together, the cost of at least two ASV vessels, crews to man
them, weekly supply boat runs, and the need for multiple feed buoys that must work
flawlessly, the platform option starts to look better in comparison. Except for one
hurricane evacuation during the Seafish project, the platform as a base of operations
allowed personnel to remain on site continuously for two years regardless of the sea
state and weather. This ability, combined with having a topside automated feed
system instead of feed buoy(s) and virtually limitless feed storage capacity on
multilevel decks begins to present a scenario where millions of kilograms of pro-
duct could be cultured in the open ocean environment.

With regards to feeding, while a large buoy seems like an obvious alternative to
using a platform there are several issues that warrant consideration for the GoM
application of such a system. First, survivability of such a buoy is paramount since
having several hundred thousand kilos of fish in culture is irrelevant if there is no
way to reliably feed them. Designing a buoy that is able to maintain a specific
position relative to the cages during normal choppy Gulf conditions, frequent 3–
4 m seas, occasional 7+ m wave heights, and hurricanes is an engineering chal-
lenge at the very least. This technology is very expensive, but it has been
demonstrated at an offshore site in New Hampshire (Fig. 13.10) and some of this
research could be applied to future Gulf projects (Atlantic Marine Aquaculture
Center 2007, http://ooa.unh.edu/). Feed barges up to 450 ton are used in protected
waters (1–2 m) in Norway, Canada and Chile. Unfortunately, these pneumatic
feeders would not survive in the GoM environment. Other possibilities for feeding a
large scale farm include retrofitting a 40 m fishing vessel that can plug into a
mooring and feed distribution system to each cage. If a severe storm is approaching,
the vessel could detach and head back to port. Having a portable feeder would
allow you to conduct maintenance, refueling, personnel exchange and fill the feed
silos at a safe harbor instead of offshore. Offshore mariculture on a commercial
scale involving millions of dollars of equipment and fish will likely need to be
manned operations as well, a role that a platform and appropriate tender vessel
could accomplish. Without thinking along this economy of scale involving systems
that provide tens of thousands of cubic meters of water volume in which to grow
marine fish offshore, the benefits of operating in the open GoM will not be realized.

Experiences gained after many years working on offshore aquaculture systems
using platforms in the GoM can be distilled down into a partial list of some
important points.

1. Eliminate modes of failure in all parts of the production system. Keep it strong
and simple wherever possible as the offshore environment will reveal any
component weaknesses, usually very quickly and often catastrophically.

2. Ocean conditions and weather determine everything offshore so plans must be
made and adjusted accordingly. Nothing can be forced if conditions don’t allow
it as the ocean will always win in that situation.
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3. Redundancy and backup systems where applicable, especially with regards to
moorings, which are arguably the most critical components of the cage system.

4. Prepare as much equipment while the system is onshore as possible. It becomes
exponentially more difficult to work on nets, stanchions, cage ties, shackles, and
anchor lines the moment it enters the water.

The future of mariculture worldwide is a bright one. Demand for marine plants
and animals is increasing and, while wild caught fisheries are essentially flat or in
decline, the culture of these products is attempting to meet that demand with
increased supply each year. Where the US fits into this future is unclear given our
past record of low marine aquaculture production, onerous permitting requirements,
and vague regulatory picture, especially in offshore waters. In the US, the Gulf of
Mexico is an area that may play a role in domestic offshore mariculture production,
should it ever develop on a commercial scale. This “audacious hope” for the GoM,
as described in Sims (2015), will hopefully become a reality in the near future when
the right concept is put into action with adequate investment. This will not happen,
however, until the liability and regulatory issues in US federal waters and economic
challenges of production are resolved in order make it a more attractive venture to
investors.

