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1 Introduction
In 2001 the International Energy Agency (IEA) established an Implementing Agreement on Ocean
Energy Systems (IEA-OES) as a means to foster international collaboration on research and
development, technology demonstration and information exchange related to ocean energy systems.
Within this framework, an international working group, known as Annex II, was formed to develop
recommended practices for laboratory testing and evaluation of ocean energy systems and, in this
way, to improve the comparability of experimental results from different sources. Activities
included collecting and analysing information on testing facilities and testing procedures,
developing guidelines for presenting technical data, and developing guidelines for the assessment of
system performance. In 2006 the mandate of Annex II was extended to consider the performance of
prototype ocean energy systems operating in the marine environment and to develop and provide
the necessary basis in order to present the performance of different systems in a comparable format.
This report has been prepared as a voluntary contribution to the IEA-OES Annex II project. It hopes
to assemble and present useful guidance concerning methods to describe and assess the energy
resource associated with tidal currents. The information can be used to help assess the scale of the
energy resource at a site and the nature of its temporal fluctuations. Moreover, a simple method is
described to estimate the scale and temporal fluctuations of the power that would be produced if an
energy converter were to be installed at the site. This type of information is a necessary basis for
informed decisions concerning resource assessment, regulation, site selection and the forecasting of
energy production.
The report includes a brief general discussion of the origin and nature of tides and tidal currents.
The equations that can be used to calculate the kinetic energy associated with a tidal stream, and the
power that could be generated at a site, are presented. Some of the more important sources of
uncertainty are also identified and discussed. Finally, kinetic energy resource assessments for two
sites in Canada are presented to demonstrate the methods that are described. The first case study
considers a site in the upper Bay of Fundy, while the second examines a site in St. Lawrence River
estuary near Quebec City.

2 Nature of Tides
2.1

Origins of Tides

Tides are a regular and predictable phenomenon caused by the gravitational attraction of the moon
and sun acting on the oceans of the rotating earth. Because of its relative proximity to earth, the
moon exerts roughly twice the tidal forcing on the earth’s oceans as does the sun, even though the
sun is approximately 2.7x107 times more massive than the moon.
The main lunar forcing oscillates with a period of 24 hours and 50 minutes, which is equal to the
time required for a point on the earth to rotate back to the same position relative to the moon during
each daily revolution. This explains why tides nearly repeat themselves once every 24 hours and 50
minutes. The lunar gravitational force creates two bulges in the earth’s ocean waters: one directly
under or closest to the moon, and the other on the opposite side of the earth (see Figure 1). These
bulges are responsible for the twice-daily fluctuations in water levels observed in many places
around the globe. In reality, this model is complicated by the fact that the earth’s axis of rotation is
tilted by 23.5° relative to the moon’s orbit. The two bulges in the ocean are unequal unless the
moon is directly over the equator. This daily difference in tide amplitude is called the diurnal
inequality and repeats over a 14 day cycle as the moon rotates around the earth.
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est tides are known as Spring tides;
tides these occur at the time of new or full moon when the
The largest
gravitational pull of the sun and moon are aligned (see Figure 2). Neap tides are smaller and occur
when the moon is waxing or waning, and the gravitational pull of the moon and sun are not aligned.
The spring-neap
neap cycle has a period of approximately 15 days. The 15-day
15 day spring-neap
spring
cycle,
combined with the 14-day
day diurnal inequality cycle, are responsible for much of the variability of the
tides throughout the months of the year.

Figure 1.. Sketch of lunar tidal bulges and hollows responsible for high and low tides.

Figure 2.. Sketch showing the origin of spring and neap tides.
There are numerous other factors responsible for small variations in the tide over longer periods.
For example, the tides are modulated by a force related to the declination of the sun, which varies
over a semi-annual cycle. The tides are also sensitive to the distance between the earth and sun,
which varies annually. The fact that the orbital planes of the moon and the earth differ by five
degrees produces a tidal modulation with a period of 18.6 years.

