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mutual influence of tidal ranges and phases between
North Atlantic to the West and the North Sea to the
East act to setup strong currents [2] where spring tides
commonly exceed 5 ms-1 [3-4].
Seeking to capitalise on these unique conditions and
accelerate the delivery of large-scale tidal-stream
energy, in March 2010 the organisation controlling the
seabed in the United Kingdom, the Crown Estate,
awarded leases for up to 600 MW of installed tidal
energy capacity within the Pentland Firth-Orkney
region [5]. An additional 200 MW is expected to be
awarded later in 2010 [6]. This announcement of the
first large-scale deployment of tidal energy devices
heralds the major advances in engineering and
technology within the industry over the last decade.
However, there is now a growing research emphasis on
potential environmental and ecological consequences
of tidal power extraction.
A full Environmental Impact Assessment (EIA) for
tidal energy developments should incorporate physical,
ecological, and socio-economic components for each
phase of development; construction; operation; and
decommissioning. A site-specific scoping study has
previously identified the key ecological considerations
for the Pentland Firth [7]. This paper presents an initial
assessment of changes to the physical environmental
due to power extraction from tidal currents, identified
as a high research priority [8], based on the application
of an operational hydrodynamic model of the Inner
Sound of Stroma, Pentland Firth (Fig. 1).
Approximately 10 km long by 3 km wide, the Inner
sound is a sub-channel within the Pentland Firth, where
relatively shallow waters coupled with high current
speeds produce favourable conditions for tidal energy
projects. Firstly a baseline model of the existing
marine system, calibrated against in situ data, is
presented. The calibrated model is subsequently
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1.

Introduction

Separating the Caithness coast in Northern Scotland
and the Orkney archipelago, the Pentland Firth (see
Fig. 1) is internationally recognised as one of the best
locations for tidal-stream energy generation [1]. The
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modified to represent an idealised tidal energy project
within the Inner Sound. Lastly, the baseline and
modified models are compared to assess the
distribution and magnitude of flow changes.

2.2 HD Model Setup
The specifications of model domain and mesh sizes
are important considerations in the setup of the HD
model and necessitate compromise between the
benefits of performance and accuracy. Optimisation of
domain and mesh sizes for complex costal
environments is discussed in [12].
For the Pentland Firth model the domain is chosen
such that it covers the full area as shown in Fig. 1
(upper), with 5 open boundaries. The large domain
size allows sufficient space and time for the
hydrodynamics to achieve equilibrium conditions over
the area of interest. The domain mesh size is set as a
maximum area of 3x106 m2. A series of higherresolution embedded meshes reduces the maximum
element area to 5000 m2 within the Inner Sound, Fig. 1
(lower). This gives an element length of circa 100 m
within our study area; considered to be the maximum
size for assessing any potential local hydrodynamic
changes. Bathymetry scatter data is subsequently
interpolated onto this mesh. The scatter data has a
resolution of circa 70 m within the Inner Sound, thus
giving confidence in the model’s representation of the
bathymetry.
The HD model is forced solely by time-dependent
water elevations over each of the 5 open boundaries.
The boundary conditions are generated using a Global
Tidal Model (GTM) representing the major diurnal and
semi-diurnal tidal components [13]. Additional forcing
parameters such as wind forcing and wave radiation are
excluded from the present model.
An important unknown parameter is the bed
resistance, and this is the principal calibration
parameter for the HD model. The bed resistance relates
to the drag coefficient, and thus the bed shear stress
which retards the flow of the current. To date, there
has been no direct measurement of the bed resistance
within the Inner Sound. In [14] Salter provides an
assortment of friction coefficients from the literature,
and suggests a value of 8.60x10-3 for the Pentland
Firth; based on that derived for the Menai Strait,
Anglesey, by Campbell [15]. A lower friction
coefficient for typical shelf flows is given as 2.50x10-3
by Pugh [16]. Separate model simulations were
therefore performed such that the above drag
coefficients are represented in the model domain at
depths of 30 meters (approximate average depth within
the centre of the Inner Sound). A third model
simulation was performed with an intermediate bed
resistance value, see Table 1. It should be stated that in
the present work we are applying the oceanographic
convention, not the engineering convention, for friction
coefficient as explained in [14].