Fig. 13.10 Aquamana 20 ton feed buoy deployed at the University of New Hampshire Open
Ocean Aquaculture site located 13 km offshore. The hydraulic feeder fed four submerged cages in
sea conditions seas up to 10 m
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Chapter 14
Epilogue—Pathways Towards Sustainable
Ocean Food Production

Bela H. Buck and Richard Langan

Abstract While there is a great deal of global interest in the development of
combined uses of open ocean installations, for commercial scale multi-use plat-
forms for food and energy production and other potential applications, the transition
from concept to reality has yet to come to fruition. While much is known about the
economics, environmental, political and societal effects of individual production
sectors, there are many unknowns and challenges with regard to economics,
engineering, liability and social aspects of multi-use. Mutually agreed upon prin-
ciples, such as those articulated in the Bremerhaven Declaration, and EU directives
and grant funding opportunities to advance research and development indicate that
progress, although measured, is being made. The development of true
commercial-scale multi-use offshore platforms will require investment in demon-
stration projects and multi-national cooperation and collaboration across public and
private sectors.

14.1 Introduction

In putting together this volume, we have attempted to capture the various aspects
and complexities of implementing open ocean aquaculture as an additional use of
offshore platforms. As we have stated in our introduction, we see great potential for
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maximizing the productivity of ocean installations for seafood, energy and scientific
pursuits, and there has been a considerable amount of thinking and discussion that
has taken place globally in recent years to realize this goal. We are deeply grateful
for the contributions of the co-authors of this volume, as their expertise and
experience represents the state of knowledge on the topic of aquaculture as a
potential multi-use of ocean platforms.

We have covered technical, operational, biological, economic, social and
political considerations, as well as case studies, where aquaculture was imple-
mented at pilot scale on offshore oil rigs and wind turbine platforms.

One important area that was not covered in this book was environmental and
ecological risks associated with aquaculture. While we acknowledge that envi-
ronment issues are extremely important, we felt that they have been covered
exhaustively over the past three decades and that further discussion would not have
added new information for this volume. A recent review paper by the US
Department of Commerce’s National Oceanic and Atmospheric administration
(Price and Morris 2013) does an excellent job of synthesizing thirty years of lit-
erature on all environmental aspects of marine fish cage culture, so we recommend
that report to readers with interest of this topic. While most environmental impacts
have been associated with marine finfish culture, there are some concerns with
shellfish and macroalgae culture though to a much lesser extent. These issues are
also covered extensively in the literature (Fabia et al. 2009; Hatcher et al. 1994;
Langan 2007, 2012; Lloyd 2003; Paul 1999; Plew et al. 2005; Price et al. 2015)

14.2 What We Have Learned

While we have extensive knowledge of the technical, social, political, environ-
mental and biological aspects of aquaculture and offshore energy as separate
entities, we have less knowledge and experience with these activities taking place
within the same ocean footprint. Though there are several projects in planning
stages. Particularly in the EU, most of the projects to date have been small scale and
have essentially been opportunistic retrofits on existing structures or hypothetical
scenarios that have yet to be realized. We do know that there are complexities in
site assessment and selection as well as permitting and licensing for aquaculture and
energy installations as stand-alone activities, however, we do not know if the
process would become even more complex if the two activities were proposed for
the same project location, though we suspect they might.

We also know that there is potential for mutual benefits and cost savings for
things like maintenance and operations, though the greatest advantage would be for
aquaculture due to the robust structure provided by energy platforms to serve as
attachment points for e.g. fish cages and bivalve and/or seaweed longlines and
potential inclusion of feeders and possibly even hatcheries and nurseries mounted
on the platforms. Additionally, any power requirements of the fish, shellfish and
macroalgae farms could be provided by wind turbines.

396 B.H. Buck and R. Langan



14.3 What Still Needs to Be Learned

14.3.1 Technologies and O&M

The installation of aquaculture devices offshore, either in close proximity to or
direct attachment to the offshore wind farm or oil rig, needs as a first step a full
complement of oceanographic, environmental and site-specific data set as well as a
full understanding of the water motions on the farm structure as well as its asso-
ciated candidates. To avoid the major stress on the installation induced by storm
conditions the aquaculture installations should be submergible. That means that a
significant part of the entire culture unit is located beneath the surface and/or in
direct contact to the multi-use platform, while the bulk of the structure’s mass is
mounted below the surface to allow buoyancy and stabilization. This mooring
component should be below the zone of turbulence and wave action (Starchild
1980). None of these technologies and system designs are available on the market,
nor are they currently in development.