2.2

Tidal Constituents and Type of Tide

The tidal fluctuations at any point on earth can be thought of as the cumulative effect of over a
hundred harmonic constituents or periodic components working together, each with their own
amplitude, phase and period (or frequency). The tide at any location
location can be completely described
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and predicted by summing the contributions from all sinusoidal constituents, assuming their
amplitudes, phases and frequencies are known. Symbolically, the tide level z(t) is given by
M

z (t ) = z0 + ∑ Ai cos(ωi t −φ i ) ,

(1)

i =1

where z0 is the mean value, and Ai, ωi and φi represent the amplitude, frequency and phase lag for
each of the M tidal constituents.
There are well over 100 active constituents affecting the tide at any site, having periods ranging
from about 8 hours to 18.6 years. However, the contributions from most constituents are very small,
so that in practice, reasonably accurate predictions can be obtained by considering the five to eight
leading constituents while disregarding the others. The principal semidiurnal (twice daily)
constituents are known as M2 (moon, twice daily) and S2 (sun, twice daily), while the principal
diurnal (once daily) constituents are known as K1 and O1. Other important constituents include P1,
N2, K2 and M4. Figure 3 shows the global variation in the amplitude of the M2 and K1 constituents.

Figure 3. Global distribution of the amplitude of the M2 and K1 tidal constituents
(courtesy www.aviso.com).
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Tides are generally classified as being diurnal (once daily), semidiurnal (twice daily) or mixed,
depending on the relative magnitude of the dominant diurnal and semidiurnal constituents. The ratio
of amplitudes
AO1 + AK 1
AM 2 + AS 2

(2)

determines the type of tide. When this ratio is less than 0.25, the tide is classified as semidiurnal; if
it lies between 0.25 and 3, the tide is mixed; while if it exceeds 3 the tide is diurnal. The main types
of tides are compared in Figure 4.
4 Diurnal tides generally feature one high tide and one low tide per
day. Semidiurnal tides have two high tides and two low tides each day. Mixed tides exhibit a
mixture of diurnal and semidiurnal behaviour. Mixed tides may feature two highs and two lows per
day, but the amplitudes of the daily
daily highs and lows may differ from each other significantly. Figure
5 shows the variation in the type of tide along the global shoreline. Semidiurnal tides are prevalent
along much of the world’s coasts.

Diurnal

Mixed

Semidiurnal

Figure 4.. Examples of diurnal, mixed and semidiurnal
diurnal tides.

Figure 5.. Global distribution of diurnal, mixed and semidiurnal tides (courtesy www.NOAA.gov).
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2.3

Coastal Tides

The tide is a long period surface wave generated by gravitational and centrifugal forces. Because of
its long period, the tide propagates as a shallow water wave, even over the deepest parts of the
ocean. As the tide wave propagates onto the continental shelf and into bays and estuaries it is
significantly affected by nearshore bathymetry, friction, Coriolis acceleration and resonance effects.
Tides move as shallow water waves in the open ocean and in coastal waters. Tsunamis are shallow
water waves generated by earthquakes or sub-marine landslides, rather than gravitational effects of
the sun and moon. Despite their name, shallow water waves can exist in any water depth. One
important characteristic of these waves is that the entire water column below the free surface moves
in unison as the wave passes. Shallow water waves, tides included, propagate with a celerity
proportional to the square root of the water depth, which can be several hundred kilometres per hour
in the open ocean beyond the continental shelf. In the open ocean, tides are small, rarely exceeding
0.5 m in height. However, as a tide wave enters shallower coastal waters, it decelerates, shoals
(increases in height) and eventually bumps into land. These coastal effects can be very important, as
evidenced by the fact that the 16 m tides in the upper Bay of Fundy result from coastal
amplification of a small amplitude deep ocean tide.
The celerity and thus the time of arrival of the tide at a given location is dependent on the water
depth, which also controls the refraction of the tide wave. Converging and diverging shorelines
cause the amplitude of the tide to increase and decrease respectively due to the increase and
decrease of energy per unit crest width. Decreasing water depths as the tide shoals will increase the
tidal amplitude. Bottom friction, which dissipates wave energy, will cause the amplitude to decrease.
Thus, the tide will travel more slowly in shallow nearshore region than in the open sea, it will
usually have greater amplitude, and it will behave in a rather complex fashion, particularly in
irregular bays and estuaries.
The tide is a wave having very low steepness and thus relatively high reflectivity. At places such as
the Bay of Fundy, reflection causes resonance and amplification of the tidal amplitude in the Bay.
Reflection of the tide wave also increases the complexity of the tide in some coastal regions. In the
northern hemisphere, Coriolis acceleration will deflect the flowing water to the right (left in the
southern hemisphere). Thus as the tide propagates up an estuary, causing flow into the estuary,
Coriolis acceleration causes the water level to be higher on the right side. On ebb tide, when the
flow reverses, the tide elevation on the opposite side is higher (exclusive of other effects).

