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that impounds the water. It has been proposed that
fences will have less detrimental environmental
impacts [1], this being a principle driver behind the
Severn Embryonic Technologies Scheme (SETS).
Ideally a fence would span the full width of a tidal
channel but in reality, due to navigational requirements
and safe passage for marine life, partial fences and
piers may be installed (see Fig. 1) [2].
Work specifically related to tidal fences is limited,
but computational and experimental work with multiple
row fences has been conducted [3-4]. Related work
with device arrays and farms can be found in [5-7].
As part of the SETS proposal, the Severn Tidal
Fence Consortium (STFC) has studied the technical
feasibility of a tidal fence approach to extracting energy
from tidal flows. The work of the STFC builds on the
work conducted by the Severn Tidal Fence Group
(STFG) in 2008. The STFC has proposed the use of a
tidal fence system as a method of extracting tidal power
from the Severn Estuary whilst minimising impact to
the natural environment and present and future
commercial shipping developments.

Abstract
Initial findings from the Severn Tidal Fence
Consortium are presented; the project was
conducted as part of the UK Government’s Severn
Embryonic Technologies Scheme. The Severn Tidal
Fence Consortium undertook a feasibility study to
assess the potential for a large tidal fence system
spanning the width of the Severn Estuary. The fence
system would consist of a string of tidal stream
energy converters spanning the estuary, with a free
passage navigation gap. Tidal fences and piers (a
fence connected at one end) have appreciable
benefits when compared with tidal barrages,
including reduced environmental impact, less
disruption to shipping and lower capital investment.
Tidal fences and piers can also be shown to have
significant cost of energy benefits over tidal stream
arrays in lower flow resources through savings in
infrastructure and operation and maintenance.
These initial findings aim to help justify and
support the feasibility of further development of a
tidal fence solution for the Severn Estuary.
Keywords: Tidal fence,
environment, navigation.
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Introduction

Tidal fences are effectively a continuous row of tidal
stream energy converters spanning an estuary or bay
and are an alternative to a conventional barrage. As
they extract mostly kinetic energy rather than potential
energy in a flow, the natural flows within an estuary
will be less disrupted than with a conventional barrage
Figure 1: Artists impression of the fence.
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•

The STFC considered two possible locations for the
tidal fence, an inner location between Lavernock Point
(Wales) and Brean Down (England) via Flat Holm and
Steep Holm islands; and an outer location between
Aberthaw (Wales) and Minehead (England). The outer
fence location was chosen during the early stages of the
project due to its deeper bathymetry and
correspondingly higher extractable energy (Fig. 2).
The proposed tidal fence system would involve two
19km strings of up to 780 tidal energy converter (TEC)
units (depending on technology type) located between
Aberthaw and Minehead. This would essentially be a
twin row (1000m separation) tidal fence with a 650m
wide navigation gap. The scheme rating is estimated to
be up to 390MW peak, generating 0.9TWh and saving
37,700 tonnes of carbon annually. The configuration of
the chosen fence has been selected to minimise impact
on the estuary environment and on the free passage of
shipping traffic in the Severn. Current modelling shows
that in order to maintain practical velocities through the
navigation gap for shipping, flow blockage generated
by the TECs and civil structure needs to be relatively
low. It was also observed that the introduction of a
second fence row reduced the navigational gap
velocity.
Numerical modelling conducted prior to the SETS
study suggests that if a differential hydrostatic head can
be generated through flow blockage, without
compromising gap flow speed, as much as 1.8GW and
3.3TWh can be generated from the same size system
(STFG findings). This solution would primarily be a
kinetic energy tidal fence with a navigation gap that
also generates a small hydrostatic head. This allows
additional energy to be extracted in the form of
potential energy. (The STFC fence exploits kinetic
energy only).

•

The overarching goal for the fence is to provide a
strategic source of electricity generation without
significantly impacting the natural environment and
commercial activities already established in the Severn.
The fence consortium brings together a number of
experts in tidal energy conversion, civil design and
construction, electrical design, project cost, risk
assessment and environmental and shipping impact
assessment.
In order to meet the requirements of the SETS
scheme, the specific objectives of the tidal fence
consortium were:
1.

