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which used river currents as its power source. This
consisted of a catamaran raft with a vertical axis
“Darrieus” type of rotor suspended in the water column
beneath it, driving a centrifugal pump through a three
stage, speed-increasing belt drive [1]. This work
started with Darrieus rotors tested from a rig mounted
on a motor boat and driven through the River Thames
in the UK, and evolved into a system that was tested on
the River Nile in southern Sudan in the early 1980s
(Fig. 1). It functioned effectively, generating the
equivalent of a few kW to pump approximately 50
cubic meters of water per day through a head of 5m.
However obtaining commercial success with this
especially in the Sudan proved an elusive goal.

Abstract
This paper gives the background to the
development of the 1.2MW SeaGen tidal turbine
commercial demonstrator, and describes the
installation and subsequent operational experience.
Some performance results are disclosed including
the measured power curve as audited by DNV.
SeaGen is unique in being the world’s first
commercial scale tidal turbine and in being
accredited as an official power generating station by
the UK regulator. The paper finishes with an
outline of future development plans.
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1.

Background

This This paper focuses primarily on the SeaGen
marine current technology, which has been operational
since July 2008 and the experience gained as a result.
This system, rated at 1.2MW, is larger and more
powerful than anything so far demonstrated and is the
world’s first commercial scale system for generating
electricity from marine currents.

Figure 1: original river current turbine (left) showing
Darrieus type of rotor as used (right)

However, as with most such pioneering
developments, SeaGen could not have been
successfully developed straight “off the drawing
board”, but there was a significant program stretching
back many years that led to its development and which
is of relevance to explain why the technology has
evolved in its present form. A key point is that Marine
Current Turbines has only been able to establish its
world lead in this field by being “First Mover” and
starting its R&D programme earlier than any
competitors.
This kind of technology can only
effectively be developed in logical but manageable
stages as will be described.

During the early 1990s, the world began to wake
up to the prospect of both Climate Change due to
atmospheric pollution by unrestricted burning of fossil
fuels and more recently to the prospect of “Peak Oil”
which will force us to find alternative energy resources.
This prompted the idea of scaling up the concept tested
some ten years earlier on the River Nile for power
generation from marine currents on a larger scale. The
UK government began to take an interest in potential
new clean energy resources and, following lobbying
from the author and colleagues, commissioned the
Tidal Stream Energy Review [2] which was the world’s
first government-sponsored assessment of this resource.
It concluded that the UK has a significant tidal current
resource but there were many uncertainties about both
the scale of the resource and the technology needed to
exploit it.

The author of this paper first became involved
with water current kinetic energy conversion through
the development in the period 1976 to 1982 of an
experimental system for pumping irrigation water,
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Following this a project was initiated to test and
demonstrate a small “proof of concept” tidal current
system with a view to using the results to inform a
future program to develop a commercial scale system.
As a result a 10kW system was developed; this was in
some respects similar to the river current turbine of ten
years earlier, except it was judged that an axial-flow
rotor would be more appropriate for electricity
generation. Therefore a catamaran pontoon was again
developed, but this time having its rotor driving a
submerged generator in a streamlined underwater
housing (Fig. 2). This was tested on Loch Linnhe, a
Scottish sea-loch, during 1994-5 and was the world’s
first tidal current turbine. As such it was recently
donated by MCT to the national Museum of Scotland.
Figure 3: 300kW Seaflow tidal turbine, Lynmouth, UK
shown lowered (left) and raised for access (right)

Seaflow not only achieved its full 300kW rated
power, but the peak rotor efficiency was found to be
around 43% which compares well with modern wind
turbines. Although Seaflow was intended as no more
than a test-rig and was only designed for a two year
operational life, it delivered invaluable practical
experience and was operated for three years or so. It
was finally decommissioned and entirely removed from
its site in November 2009, making it the first offshore
tidal turbine installation to be fully decommissioned.

Figure 2: World’s first tidal turbine, Loch Linnhe, Scotland

The valuable results from Seaflow provided the
MCT engineering design team with the basic data
necessary to develop the much more ambitious
megawatt scaled commercial SeaGen system.

Having evolved what looked like a potentially
viable technology, the partners involved in the Loch
Linnhe project agreed to seek finance for a more
ambitious project to develop a 300kW, “full size”
system, this time mounted on a monopile to avoid the
difficulties experienced with even a small moored
floating system. Work began on this project, which
became known as “Seaflow”, in 1998 [3]. Marine
Current Turbines Ltd was formed as a vehicle for
developing commercial technology in this field and for
raising the necessary finance for an ambitious
independent R&D programme.