Depending on the species and culture designs, more insight into the operation
and maintenance including deployment and harvest by taking local site-specific
criteria into account. As none of these multi-use devices currently exist or are only
on pilot scale, O&M strategies cannot be developed except theoretically (see
Chap. 4). To get more insight into this emerging issue, large-scale multi-use plat-
forms have to be installed (see Sect. 14.5.1 below).

For some uses such as aquaculture, floating platforms already exist. However,
for other uses such as wind farms and service platforms the floating design is in
development. The combination of floating platforms in a multi-use concept is a new
challenge and still in its initial stages (e.g. wind farm and desalination = Stefanakou
et al. 2016; wind farms and aquaculture = TROPOS 2016; MERMAID 2016).

14.3.2 Environmental Impacts

As already mentioned above, volumes of information on risks from any type of
aquaculture on the local ecosystem in the nearshore and offshore realm are avail-
able. However, potential risks originating from a combination of uses following the
co-use concept is not known, especially when it comes to potential cumulative
effects from wind energy turbines or oil rigs in association with aquaculture.
The compilation of Beiersdorf and Wollny-Goerke (2014) provides information on
ecological impacts resulting from offshore wind energy installations on the seabed
and its associated organisms (Gutow et al. 2014). In addition, information on
potential impacts on the pelagic habitat including invertebrates, ichthyofauna
(Krägefsky 2014) and mammals (Dähne et al. 2014; Skov et al. 2014) as well as on
avifauna and bat fauna (Damian and Merck 2014; Hill et al. 2014; Mendel et al.
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2014) is available (Krause 2014; Kühn and Schneehorst 2014). A similar collection
of information regarding the impact of oil rigs on the environment exists (e.g.
Kingston 1992; Olsgard and Gray 1995) as well as from other offshore structures.
However, when decommissioning these structures after their expected lifetime, the
impact on the ecosystem can be quite diverse. That includes the fact that restoration
of habitats may lead to a severe impact of organisms associated with the reef
structure (Claisse et al. 2015; see also “Rigs-to-Reefs” program in Chap. 1 of this
volume; Reggio 1987). Therefore, not only the impact of structures on marine
habitats alone but also in combination depending on their respective use should be
taken into account in future projects and/or commercial realisation.

14.3.3 Ownership and Insurance

As already addressed in Chaps. 10 and 13 ownership is an emerging issue currently
not solved. Krause et al. (2011) indicated the importance of the social dimension of
the different mariculture-wind farm integration processes and how this develops
with regard to the various forms of ownership and management such a venture
might take. The ownership versions discussed in Chap. 13, (1) sole owner,
(2) negotiated contract, and (3) legislated contract, are only three possibilities
among even more. Finally, for all current offshore users the political allocation of
ocean space is licensed for specific purposes only not in combination with
multi-users. In the future, there should be a new version of assignments of ocean
space to avoid a complex mix of ownership, associated commons and private
property.

The issue of having a shared insurance or every stakeholder its own insurance
has not been addressed. This is even more complicated if the multi-use installation
is owned or operated by one legal entity and a problem arises with one use having
an effect on the other use (e.g. aquaculture installations will be dislodged during
storm conditions and get entangled in the ships propeller of the wind farm main-
tenance vessel). There is an urgent need to come up with potential solutions.

14.4 Future Challenges and Opportunities

The combination of several activities (e.g. renewable energy, aquaculture, maritime
transport, and related services) in the same marine space, including in multi-use
platforms, it is quite possible that the costs of offshore operations and the demand
on the space needed can be reduced. The research on multi-use platforms funded
under the EU-Initiative FP7 call “The Oceans of Tomorrow” has already provided
promising designs, technological solutions and models for combining activities in
terms of economic potential and environmental impact. However, before reaching a
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demonstration pilot stage, further research is needed, which will be funded under
the umbrella of two larger calls for proposals described below.