2.4

Tidal Streams

Tidal streams are the horizontal currents associated with the vertical rise and fall of the tide. As the
water level rises, tidal currents tend to flow in the direction of propagation of the tide wave. These
flows are often referred to as the flood tide. During the ebb tide, when water levels recede, the tidal
currents tend to reverse themselves and flow opposite to the propagation direction of the tide wave.
Slack water occurs during the short interval between the end of the flood and the beginning of the
ebb, and vice versa.
A tidal current is specified by both the direction and speed, and is generally a more difficult and
expensive quantity to measure than the tide. The tidal currents at any site can also be treated as a
superposition of contributions from many periodic constituents, each having a unique frequency,
amplitude and phase. The velocity constituents are normally specified in terms of the frequency,
amplitude and phase of the orthogonal east-west and north-south components. Once the amplitudes,
5

phases and frequencies of the dominant constituents are known, the current at any time can be
predicted with good accuracy
As noted above, the tidal current at any location varies over a wide range of time scales. The flow
direction typically reverses between two and four times daily, depending on whether the tides are
diurnal or semidiurnal. In addition, the peak velocity during each ebb and flood varies over weeks,
months and years. The entire pattern of temporal fluctuation repeats over an 18.6-year cycle. It is
worth noting that semidiurnal tides produce roughly twice the peak current of a diurnal tide of the
same height. This is because the semidiurnal tide rises and falls in half the time of the equivalent
diurnal tide.
Tidal streams in coastal waters often feature strong shears and steep gradients, which is another way
of stating that the velocities vary strongly with location. At many locations, high-velocity highenergy flows are confined to quite small areas. This characteristic can make it particularly difficult
to quantify and assess tidal current energy resources. The spatial variation depends on how the tidal
stream interacts with the local bathymetry. One important factor is the presence of narrow passages
or channels which can act to concentrate and accelerate the flows. However, the flow through a
passage is also constrained by the loss of energy due to friction. The discharges and flow velocities
in a passage result from a fine balance between the energy forcing the flow into the passage and the
dissipation due to friction within the passage. Clearly, if the energy extracted from the flow within a
passage increases, either by natural causes or the installation of an underwater turbine, then the
discharge and velocity through the passage will be lowered. There is clearly an upper limit to the
energy that can be extracted from such tidal flows.
Another important factor is the phasing of the tidal flows. Very large currents can arise when the
tide levels differ on opposite ends of a channel. Such phase differences can also generate significant
tidal flows near large islands and major headlands. In some cases, strong currents can occur even
though the tide range is moderate.
Many potential high-energy sites are located at narrow passages between islands or headlands. At
any instant in time, the flow velocity within the passage will vary with depth, and with position
across the channel. For typical sites, the strongest flows tend to occur within the upper half of the
water column, and near the centre of the channel.
Tidal currents in the open ocean are too weak for economically viable energy extraction using
existing or anticipated technologies. For the foreseeable future, development will likely be restricted
to sites with peak flow velocities in excess of 2 m/s, and mean flow velocities above 1 m/s.