2. Seagen 1.2MW Commercial System
2.1 System features
SeaGen (Fig. 4) differs primarily from Seaflow in
having two rotors instead of one [5]. The first SeaGen
was installed in Strangford Narrows, Northern Ireland,
in March 2008 and it is rated at 1.2MW for all currents
above 2.4m/s with twin 600kW power trains. This is
the first of kind of a commercial technology. The
reason for having twin rotors is that they capture twice
the energy of one rotor at less than twice the cost, in
other words this is a more cost-effective solution than
Seaflow. Another reason for using twin rotors is that
the power trains (rotor, gearbox and generator) are each
mounted outboard of the pile on a wing-like cross arm
in such a way that the rotors do not get disturbed by the
pile wake when operating on the tide when they are
downstream of the pile. The cross arm is streamlined
and has a much less disruptive wake than the pile.

A new consortium of strategic industrial partners
was established and eventually, grant funding to 60%
of the GBP £3.4million gross project cost was received
from both the UK government and the European
Commission. As a result the 300kW Seaflow system
was designed during 2002 and finally installed in May
2003. It remains unique in being the only marine
renewable device (tidal or wave) to function in exposed
offshore conditions for an extended period. The turbine
(Fig. 3) was surface piercing and could readily be
raised above the surface of the sea for maintenance allowing low cost intervention with nothing more
costly than a Zodiac or RIB [4].

The rotors have full-span pitch control, just like a
modern wind turbine. This not only allows the
structural loads to be limited, and provides a means to
safely stop and park the rotors in full flow, but it also
allows efficient bi-directional operation without
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needing to yaw the rotors. This is achieved by
reversing the blade pitch (through 180 degrees pitch
angle) which reverses the rotor (essentially like reverse
thrust on a propeller-driven aircraft). This is another of
MCT’s patented features. The controllability is such
that SeaGen can be shutdown from full power in less
than 5 seconds even in the fastest flows (i.e. circa 4m/s
at Strangford).

three, a twin bladed rotor is more cost-effective than a
three-bladed one.

Figure 5: SeaGen 1.2MW system with rotors raised above sealevel to facilitate maintenance

SeaGen uses an innovative gearbox design,
developed by the UK company Orbital 2 and
manufactured in the Czech Republic by Wikov. It is a
three-stage gearbox - two planetary and one spur stage,
and incorporates design features that make it very
compact and light in weight for its torque rating. It has
a rated torque of 433kNm, speed increasing ratio of
69.8:1 and weighs 12.2tonne. The gearbox and
generator are designed for immersion in water so they
are passively cooled by the passing current and
therefore do not need any form of active cooling
system like for land-based units.

Figure 4: SeaGen 1.2MW system with twin 16m rotors
shown in operational position

The cross arm carrying the pair of rotors can be
raised above the surface of the sea using a hydraulic
jacking system to drive a lifting rod with an integral
rack up or down as required (see Fig. 5). The crossarm complete with power trains and rotors weighs
approximately 120 tonnes, so substantial lifting
capacity is needed to ensure that the system can break
away easily when raised from its lowest position. The
ability to lift the rotors above sea level seems essential
to permit safe and reliable maintenance. This is
because underwater interventions in a tide race are at
best difficult and at worst impossible. When necessary
the rotors and power-trains can be swapped-out for
refurbished units using a motorized barge or Seacat
which can be positioned below the raised units to
collect them and to deliver a replacement.

SeaGen has a much more sophisticated rotor
design than Seaflow. The main difference is that
Seaflow’s rotor blades were linearly optimized to keep
construction simple (straight leading and trailing edges
with linear twist) but SeaGen is fully optimized to
achieve the best hydrodynamic shape. The design
methodology has been adapted from that used for wind
turbine design, since the physical principles are closely
analogous, using a model based on blade element
theory. A major difference between tidal stream rotors
and wind rotors are the load cases. Much higher forces
are generated in water, consequently a lot of carbon
fiber has necessarily been used in this construction.
SeaGen carries a superstructure housing moulded
from glass reinforced epoxy composite material which
stands on a steel work-platform fitted to the top of the
support structure, and which provides the entry point
for personnel and also encloses the interior of the
support structure from the weather. The interior and
this housing provide space for the power electronics,
transformer and the hydraulic lifting mechanism
needed to raise the cross-arm and turbine rotors above
the water. The interior is climate controlled with dehumidification and cooling through a heat-exchanger in
the pile below water level. At full power about 60kW