Figure 1: Upper, Pentland Firth-Orkney region highlighting
Inner Sound of Stroma; Lower, Inner Sound of Stroma
showing high-resolution embedded mesh

2.

Simulation of Existing Environment

2.1 Overview
In order to perform an impact assessment a full
description of the existing system, a ‘baseline’ case,
must be established. The initial challenge is therefore to
construct a working model of the Pentland Firth region
and calibrate this model to a satisfactory level.
In the present work the MIKE 21 (flexible mesh) FM
modelling suite by DHI is used. MIKE 21 FM is a 2dimensional depth integrated flow model developed
specifically for oceanographic, coastal, and estuarine
environments. The hydrodynamic model (henceforth
HD model) represents the cornerstone of the majority
of applications, and is based on the numerical solution
of the depth-integrated Reynolds-averaged NavierStokes equations (commonly referred to as the shallow
water equations). The MIKE modelling suite has
previously been effectively used to model the EMEC
tidal and wave energy test sites in Orkney [9]. A
comprehensive description of the model can be found
in [10-11].

2.3 HD Model Results
Confidence in the HD model’s interpretation of the
tidal currents can only be achieved through comparison
against detailed in situ measurements. Extensive
surveys within the Inner Sound were conducted from a
research vessel, the ERI AURORA, during April 2009.
Current speed and direction measurements were
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recorded using a hull-mounted RDI 300 kHz ADCP
(acoustic Doppler current profiler) with position
recorded simultaneously by GPS. In total fifteen
transect surveys of the Inner Sound over 4 separate
days are used. This includes both flood and ebb
directions at both near-spring (07, 08 April) and nearneap (02, 15 April) tides.
As the survey data originates from a moving vessel
assessing the model performance necessitates matching
the model results to the survey data in both space and
time. For each point along the transect survey the
current speed prediction error (in percent) is calculated.
Fig. 2 shows the spatial distribution of these errors for
near-spring ebb tides. We observe that errors are fairly
consisted in the flow direction, and therefore each
transect can be represented by an average error. The
average current speed errors for each survey day are
displayed in Table 1.
It is clear that a bed friction coefficient based on that
in [15] is too large for Inner Sound area of the Pentland
Firth. Equally, the shelf flow value given by [16] is too
low. The results suggest that a value of Cf around
3.50x10-3 produce current speed predictions within
±10% during spring tides in the absence of wind and
wave fields. The model performance for neap tides is
less accurate than for springs. The current speed ratio
between spring and neap tides in the Pentland Firth are
around 2:1. The exclusion of wave induced currents
and wind forcing from the model will therefore have
greater influence during the weaker neap tides, hence
results here are more sensitive. A more comprehensive
model setup may be required to attain a satisfactory
performance over the full spring-neap cycle.
Examining the results for 08 April at Cf = 3.51x10-3
in more detail, Fig. 3 displays vector plots for the peak
flood and peak ebb tides through the Inner Sound.
Here current speeds reach up to 4.5 ms-1 in a distinct
‘core’.
The flood flow enters the Inner Sound from the
North West, close to Stroma and subsequently follows
a curved path approximate to the bathymetry. The ebb
flow also enters the Sound close to Stroma, but from
the North East, and follows a tight curved path to exit
in a North westerly direction. Inspecting the positions
and sizes of the current ‘core’ it can be seen, as in [17],
that the area of the most energetic flood streams are not
the same as the most energetic ebb streams. A
consequence of this asymmetry is that there is a clear
misalignment between the flood and ebb directions
over large areas of the Inner Sound (the currents are not
bi-directional).
These two characteristics of the Inner Sound are not
restricted to the strong spring tides. It is evident in both
the model and the survey data that asymmetrical
current cores and severe direction misalignments are
fairly consistent throughout the entire spring-neap
cycle. This may have significant influence on the
operation efficiency of tidal turbines and hence the
optimal turbine placement and energy yields. This will
be of particular concern for fixed axis turbines that rely
on the bi-directional tidal flows.