2.4.1 Current Ellipses
Where the direction of the tidal stream is constrained by the sides of a channel, the currents tend to
be rectilinear. That is, ebbs and floods at all stages of the tide are directed parallel to the trend of the
channel and there is negligible cross-channel set. Under such conditions, the stream simply
decelerates without changing direction, reaches slack water, and then accelerates in the opposite
direction (see Figure 6a).
Where tidal streams have more room to manoeuvre, the influence’s of the earth’s rotation,
centrifugal forces, friction, and inertial effects cause the current’s direction to change gradually with
time between flood and ebb. For such rotary currents, the shape of the curve traced out by the tip of
the current vector over a tidal cycle can be elliptical or even circular. For many sites, the current
vector maps out a quasi-elliptical path during each tidal cycle (see Figure 6c).
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The shape of the tidal ellipse has implications for power generation since some devices may be
more omni-directional than others, and thus more appropriate for sites with rotary currents. In other
words, the efficiency of a device over a tidal cycle may depend in part on the shape of the tidal
ellipse.

Figure 6. Different types of tidal streams: a) rectilinear; b) circular; and c) elliptical.

3 Kinetic Power in a Tidal Stream
The tidal current at a site is generally expressed in terms of two orthogonal components, Ux(t) and
Uy(t). By convention, Ux is the east-west component (with eastward flow positive) and Uy is the
north-south component (with northerly flow positive). The flow speed U(t) is given by the vector
sum of these two components
1/ 2
2
2
(3)
U (t ) = U (t ) + U (t )
,

[

x

y

]

and the flow direction is given by
U y (t ) 
Uθ (t ) = tan −1 
 .
 U x (t ) 

(4)

When the amplitudes, phases and frequencies of the dominant velocity constituents are known
(from analysis of measurements or from numerical simulations), the time histories of Ux and Uy can
be estimated from
M

U x (t ) = ∑ ai cos(ωi t −b i ) ,
i =1
M

U y (t ) = ∑ ci cos(ωi t −d i ) ,

(5)
(6)

i =1

where ai, bi and ωi are the amplitude, phase and frequency of the ith constituent for Ux(t), and ci, di
and ωi are the amplitude, phase and frequency of the ith constituent for Uy(t). The interested reader
is referred to Foreman (2004) and Zervas (1999) for further information on harmonic analysis
techniques for estimating these coefficients from field measurements.
The kinetic power (P) in a tidal stream is proportional to the cube of the flow velocity. Hence, the
power increases rapidly with increasing speed. When the flow speed doubles, the kinetic power
increases eight-fold. The instantaneous kinetic power density (p) of a tidal stream can be written as
p = 0.5ρU 3 ,
(7)
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where ρ ≈ 1,027 kg/m3 is the density of seawater, and U is the instantaneous flow speed [m/s]. The
units of power density are Watts/m2. The annual mean power density for a site is equal to the
average value of p(t) over the year.
The kinetic power (P) flowing across an area A oriented normal to the flow can be written
P = ∫ pdA = 0.5 ρ ∫ U 3dA .
A

(8)

A

If we assume that the flow speed is uniform over the area A, then this simplifies to
P = Ap = 0.5 ρAU 3

(9)

It may be helpful at this point to briefly consider the simple model whereby the speed of the tidal
current at a specific location can be described by a simple sinusoidal function as follows
2π
U (t ) = U max sin( t ) ,
(10)
T

where Umax is the maximum speed and T is the period of the tidal cycle. Then the average speed
over a half cycle is
T /2

U

∫
= 0

U (t )dt

T /2
∫0 dt

=

2

π

U max ≈ 0.64U max ,

(11)

or 64% of Umax. The average power density over a half cycle is
T /2

p =

0.5ρ ∫0

U 3 (t )dt

T /2
∫0 dt

=

2ρ 3
3
,
U max ≈ 0.21ρU max
3π

(12)

or 42% of the maximum power density. Expressed in terms of mean velocity, the average power
density over a half cycle is
π 2ρ 3
(13)
p=
U ≈ 0.82ρU 3 .
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One important result from this simple sinusoidal model is that the average power density over a half
cycle is 1.64 times greater than the power density of the average speed over the same half cycle.

3.1

Generated Power

Let us know consider the instantaneous power generated by a turbine-style energy converter located
in the tidal stream. The instantaneous generated power (Pg) is given by the product of the kinetic
power density of the tidal stream without the device (p), the area swept by the turbine rotor (At), and
the overall efficiency (η):
Pg = ηP = ηAt p = 0.5 ρηAtU 3 .
(14)
The instantaneous power generated per unit cross-sectional area can be written as
p g = ηp = 0.5 ρηU 3 .