One barrier to multi-use the offshore realm is that different environmental, safety
and regulatory regimes and practices apply to different sectors and to different
national jurisdictions. Furthermore, there is a lack of common understanding of the
nature of operations within different sectors and the feasibility of combining these
in a way that provides mutual benefits. The first proposal call, “Multi-use of the
oceans’ marine space, offshore and near-shore: compatibility, regulations, envi-
ronmental and legal issues” (BG-03-2016, 2 million Euros per proposal) was started
in November 2016 (e.g. Project No. 17 “MUSES” in Chap. 13). The challenge is to
identify the real and perceived barriers to integration. Therefore, there is a need for
a clear overview of compatibility, regulatory, environmental, safety, societal and
legal issues within the context of the maritime spatial planning directive and how
they impact on the combining of different marine and maritime activities (EU
2016).

In the second proposal call, it is postulated that technological research and
innovations are needed to reduce risks for operators and investors. Therefore, the
call “Multi-use of the oceans marine space, offshore and near-shore: Enabling
technologies” (BG-04-2017, 8 million Euros per proposal) was initiated in October
2016. The scope of the proposals should cover aspects with regard to combinations
of innovative, cost-effective technologies and methods including automation and
remote monitoring technologies, flexible structures and facilities in order to test
concepts of multi-use platforms leading to pilot demonstration phases. Tests of the
sustainable operability of co-located maritime activities around coastal or deep sea
environments as well as health and safety issues associated with multi-use marine
platforms should be addressed as well as environmental and economic viability and
societal acceptance (EU 2016). However, as this call more or less covers a vast
collection of emerging issues (offshore to nearshore, technology, economy, envi-
ronmental issues, social issues, and many suggested multi-use combinations, etc.)
we recommend to focus on the most promising multi-uses resulting from previous
nation and international projects.

14.5 Recommendations to Accelerate Development
in the Future

14.5.1 International Test Station

Scientists working in the field of offshore platforms, either for marine bio-resources
or renewable energy and oil, agree that it is a very cost-intensive plan to install a
larger aquaculture multi-use installation, which needs to be scaled up from scientific
pilot scale to a size that simulates commercial production. It is therefore necessary
to pool national and international expertise and resources to co-finance an offshore
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multi-use platform to allow the next step of research and development. This is even
more important for other stakeholders interested in moving offshore, such as off-
shore (container) terminals for commercial shipping as well as offshore energy
suppliers (used by energy consumers off the coast to avoid long sea passages to
coastal harbours, such as fisheries, fish processing platforms, deep-sea mining, etc.),
and other related services.

14.5.2 Bremerhaven Declaration

The initial concept for preparing the “Bremerhaven Declaration” was conceived at
the “Marine Resources and Beyond Conference” conducted in 2011 and finalized in
2012 during the “International Workshop on Open Ocean Aquaculture”, both held
in Bremerhaven, Germany. Recognizing that the gap between demand and supply is
increasing on a global scale, it is not surprising that the pressure to pursue offshore
aquaculture development is growing. This is of prime importance in countries
which are not able to install aquaculture operations nearshore. Some of these
countries foster the concept of co-using offshore space. To better organize the wide
range of scientific work in social, technological, economic and natural resources
disciplines with focus on the co-use internationally, the Bremerhaven Declaration
gathers issues on open ocean farming systems in co‐management with the strong
participation of other stakeholders interested in offshore natural resource uses, such
as wind farms, oil rigs or other offshore installations. One major goal was to support
inter- and transdisciplinary cooperation on local, national and international level
and to avoid cost-intensive overlap of research. The participants believed that this
would have the best output this agreement offers ample opportunities to bring
aquaculture production to new levels.