The SeaGen demonstrator’s twin rotors are each
16m in diameter but MCT already has a design option
to use 18m diameter rotors and it is expected that this
design could be stretched to permit up to about 24m
rotors to be used. Two blades per rotor have been used,
rather than the wind-industry preference of three,
primarily because by parking the rotors horizontally
they need not be lifted so high when raised above the
surface. Also, even making allowance for a marginal
reduction of efficiency for two blades compared with
3
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of waste heat needs to be dissipated from the electrical
ancillary components.

the seabed was rapidly achieved in about 30 minutes
using the Rambiz’s winches and 3,500t capable crane.

A key point is that SeaGen’s rotors can be
independently operated and thanks to the power
conditioning enclosed in the structure, it produces fully
grid compliant electricity. Most of the tidal turbines
being promoted at present do not have space for the
equipment needed to deliver grid compliant output, but
without this capability multiple turbines cannot be
easily interfaced to form an array.

Once the structure was in place rotary drilling took
place from each corner of the temporary work platform
directly above each footing. Conductor tubes were
placed surrounding the drill string to protect from the
strong currents. Pin piles 1m in diameter by 18m long
were then lowered down the conductor tubes and into
the drilled sockets to engage with both the ground and
the footings. Finally special Densit underwater grout
was injected between the lower half of the piles and the
ground and between the upper part of the piles and the
footings in two stages so as to fix the structure securely
in place.

2.2 Installation

temporary
platform

cross-arm carrying
power trains

This pioneering process proved to be difficult in
the extremely aggressive conditions of a tide race and
commissioning took rather longer than planned, but
nevertheless was successfully completed. Much work
is now in hand to find a faster, less costly and less risky
method of installation, and various possibilities have
been considered including re-usable drilling templates
to place the pin piles in advance of installing the
turbines. Several new patents have been applied for in
this area.

conductor
tube

quadrapod

2.3 Consenting process
Strangford Narrows is a beautiful location with a
rich and varied fauna and flora, including seals and
other potentially sensitive marine wildlife.
The
Narrows have been extensively designated under many
environmental laws to protect the natural features,
including to the extent of being covered under the most
stringent EC
directive, the European Habitats
Directive. Therefore an exceptional level of scrutiny
was required by the regulating authority to clarify and
minimize any risks to the local environment from
SeaGen. So the Environmental Impact studies were
rigorous and detailed and involved about GBP £500k of
specialized consultancy inputs. Particular concerns
related to a nearby seal colony and occasional
porpoises as well as diving sea-birds, sea otters and
various fish species. Some rare seabed flora were also
a matter of concern as well as any impact for example
on tourism.

footing

pin pile

Figure 6: Schematic view of SeaGen quadrapod base with
temporary drill platform and conductor tube and a single pin
pile in position (sea and seabed not shown)

At the time MCT sought to install SeaGen
(originally in summer 2007) the plan was to use a jackup barge to install SeaGen on a monopile into a socket
drilled into the seabed. However during 2007 and 2008
there was a dearth of jack-up barges with the capability
needed due to an upsurge in offshore construction, so
MCT was forced to find an alternative installation
strategy. In the end it was decided to cut the pile just
above seabed level and fit a four footed jacket
(quadrapod) instead (Fig. 6). The structure was filled
with with an extra 500 tonnes of scrap metal and
special dense concrete as ballast to bring the overall
weight up to over 1000 tonnes. A heavy temporary
work platform was added to the top of the structure.
The structure was calculated to be stable standing as a
gravity foundation with the rotor blades at neutral pitch
(it would not have been safe to run the rotors). It was
positioned on the seabed from a large heavy-lift crane
barge, the Rambiz, at slack tide. The barge was
positioned using winches and a four point mooring
spread attached to pin piles places outside the main tide
race from a small jack-up barge. Actual positioning on

Therefore the license to operate the turbine
initially required serious constraints to ensure there was
little risk of harming any of the natural features.
Although the rotors look like they may be a hazard to
marine creatures, the speed of rotation is only about 14
rpm, with a maximum rotor blade tip velocity of around
15m/s. It is to be expected that animals that have
evolved to hunt down fish in fast moving turbulent
water will be no more likely to collide with slow
moving tidal turbine rotor blades than they are to crash
into the many rocks and other obstructions in the area.
Nevertheless a “world class” marine monitoring
programme was put in place, involving sophisticated
techniques some of which are quite newly developed.
For example counting seals from helicopters using
thermal imaging equipment, tagging a few seals with
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straightforward taking less than two days and the
control system has been modified to prevent any such
event recurring. This breakage illustrated very well the
extreme loads that can be produced by fast flowing
water as it needed over 100t load per blade to break
them. Normal loading at rated power is around 30t per
blade.