(15)

The efficiency (η) incorporates losses associated with hydrodynamic, mechanical and electrical
aspects, as well as any disturbance to the tidal stream resulting from the presence of the device. For
example, according to the well-known Betz law, which applies to both wind turbines and hydraulic
turbines, a theoretical maximum of 59% of the kinetic energy in a flow can be converted to
mechanical energy using a turbine. Forty-one percent of the incident energy is required to ensure
that the fluid has enough kinetic energy to depart from the turbine.
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Another factor that can impact efficiency is the angle of incidence between the flow and the plane
of the rotor – the efficiency may decrease whenever the flow approaches the rotor obliquely. Other
factors affecting the hydrodynamic efficiency include the presence of velocity shear (variation)
across the rotor, velocity fluctuations induced by surface waves (and other sources), and the
intensity and character of any turbulent fluctuations that may be present. For example, gravity
waves propagating across the ocean surface (generated by winds or ship traffic) may generate
cyclical velocity fluctuations throughout the water column which can impact the efficiency of an
energy converter.
The efficiency of the device will generally vary significantly with flow velocity, and for tidal flows,
the flow velocity varies over time in a predictable manner. The time-varying power generated by a
device with area At is given by
Pg (t ) = η (t )P(t ) = 0.5ρAtη (t )U 3 (t ) ,
(16)
and the time-varying power generated per unit area is
p g (t ) = η (t ) p(t ) = 0.5 ρη (t )U 3 (t ) ,
(17)
where both the overall efficiency and flow velocity vary with time. This approach assumes that the
energy converter is omni-directional, or in other words, the efficiency and generated power are
independent of flow direction.
Figure 7 shows an idealized efficiency curve for a generic tidal kinetic energy converter. The term
efficiency curve is used here to refer to the relationship between the power generated by the device
and the kinetic power associated with the undisturbed flow at the centre of the device. For this
hypothetical device, the efficiency is zero for flow speeds below 0.5 m/s and above 3.6 m/s, and
varies between 30% and 43% over the range in velocity from 1.5 to 3.5 m/s. The peak efficiency of
43% coincides with a flow speed of 2.75 m/s. This idealized efficiency curve will be used later in
this document to demonstrate the prediction of generated power from the time series of current
speed.
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Figure 7. Efficiency curve for a generic energy converter.

4 Assessment of Tidal Kinetic Energy
The key to assessing the kinetic energy available at a tidal site is to obtain a good estimate of the
velocity time series at the site over a period of time that is representative of typical conditions. The
9