An outline design, consisting of the selection of
a suitable fence location, together with the
selection of tidal stream energy converter types
that could be feasible for power generation.
2. Definition of a support structure for the tidal
devices and a bridge that could function as a
service road for operations and maintenance.
3. Definition of an electrical system to transmit
power generated to the most suitable grid
location.
4. To enrol a number of key technology developers
in the development process.
5. Prepare a preliminary model that represents tidal
flows and the extraction of energy using a range
of devices for which information was provided
from the developers.
6. Carry out sufficient basic engineering to provide
capital cost estimates of around 15% accuracy.
7. Understand the significance of operating and
maintenance costs including generation loss due
to maintenance, breakdowns and system losses.
8. Minimise the impact on the environment and
estuary users, by minimising changes in water
levels and providing a navigation gap for free
passage of shipping.
9. Review the impacts of the fence on the
environment.
10. Development of a ‘route map’ that embraces
both the development of technologies suitable
for the fence, the implementation of a prototype
scheme and the consenting, planning, funding
and execution of the full fence system in a
realistic timescale.

Figure 2: Fence locations (open sea is to the left of the
picture).

2.

The SETS scheme was launched in April 2009 with
the aim of promoting the use of embryonic tidal
technology as a further option alongside barrage and
lagoon solutions for the extraction of energy from the
Severn Estuary. Specifically the objectives set were:
•

Increase the confidence in the scheme’s output,
costs, impacts and technical feasibility.
Establish a ‘route map’ to take the scheme to
deployment stage.

Hydraulic modelling

The aim of the hydraulic modelling was to assess the
potential energy yield from the tidal fence. Both the
inner and outer fences were investigated, but as
previously stated, the outer fence became the focus of
the study once it had been concluded that this was the
higher energy resource.

Develop the new proposal to outline design
stage.
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Mean sea level (m)

The model is a one dimensional hydraulic model of
the fence, which is also referred to as a one and a half
dimensional model to account for the fact that it
approximates variation in flow over the channel width.
This is achieved by cutting the channel into sections
length-ways and performing a one-dimensional
calculation on each section, yielding a pseudo twodimensional impression of the cross channel flow
profile.
The model is referred to as a hydraulic model rather
than hydrodynamic to reflect the non-dynamic nature
of the calculations it performs. The scenario of a tidal
fence ideally needs a three dimensional validated
model but this was not possible with the limited time
scale and budget available for this project. Hence
although a good first estimation, the results should be
treated with caution.
The model assesses the cross channel flow
modification caused by energy extraction and by the
natural boundary roughness of the fence location. This
cross channel flow profile includes the effect that the
fence has on the navigation passage, a key factor in the
ultimate configuration of the fence. The model also
investigates the effect of the flow retardation caused by
the fence on the filling and emptying of the basin
upstream of the structure.
The model was calibrated using bathymetry and flow
speed data provided by the STFC partner Metoc plc [8].
Flow speed information was refined further from
information provided by the SETS board. There is
however, significant variation depending on the data
source and any further work on the fence will require a
comprehensive survey of the available resource. The
outer fence has a practical energy extraction length of
16.5km (19km full length) and has the depth profile
given in Fig. 3.

flow in the estuary is one of low Froude number, a
modified equation (equation 1) for the relationship
between head drop and boundary stress in a level
bottomed section can be used. This equation takes into
account flow retardation associated with artificial
energy extraction and natural boundary friction.
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(1)

∆H is head drop (m)
U is the characteristic flow speed (m/s)
H is the characteristic water depth (m)
L is the length over which flow is retarded (m)
Cf is the boundary friction coefficient.
CP is the power coefficient.
g is the acceleration due to gravity (m/s2)

Figure 4: hydraulic model concept.