Figure 2: Spatial distribution of errors in current speed
prediction at ebb tide in the Inner Sound (Cf = 3.51x10-3)

Bed friction coefficient, Cf

Survey Date

2.50x10-3

3.51x10-3

8.6x10-3

02 April 2009

20.32

10.98

31.06

07 April 2009

9.44

4.76

25.90

08 April 2009

10.72

5.80

25.00

15 April 2009

14.17

17.73

35.50

Table 1: Average absolute model prediction error (%) of
current speed in the Inner Sound for varying drag coefficients

Figure 3: Current speed vector plots showing flow patterns
within the Inner Sound for near-spring peak flood tide (upper)
and ebb tide (lower)
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3.

3.2 Turbine Simulation
Over the last decade there have been a number of
published studies using numerical models to investigate
tidal energy resource limits and efficiency. These have
included partial tidal fences, split channels, and both
generic and site-specific locations. A good review of
such studies is provided by [18].
If we assume that the turbine wake is of the order of
the size of the domain mesh it is suitable to represent
tidal turbines as an additional bed-resistance term in the
governing equations [18]. This has been the
methodology in various resource assessments, such as
the Johnstone Strait [19] and Minas Passage [20]. The
power extracted through the turbines can be calculated
from the shear stress on the sea-bed, given by the
quadratic friction law,

Simulation of Tidal Energy Extraction

3.1 Site Selection
As the HD model is calibrated to a satisfactory level
for spring tides the following analysis will be restricted
to the 24-hour period of 08 April 2009. Although the
importance of considering the entire spring-neap cycle
cannot be understated, this truncated spring-tide-only
analysis should provide a reasonable first assessment.
The task is to identify a suitable site (or sites) within
the Inner Sound for the simulation of a tidal energy
project. Ideally this will take advantage of the location
of the maximum currents on both the flood and ebb
tidal streams. However, as has been seen from Fig. 3
there is only small crossover between the positions of
the maximum flood and maximum ebb tidal streams,
coupled with areas of severe direction misalignment.
Furthermore, faster current speeds are often found in
water depths of around 10 – 15 meters; almost certainly
too shallow for turbine installation.
Faced with the above issues a site is chosen by
inspecting the current speed, direction, and water depth
over five line sections across the Inner Sound, Fig. 4.
By specifying a minimum average current speed (2.5
ms-1), minimum water depth (25 m) and maximum
direction misalignment (25 degrees) suitable mesh
elements for each of the five line sections are
identified, Table 2. It is clear that either section 3 or
section 4 present the best locations for tidal energy
development. For a first assessment section 3 is
selected. The tidal turbines will therefore be specified
in the domain as a single uniform fence as displayed in
Fig. 4.

τ = ρC f u u

where ρ is the water density, Cf the coefficient of bed
friction, and u the current speed. Separating Cf to
represent the contribution from natural drag, k0, and
added turbine drag, kt, such that Cf = k0 + kt, the bed
stress due to the presence of the turbines alone is,

τt =

kt
τ
k 0 + kt

2

3

4

5

No. mesh elements

1

12

16

17

13

2.54

2.97

3.71

3.45

2.81

66

640

730

920

1020

31.4

30.5

30.5

29.9

29.7

Average current speed
(ms-1)
Distance across
channel (m)
Average water depth

(3)

where A is the area of the extraction zone. Finally, the
total power extracted by the tidal turbines is calculated
assuming an overall efficiency of 0.40. Inherent in the
above method is the assumption that all of the work
done against the added turbine drag is available to the
tidal turbines. This implies close-packing of devices
such that they occupy the entire area of the extraction
zone.
The HD model of the Inner Sound is run with
increasing values of kt within the 16 cells of the
extraction zone. The power extracted by the tidal
turbines is calculated by the method above, integrated
over the cells, and averaged over the tidal cycle. Fig. 5
shows the power extracted and volume flux over the
extraction zone as a function of added drag. As the
value of kt increases the average power rises steeply.
Meanwhile the volume flux shows a rapid decrease. At
higher values of kt the rate of increase in power
decreases as an ever increasing flow volume is diverted
from the turbine fence; behaviour that has been
observed in many cases in the literature [19-21].
Although this work is not intended as a resource
assessment, as an aside we can make some
observations. The results appear to confirm the