time series of available power density can be calculated directly from the time series of velocity.
And if the efficiency curve for an energy conversion device is known, then the power that could be
generated by the device over time can also be calculated. Moreover, if the velocity time series is
representative of typical conditions, then the derived quantities of power density and generated
power will also be indicative of long term conditions.
A 15-day record containing a complete spring-neap tidal cycle is normally the minimum duration
that should be considered. However, since neap tides and spring tides vary throughout the year, the
15-day record should ideally reflect conditions during an average spring tide and an average neap
tide. If the record contains smaller than average velocities, then the long term energy resource will
be under-estimated, and conversely, if the record contains larger than average velocities, the
resource will be over-estimated. Longer records containing more spring-neap tidal cycles can and
should be considered whenever they are available.
Perhaps the best method to obtain this information for an individual specific site is to install a
stationary current meter to measure the velocity (magnitude and direction) over an average springneap tide cycle. The measurements can be analysed using a technique known as harmonic analysis
to determine the amplitude, phase and frequency of the leading velocity constituents for the site.
Foreman (2004) and Zervas (1999) describe harmonic analysis in detail. Once these coefficients are
known, the velocity fluctuations can be hindcast into the past and forecast into the future. A 15-day
record is normally sufficient to estimate the amplitudes and phases for the most important
constituents (O1, K1, M2, S2 plus others). However, a longer measurement duration will make it
possible to estimate these coefficients with greater precision and to estimate the coefficients for
more constituents, and should lead to more accurate long term velocity estimates.
Tidal currents at a specific site can vary significantly with elevation: they are generally strongest
over the upper half of the water column, and generally weaken approaching the seabed. A typical
velocity profile that was employed in the UK Atlas of Renewable Marine Energy Resources is
sketched in Figure 8. Ideally, velocity measurements should be made at the elevation of interest.
However, if necessary, one may use an assumed velocity profile, such as the one shown in Figure 8,
to estimate the velocity at elevation B from information at elevation A. However, this approach will
introduce additional uncertainty into the analysis.
It is worth restating that tidal currents can sometimes vary considerably over short horizontal
distances. In these situations, it is difficult to estimate conditions at point B from information (i.e.
measurements or predictions) at point A, without employing a sophisticated computer model to
investigate and quantify the relationship between conditions at these two points. Hence, it is
generally advisable to obtain velocity data as close to the site of interest as possible.
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Figure 8.. Typical vertical profile of tidal current and kientic power (source: Atlas of UK Marine
Renewable Energy Resources).
Reasonable estimates of tidal currents can also be obtained from sophisticated numerical models
developed to simulate tide propagation in coastal waters and the resulting tidal streams. To be
reliable, the models must include an accurate and detailed representation of the bathymetry, feature
a high resolution in the region of interest, and be well calibrated to measured data. Perhaps the main
advantage of this approach is that a well-constructed
well
and well-calibrated
calibrated numerical tide model can
provide good information on tidal currents at thousands of sites throughout a region in a highly
cost-effective manner. Figure 9 shows a map of the time- and depth-averaged
averaged current speed
throughout Minas Passage (in the upper Bay of Fundy) developed from a numerical
nume
simulation of
the tidal stream.
Once a representative time series of tidal current speed has been obtained, the equations in Section
3 can be applied to compute
pute the corresponding time series of kinetic power density (power per
square meter) associated with the flow at that location. Furthermore, if the overall efficiency curve
for an energy converter is known, accounting for hydrodynamic, mechanical and electrical
elect
losses,
then the time series of generated power, assuming the device was installed at the site, can also be
computed. If available, information on the current at different depths can be used to determine the
vertical profile of velocities in the tidal
tida stream.
Simple statistics such as the mean value, standard deviation, minimum value and maximum value,
computed directly from the time series, can be used to characterize the scale and temporal
variability of the tidal current and the associated kinetic
kinetic energy resource at the site. The resource
can also be described using probability distributions and/or frequency histograms. For example, a
frequency histogram of current speed (see Figure 15)) shows the percentage of occurrence for
various speed bins. The cumulative distribution (see Figure 15)) displays the probability of nonnon
exceedence for various speeds. The directional properties of the tidal current can be presented in
terms of a tidal ellipse (see Figure 12) or as a velocity rose (as in Figure 23).
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Figure 9, Map of average tidal current speed throughout Minas Passage.

5 Case Studies
Results from kinetic energy resource assessments for two sites will be presented in this Section to
demonstrate the methods that are proposed to quantify, characterize and describe the energy
resource associated with tidal currents.