The model assigns a value of power coefficient (Cp)
to each section of the fence depending on the average
Cp (free area and energy converter area), an
approximation aggregated by cross-sectional area. For
sections where the navigation gap will be present, a
value of zero Cp was assigned, so that the only flow
retardation is the natural boundary friction.
For values of Cp, a range was investigated with the
model; Cp results presented in this paper are for the
outer fence, from these it is possible to establish a
lower and upper bound scenario for the fence.
Model results for spring peak and mean power are
shown in Fig. 5. The graph gives results for varying
navigation gap width and the range of tested Cp. A Cp
exceeding the Betz Criterion (59%) represents a system
where a positive head has been generated.
As might be expected the introduction of a
navigation gap reduces the energy potential of the fence
and the most concerning observation is the significant
flow enhancement through the gap. A relationship was
found between energy delivery and flow speed through
the gap, and was found to exist irrespective of the gap
width. As energy capture is increased (effectively
increasing fence solidity and hence blockage) higher
flow speeds are experienced through the gap and if
velocities are not limited this could be detrimental to
free passage navigation (Fig. 6).
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Figure 3: mean sea levels across the outer fence.
Fig. 4 shows a schematic sketch of the estuary as
used in the hydraulic model. The fence is modelled
using a porous medium [3-4,9-11] located between the
open sea and the enclosed basin. The fence is analysed
by dividing it into sections of width W(m) and
thickness L(m). The fence was assumed to have a
thickness of 1000m and a boundary friction coefficient
of 0.01; the model was not highly sensitive to either of
these. The basis of this simple analysis assumes there is
minimal lateral flow along the fence and the primary
flow is through the fence. A solution is gained using
modified open channel flow equations [12]. As the
3
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through the navigation gap, with the flow speed in the
gap decreasing as the distance between the two rows
increases. A greater distance between the two rows also
allows the wake from the first row to dissipate
significantly so as not to impede the operation of the
second row.
At 1km separation, flow speed though the gap peaks
at 3.8 knots, and TEC wake has dissipated sufficiently
to allow the second row of TECs to extract similar
levels of energy as the first row. From theory it is
known that wake from a marine current turbine
operating in “free-flow” is almost completely
dissipated by 20 rotor diameters downstream [13] and
given a rotor diameter of 15m this would equate to
300m downstream, obviously much less than 1km.
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3.

Information was initially sought from a number of
industry leading technology developers. These
developers typically submitted data on their devices
designed for tidal races with peak velocities in excess
of 3m/s, which are considerably higher than those
found in the Severn.
Following analysis of the responses from
developers, the most suitable devices were considered
in detail as single type schemes and in the best mixed
device configuration.
Due to the lower flow velocities in the estuary,
1.9m/s at peak spring tides, verified by the survey
results from 1980 [8], a low flow STFC specific
concept was also considered based upon a the
horizontal axis turbine approach. The STFC device is
an optimised turbine, sized appropriately for the lower
flows found in the Severn Estuary. The device uses the
same envelope geometry and rotor but reduces
structural weight to reflect the lower machine thrust
(rotor Cp was not changed). The purpose of this design
was to produce a more cost effective, and appropriate
device for the low flow environment.
Using the information from the developers,
bathymetric data and flow regime data from the
hydraulic model, a numerical model was developed to
formulate the physical arrangement of the fence. The
model considered single technology type schemes and
also a mixed technology scheme where device type was
optimised based on the local flow conditions. Each
technology was evaluated using a points system that
considered
energy
yield,
market
readiness,
environmental impact and capital and operational
expenditure.
The optimum fence system uses 780 STFC turbines
of appropriate size for the local water depth. Power
outputs are: 390MW peak springs and an average over
the tidal cycle of around 104MW. This scheme gave an
annual energy yield of 0.9 TWh/year.
Given the relatively low flow velocities in the
Severn it might be possible to utilise a flow
acceleration concept which is under development by
the University of Southampton [14]. This would
involve the deployment of a ramp-like foundation
structure beneath the TECs to provide flow
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Figure 5: Outer fence, spring tide peak and mean power.
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From all realistic levels of energy extraction studied
in the present modelling method, it was established that
the hydraulic feedback mechanisms from the fence
result in minimal modifications in water surface
elevation at the basin end of the fence (i.e. the model
predicts that increased blockage accelerates gap speed
rather than modifying head). The biggest deviation
from unexploited normal conditions was the flow
acceleration through the navigation gap and any gaps
between the ends of the fence and the coastline.

Position (m)

Figure 6: High navigation gap velocity, 1000m central gap,
Cp = 0.5 during a spring tide. N.B. model resolution unable to
represent a 650m gap.