tracking units to follow their movements and also using
sonar to shut down the turbine if a seal looks like it
might be in danger.
Initially the turbine could only be operated with
two marine mammal observers on board watching in all
directions for seals that might be at risk (and plotting
seal sightings to understand their movements better).
Therefore it was only able to be operated in day light.
From November 2009 it was agreed that because there
had been no sign of environmental harm, the turbine
could be operated by remote control without humans
“on board” but the sonar it had to be continuously
monitored by personnel who have the ability to shut
down the turbine in the event they believed a seal might
be in danger through being too close to a rotor. Until
March 2010 operation was still limited to daylight
hours, but at that point analysis of copious monitoring
data allowed the marine biologists to declare that they
felt SeaGen has not had any significant adverse effect
on the environment. Since then SeaGen has been
permitted to operate night and day. Monitoring will
continue for another two years at least until a final “all
clear” can be obtained, but the indications are that
SeaGen has not caused any harm. Moreover so far as
tourists are concerned the effect seems positive with
many people taking boat trips to see the turbine and
coloured picture postcards of Strangford’s turbine
available in the local shops to rival the scenic views.

Figure 7: Ease of access to SeaGen from a small RIB

Subsequently there have only been relatively
minor faults to deal with. Mostly small problems like
faulty electrical components such as position encoders
and cable connectors, or minor coolant leakage from
the internal cooling system, etc. Fortunately these
problems have been identified and systematically
solved so that reliability has been steadily improving.
Clearly the ease of access to SeaGen as a surface
piercing structure makes debugging straightforward as
MCT engineers could witness the system in operation
from onboard, and recreate fault situations in order to
investigate and overcome them, which would of course
not be possible with a completely submerged system
(Fig. 7).

2.4 Operational experience
The turbine was first operated in July 2008.
Initially the local grid proved too weak to comfortably
absorb SeaGen’s full output of 1.2MW and MCT was
asked to limit the output to 600kW. In December 2008
Northern Ireland Electricity fitted an automatic
transformer which could smooth SeaGen’s inputs by
regulating the voltage into the grid even at high power
levels and since then SeaGen has been permitted to
deliver full power.
SeaGen has a sophisticated control system which
regulates the performance using the rotor blade pitch
control and by regulating the frequency converters to
adjust the generator load. A lot of the early operational
work was concerned with validating the control system
and ensuring it was sensitive enough to pick up real
faults but not so sensitive as to cause unnecessary shutdowns. In the last year or so the control system has
proved extremely robust and few false alarms have
been experienced.

An indication of the relaxation in operational
constraints as well as technical improvements comes
from the fact that it took from July 2008 until March
2010 ( 20 months) to generate 1000 MWh into the grid.
It then only took from March 2010 to the end of July
2010 (<5 months) to deliver a further 1000MWh. Once
the planned level of reliability is achieved (over 95%
availability) then it is expected that SeaGen at
Strangford can deliver as much as 500MWh per month.
The capacity factor at this very energetic site is well
over 60% (i.e. average power is more than 60% of rated
power).

The only structural breakdown occurred due to an
unlikely combination of circumstances within days of
operating the machine for the first time in the summer
of 2008. As a result the rotor blades on one rotor
pitched in the opposite direction to that intended and
the resulting overload in a strong flow broke them both
off at the roots, smashing the massive steel blade root
castings in the process. Fortunately no other damage
resulted and operation continued using the undamaged
rotor until replacement rotor blades could be supplied
(which took a few weeks). Replacement was then

A lot of work has been going on the monitor and
analyse SeaGen’s performance; it was decided that this
was an opportunity to test the so-called “Edinburgh
Protocol” developed by the University of Edinburgh for
the UK government Department of Energy and Climate
Change for testing tidal turbines. The standards
developed by EMEC the European Marine Energy
Centre have also been applied.
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which was subjected to scrutiny by DNV. It can be
seen that there is a slight variation in performance
between the ebb and the flood tides. The ebb tide
performance may be slightly enhanced by the
streamlined cross-arm which carries the power trains,
as this is upstream of the rotors on that tide.