A number of pertinent issues related to open ocean aquaculture and multi-use
with other offshore installations was discussed, by

• recognizing that global food security, human health and overall human welfare
are in serious jeopardy since the production of living marine resources for vital
human foods cannot be sustained by natural fisheries production, even if these
resources are properly managed at levels of optimum sustainable yields;

• realizing that the gap between seafood supply and demand is increasing at an
alarming rate as these are nutrient-dense foods are considered extremely
important for human health and well-being. On the other hand, the development
of aquaculture has been remarkable and today provides more than half of all
seafood destined for human consumption;

• confirming that conventional land-based and coastal aquaculture will continue
to grow, thereby playing in the future a growing role in quality food supply.
However, this much needed development will only delay the widening of the
gap in seafood supply and new and modern technologies such as offshore
farming systems are required to significantly assisting in closing this gap;
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• noting that the world is too dependent, however, on aquaculture development
and its exports, as aquaculture is threatened by coastal urbanization, industri-
alization, and water pollution. Weighing these trends we believe that it is urgent
that the world develop offshore aquaculture, while complying with the FAO
Code of Conduct for Responsible Fisheries and Aquaculture as well as with
other environmental regulatory frameworks in support of sustainable aquacul-
ture development;

• finding that Offshore aquaculture will require much higher inputs of capital but
also needs a new level of cooperation from a wide range of social, technological,
economic, and natural resource users;

• discovering that over the past decade major advances and new concepts have
evolved, and several of them have been successfully tested at the pilot scale
level, while others have failed.

• learning that these experiments and scale-up trials have led us to believe that
offshore aquaculture does have substantial potential to bring global aquaculture
production to new levels to meet future human needs;

• believing firmly that strategies need to be developed with strong participation of
all affected stakeholders interested in the social-ecological design and engi-
neering of innovative offshore aquaculture food systems;

• recognizing that the integration of offshore food and energy systems (e.g.
aquaculture systems and windfarms; oil and gas) appear to be especially
promising, but will require a high level of innovative technology, the use of
marine spatial planning, and transparent, adaptive management for spatial effi-
ciency and conflict resolution;

• concluding also that open ocean aquaculture if intelligently designed can be
incorporate into overall cooperative fisheries restoration and management
strategies.

The participants, which included a core group of the global expertise on the
subject, formulated a series of specific recommendations and called upon national,
international, intergovernmental agencies, as well as the industries, potential
investors, scientists, regulators and NGOs of the respective countries to strongly
support these recommendations with the aim to provide a healthy and environ-
mentally sustainable bio-resource system that can substantially contribute to meet
the future demands of our societies. All recommendations and justifications are
summarised in Rosenthal et al. (2012a, b).

14.6 Conclusion

When we began this project several years ago, we were motivated by our firm
conviction that a sustainable seafood supply for future generations is dependent on
expansion of marine aquaculture and that open ocean environments are likely the
best option for increasing production. We also recognized that maximizing the
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output of goods and services, in this case energy and food, from a human developed
footprint of seafloor is key to wise ecological use of our oceans. While we concede
that this is an enormous challenge that requires unprecedented commitment from a
wide range of public and private sectors, we believe that the beneficial outcomes
will far exceed the effort and investment. We applaud all efforts to move the
multi-use concept forward and were pleased to see a recent article in an interna-
tional aquaculture online publication encouraging its development (Holmyard
2016).

Our intent with producing this volume was to inform governments, research
institutions and private industry about the potential for the multi-use concept, and to
inspire these entities to continue the pursuit of transforming concept into reality. We
hope that our efforts will contribute to the quest for creative solutions to food and
energy production to the benefit of human health and well-being, and to ecologi-
cally sound and sustainable use of our oceans.

It is apparent that the orchestration of a multi-use concept, such as an integration
of marine aquaculture with wind energy or oil production in the offshore realm, is
still in its infancy. The major issue extracted from this volume clearly indicates that
practical multifunctional use of offshore areas requires technical and economic
feasibility as a basic prerequisite to assure that all operators will support a multi-use
concept. Consequently, more information on the economic and technical viability
of this joint venture is the key factor. If these issues will get more insight and result
in best solutions, this will be a practical approach towards rationalizing marine
stewardship in the offshore setting. The current initiatives on EU level are a perfect
pre-condition to achieve this goal.
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