In general it was assumed that the fence had a
constant Cp/solidity along its length but it is postulated
that if the fence had variable solidity, with solidity
reducing near the navigation gap it may be possible to
maximise energy yield whilst keeping gap velocity
below an acceptable limit for navigation.
A further conclusion from the hydraulic model was
the advantages of using a double row fence. The
increased number of rows in the fence has the obvious
advantage of increasing power capture, but also has the
less obvious advantage of decreasing the flow velocity
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acceleration. This would increase the power-density of
the flow allowing more compact TEC devices.

4.

In terms of electrical engineering the fence will have
four substations located along its length. Power export
cables from the TECs are bought together at these
substations on each fence line; the substations would be
connected northwards to the Aberthaw landing point
where the grid transformers are situated. The
navigation gaps will be interconnected by subsea cables
trenched into the seabed and protected by rock
dumping.

Techno-economic analysis

The capital costs were investigated by
CleanTechCom Ltd. and Marubeni Europe Plc. The
following aspects have all been estimated and
evaluated for the capital cost of the proposed fence:
TEC device costs (from the hydraulic modelling and
developer responses), civil and electrical costs,
installation and indirect costs.
O&M costs were estimated by envisaging the type of
interventions required, both planned and unplanned and
to estimate both the cost of them and the loss of
generation incurred.
In maintenance calculations and all downtime has
been assessed as an average MWh per hour of lost
generation. The costs of all the above interventions
have been estimated in summary terms for manpower,
plant and equipment, marine vessels and spares. Other
costs including connection charges to the grid have
been included and an additional allowance for
miscellaneous spares has been made.
The economics of the scheme were calculated based
on a 120 year model which combines the data on
capital costs with estimates for O&M costs.
Assumptions that have been made are based on
experience from the offshore marine industry.
Capital costs are estimated to be in the range of
£1.75bn to £1.8bn with a corresponding energy cost of
between £204 / MWh and £259 / MWh. The cost of
energy includes operation and maintenance costs,
system depreciation and machine change out. These
figures are conservative to reflect the embryonic nature
of the fence.

5.

6.

Environmental impacts

Estuaries are typically sensitive ecosystems, and this
has been carefully considered throughout this study.
The fence is designed to allow flexibility in the
delivery of a suitable balance between environmental
impact and energy production. Specific environmental
studies have been conducted; TEC environmental
impact, construction impacts and the impact of the
fence on the wider environment. These studies have
been used to inform the technology selection model
described in section 3; each device is weighted based
on its environmental impacts.

7.

Navigation

With a two-way, continually free passage (non tide
dependent) navigation gap in the fence, the scheme
poses very little impact to current and planned largescale ship movements in the Severn Estuary.

8.

Route map

The development route map provides a plan for
development of the tidal fence concept from its state at
the end of this study to full commercial deployment in
the Severn Estuary.
The route map quantifies the anticipated timescales
of the full scale project, the potential time contingency
required against high risk tasks, and the specific risks to
which the area of work relates. The route map estimates
that the full project duration would be 13 years,
resulting in a fully functional double row fence scheme.
This 13 year period accounts for research and
development of the technology, construction and
operation of a small scale demonstrator and the phased
construction of the full scale Severn proposal.

Civil and electrical engineering design

The civil structure was designed by civil engineering
consultants Sigma Offshore Ltd.
A key requirement was to allow easy access for
routine maintenance which could be achieved with a
road way bridge spanning across the supporting piles.
The roadway is expected to carry mobile cranes, lorries
and light vehicles conveying spare parts and personnel.
Hence a concept was developed with a light bridge
with pre-cast reinforced concrete spans, supported on
steel piles. The pile lengths provide a sufficient air gap
to cope with the 1 in 50 year wave and other
requirements such as sea level rise due to climate
change.
Access to the sea has been allowed for by provision
of two quays in a suitable water depth, one on each
bank. This will facilitate personnel movements and
much of the routine movement of materials and
equipment in both construction and operations. Major
works (as well as initial construction) will require use
of additional port facilities including quayside access,
cranes and storage. These could be found in the ports of
Cardiff and Bristol.