Figure 4: Inner Sound of Stroma showing five channel linesections and prospective turbine location (red)

1

(2)

where k0 is 3.51x10-3 at 30m depth. The rate of work
done on the turbines by the water is subsequently
calculated by,

d
WD = τ t uA
dt

Line Section

(1)

Table 2: Site selection criteria output for Inner Sound line
sections (see Fig. 4)
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the changes in current speeds magnitude are now only
between 5 and 15% of the baseline flow.

extremely high power potential from the Pentland Firth,
especially for large increases in bed-friction; 200MW
when kt is 10 times the natural drag k0, over 1GW when
kt is 100 times the k0. A previous resource assessment
identified a mean annual kinetic energy flux of 0.133
GW from the Inner Sound [22]. Acknowledging that
the results in Fig. 5 are for near-spring tide only, there
exists a strong argument that more resource is available
than the kinetic energy flux alone. Further analysis over
the complete spring-neap cycle should be performed to
confirm this.
The focus of the present work however, is to
examine the changes to flow patterns as a result of this
energy extraction.

Figure 6: Changes in current speed between 900 MW
extraction scenario and natural flow conditions

Figure 5: Average Power extracted during near-spring tidal
cycle (solid line, left axis) and volume flux through extraction
zone (dashed line, right axis) as a function of added drag, kt

4. Comparison of Baseline and Extraction
Environments

Figure 7: Changes in current speed between 160 MW
extraction scenario and natural flow conditions

How do the levels of power extraction as shown in
Fig. 5 change the flow environment of the Inner
Sound? For a first assessment we can perform a pointby-point subtraction between the conditions in our tidal
energy extraction scenarios and the model of the
baseline environment (section 3). The vector plot in
Fig. 6 shows the changes in current speed for a nearspring flood tide extraction of 900 MW. There is a
large reduction in velocity behind the extraction zone
representing a decrease in current speed of circa 50%
compared with the natural case. There is also a
concentrated jet of flow acceleration to the North of the
extraction zone, with currents speeds around 50%
larger than baseline conditions. These changes can
present considerable environmental and ecological
challenges. For example the associated alteration of
sediment patterns can have severe consequences for
benthic communities [7]. At present the extent and
distribution of sediments and benthic ecology within
the Pentland Firth region is not well understood and is
the focus of parallel studies.
In reality this extraction scenario is not likely,
certainly in the near-to-medium future, where 150 –
200 MW is more probable from the Inner Sound [6]. A
corresponding current speed deficit plot is shown in
Fig. 7. The overall pattern of flow speed changes is
very similar to the high extraction case, but crucially

5.

Conclusions

A hydrodynamic model has been constructed to
investigate the consequences of extracting tidal energy
from the Inner Sound of Stroma, Pentland Firth. Using
a bed friction coefficient of 3.51x10-3 the model is
found to reproduce current speeds at spring tides to
within ±10% of measured values. By simulating a tidal
turbine fence the power potential from the Inner Sound
is observed to be significantly larger than previous
estimates using kinetic energy flux alone. However, at
high extraction (up to 1GW) regional changes in
current speeds are large, ±50% of baseline values at
spring tides. This will likely present considerable
environmental challenges, such as changes to
underlying sedimentation patterns. At more modest
extraction (up to 200 MW), changes in current speed
are significantly less, around ±10% of baseline values.
This work presents initial investigations of a sitespecific environmental impact assessment for a tidal
development. Further work will concentrate on
extending the analysis to the full spring-neap cycle and
the influence of wind and wave fields, together with
extensive further surveying of the marine environment.
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