DNV, (Det Norske Veritas, the international
Marine and Offshore Certification and Classification
agency) has completed a detailed review of the
measurement programme used by Marine Current
Turbines (MCT) for determining the performance of
the company’s SeaGen tidal energy turbine. DNV
issued a Statement of Conformity on 27 August 2010 to
certify that the performance of the 1.2MW SeaGen,
which has been operating in Northern Ireland’s
Strangford Lough since 2008 has been correctly
evaluated. This included approval of the method used
to produce SeaGen’s performance curve (Fig.8).

3. Future Plans
Marine Current Turbines is developing a variation
on the SeaGen theme which uses exactly the same
rotors, power trains and control systems but deploys
them on a different structure. The purpose is to
increase the flexibility by which the SeaGen power
train technology can be applied.
The existing surface piercing system is ideally
suited to locations with water depths in the range 20 to
40m – less than 20m requires the rotor size to be too
small to be cost-effective with a twin rotor
configuration and more than 40m introduces structural
problems and access problems due to the height of the
support structure needed. Therefore it is proposed to
develop in parallel a system where rotors may be
deployed across the direction of the current along a
horizontal streamlined structure which when
operational is seated on a solid footing that lays on the
seabed.

Figure 8: SeaGen’s power curve v current velocity as
measured using DNV approved protocols.

Some key results that came from this programme
indicate that SeaGen has met its design goals with the
peak efficiency for both rotors on both tides averaging
48% (Cp = 0.48) and the best result was a peak
efficiency of 52% and worst peak was 45%. This
compares favourably with the recorded efficiency
claims of leading wind turbine manufacturers which
function analagously albeit using a fluid that is 800
times less dense. The absolute theoretical maximum
efficiency for a perfect rotor would be 59.3%; a well
known limit generally attributed to the German
aerodynamicist Albert Betz. So SeaGen has been
found to achieve from 75% to 88% of the theoretical
ideal which leaves the MCT engineering design team
very confident in their rotor design software.
The corresponding overall system efficiency,
including all losses in the generator, gearbox and power
electronics, was found to be in the range 40 to 45%;
that is the proportion of energy in the flow of water
intercepted by SeaGen’s rotors that can get delivered as
electrical energy into the grid. Because SeaGen is
accredited by OFGEM as a UK generator, the world’s
first and only official tidal current power plant, and
therefore sells electricity and earns ROCs (Renewable
Obligation Certificates), the output to the grid is also
independently metered and audited through the local
utility’s meter.

Figure 9: SeaGen 2 system currently under development is
normally submerged (top) but can be floated to the surface
(below) like SeaGen 1 for easy access and maintenance

MCT considers that it is essential to be able to
gain access to any such system for maintenance or
repairs without requiring specialist vessels with cranes
of lifting equipment to fish for the system every time
access is needed.
So a unique and patented
arrangement in which the structure can be floated to the
surface without need for external lifting is under
development (Fig. 9). The structure is kept under
control by a pair of struts hinged to a foundation. The

Fig. 8 shows SeaGen’s power curve made up from
data collected as part of this validation programme
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struts also serve to carry the power cable and
instrumentation cables from the seabed to the device.

system has unique advantages when applied in suitable
locations and will continue to be developed too.

The already developed SeaGen package of rotors
and power trains can be scaled down quite easily to 8m
diameter or less, but then a twin rotor device becomes
marginally economic as it is so low powered.
Conversely, the rotors can also be scaled up to around
24m in diameter, but beyond that diminishing returns
set in due to gearbox and rotor costs getting
disproportionately expensive. Following from this,
MCT believes that the way forward is to deploy
horizontal arrays of smaller or bigger rotors - for
example six 8m rotors would sit in 12m of water and
produce 660kW while at the other extreme, six 24m
rotors would deliver up to 8MW.

At the time of writing MCT has a project pipeline
for SeaGen 1 including array installations in both the
UK and Canada.
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MCT named this as SeaGen 2 and it is expected it
will follow about two to three years behind SeaGen 1
and will be able to exploit the benefits of the
experience gained from SeaGen 1 in terms of using
tried and tested power trains and control systems.
Analysis has indicated that in addition to the greater
flexibility something like a 25 to 30% reduction in
generating unit costs may be achieved compared with
SeaGen. Therefore, it is to be expected that in the
longer term, multi-rotor systems of this kind will take
over as the technology of choice, but only if (as in this
case) they are easily accessible for maintenance.
However the existing surface-piercing twin rotor
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