9.

Summary

This project assesses the use of tidal fences to extract
power from the tidal flows in the Severn Estuary. The
proposed scheme will result in reduced environmental
impacts compared to a barrage-type scheme whilst
allowing continuous passage for shipping. As a result
of this preliminarily study an outline scheme with the
following characteristics has been proposed:
Location: results from the hydraulic modelling
conclude the most suitable site for the fence is the outer
location from Aberthaw to Minehead.
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[2] C. Garrett, and P. Cummins (2008): Limits to tidal
current power. Renewable Energy, Vol.33, 2485-2490.

Technology type: A mix of TECs optimised for
capital cost (through reduced structure), energy yield
and minimised environmental impact.
Device quantity: a two row fence consisting of up
to 780 devices. The two rows have a 1000m stream
wise separation.
Environmental impact: whilst wide ranging, the
environmental impact of the proposed fence on the
estuary would be low in comparison to tidal
impoundment schemes. Loss of inter-tidal area is
estimated at <0.5% of the existing area.
Navigation impact: a 650m wide, free passage (at
all tides), two-way navigation channel for shipping at
the deepest point in the estuary.
Mode of operation: the fence operates during ebb
and flood tides.
Rated power: the scheme has a rated power output
of 390MW at present, although this is expected to
increase as blockage is better understood.
Annual energy yield: the annual energy yield from
the fence is approximately 0.9TWh. As above, this is
expected to increase as the system hydrodynamics are
better understood.

[3] L.S. Blunden, W.M.J. Batten, M.E. Harrison, and A.S.
Bahaj. (2009): Comparison of boundary-layer and field
models for simulation of flow through multiple-row tidal
fences. Proceedings of the 8th European Wave and Tidal
Energy Conference, Uppsala, Sweden.
[4] M.E. Harrison, W.M.J. Batten, L.S. Blunden, L.E.
Myers, and A.S. Bahaj. (2008): Comparisons of a Large
Tidal Turbine Array Using the Boundary Layer and Field
Wake Interaction Models. 2nd International Conference
on Ocean Energy, Brest, France.
[5] L. Bai, R.R.G. Spence, and G. Dudziak. (2009):
Investigation of the Influence of Array Arrangement and
Spacing on Tidal Energy Converter (TEC) Performance
using a 3-Dimensional CFD Model. Proceedings of the
8th European Wave and Tidal Energy Conference,
Uppsala, Sweden.
[6] C. Garrett, and P. Cummins. (2005): The power potential
of tidal currents in channels. Royal Society of London
Proceedings Vol.461 2563-2572.
[7] C. Pham, and V.A. Martin. (2009): Tidal current turbine
demonstration farm in Paimpol-Br´ehat (Brittany): tidal
characterisation and energy yield evaluation with
Telemac. Proceedings of the 8th European Wave and
Tidal Energy Conference, Uppsala, Sweden.

It must be reiterated that this study was only
intended as a preliminary study and for a higher degree
of confidence in the results further work is required. In
particular; a three dimensional hydrodynamic model,
design of scheme specific optimised TECs and
extensive tidal site survey data.
Although the energy yield is low compared with
impoundment schemes it is thought with further
investigations and refinement of technology these
values would be improved. The key benefits of a tidal
fence solution are the significantly lower environmental
and navigation impacts.
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tidal currents, salinities and suspended sediment
concentrations and EX959 Measurements of tidal
currents over offshore banks.
[9] T. Burton, D. Sharpe, N. Jenkins, and E. Bossanyi.
(2001): Wind Energy Handbook. Wiley, Chichester.
[10] A.S. Bahaj, L.E. Myers, M.D. Thomson, and N. Jorge.
(2007): Characterising the wake of horizontal axis
marine current turbines. Proceedings 7th European Wave
and Tidal Energy Conference, Porto, Portugal.
[11] L. Myers, A.S. Bahaj, R.I. Rawlinson-Smith, and M.D.
Thomson (2008): The effect of boundary proximity upon
the wake structure of horizontal axis marine current
turbines. 27th International Conference on Offshore
Mechanics and Arctic Engineering, Estoril, Portugal.
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