5.1

Minas Passage

The Bay of Fundy is well known for having the largest tides in the world. The tide range in parts of
the upper bay regularly exceeds 16 m. Minas Passage is a ~5.5 km wide by up to ~100 m deep
channel in the upper Bay of Fundy, where the mean tide range is close to 12.5 m. The speed of the
tidal stream flowing through parts of the passage can approach 5 m/s at times, while the average
flow speed exceeds 2 m/s (see Figure 9).
For our first case study, let us consider tidal currents measured using a bottom-mounted ADCP
(Acoustic Doppler Current Profiler) at a site near the north shore of Minas Passage, near the
community of Parrsboro, Nova Scotia. (The site is denoted by a * in Figure 9.) The data was
collected at (E64.4038°, N45.3565°) by a team from the Bedford Institute of Oceanography based
in Dartmouth Nova Scotia. Tidal currents were measured throughout a significant portion of the
water column at 15 minute intervals over 28 days. The local water depth at mean tide is 53 m. The
tides at this site are semidiurnal; two ebbs and two floods occur each day. These measurements can
be considered indicative of typical conditions at the site throughout the year.
A sample of the data measured 20 m above the seabed is plotted in Figure 10. Here, Ux refers to the
east-west component of velocity (positive towards east), while Uy denotes the north-south velocity
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component (positive towards north). The time history of current speed 20 m above the seabed,
irrespective of direction, is plotted in Figure 11. The maximum speed is 3.55 m/s while the average
speed is 1.93 m/s. The flows between August 22-24 correspond to a neap tide, while a spring tide
occurs seven days later, around August 31. The current speed briefly approaches zero four times
daily when the tidal stream reverses. The tidal ellipse computed from the measured data is shown in
Figure 12. It shows that the tidal currents at this site are nearly rectilinear.
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Figure 10, Time histories of Ux and Uy.
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Figure 11, Time history of tidal current speed.
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The time history of kinetic power density (kinetic power per unit cross-sectional area) available in
the flow 20 m above the seabed is plotted in Figure 13. Due to the cubic relationship between power
and speed, the variation in power between neap and spring tides is significantly larger than the
variation in speed. The maximum kinetic power density is 22.9 kW/m2, while the mean kinetic
power density is 5.44 kW/m2.
The time series of power that potentially could be generated by an energy converter at this site can
be obtained by multiplying, at each time step, the power available in the flow by the appropriate
overall efficiency for the flow speed at that time. The generated power time series plotted in Figure
14 was obtained using the velocity dependent efficiency curve shown in Figure 7 with a rotor area
of one square meter. No power is produced when the current speed falls below 0.5 m/s or exceeds
3.6 m/s. The average generated power is 2.21 kW/m2, or roughly 40% of the average kinetic power
available in the flow, while the generated power peaks at 9.05 kW/m2. Estimates for larger
machines can be obtained by multiplying by the rotor area normal to the flow. For example the
power generated by a larger machine with a 10 m2 rotor area should be ten times the power of a
machine with a rotor area of one square meter (assuming that the same efficiency applies for both
machines and that the efficiency accounts for the variations in velocity across the rotor area).
Simple statistical quantities such as the mean value, standard deviation, minimum and maximum
can easily be computed directly from the time series. It can also be helpful to construct frequency
histograms and probability curves to describe the distribution of each quantity over time. The
frequency histogram of current speed obtained from analysis of this data is presented in Figure 15a,
while Figure 15b shows the cumulative probability of current speed. These plots show that the
current speed exceeds 3 m/s approximately 5% of the time, and that the speed ranges between 2.0
and 2.5 m/s ~29% of the time.
The frequency histograms and cumulative probability curves of available and generated power are
compared in Figure 16. These plots show that while the available kinetic power per square meter
exceeds 5 kW/m2 47% of the time, the generated power will exceed 5 kW/m2 only 10% of the time.
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5.1.1 Vertical distribution of speed and power
The preceding analysis has dealt with conditions 20 m above the seabed; however, current speeds
were also measured at other elevations in the water column. This data has been analysed to generate
information on the vertical distribution of current speed, available kinetic power, and generated
power at this site.
The vertical profiles of average current speed and maximum current speed are plotted in Figure 17
as a function of normalized elevation, defined as the elevation above the seabed divided by the
depth at mean tide. The 20 m elevation considered in detail above corresponds to a normalized
depth of 0.38. It is evident that the tidal current speeds near the seabed are significantly less than at
higher elevations. The vertical shear in the velocity profile (variation in speed with elevation) is
also greatest near the seabed.
The vertical profiles of average kinetic power density and maximum kinetic power density obtained
from analysis of the field measurements are plotted in Figure 18. Again these quantities vary
substantially with elevation throughout the water column, and are smaller near the seabed than at
higher elevations.
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Finally, the vertical profiles of time-averaged power and instantaneous maximum power generated
by a hypothetical turbine with unit area are plotted in Figure 19. The idealized efficiency curve
shown in Figure 7 has been applied to calculate the generated power at each elevation. As expected,
the available kinetic power and the generated power are both fairly strong functions of elevation.
For example, these results indicate that the generated power can be doubled by simply raising the
device by roughly 10 m from a normalized elevation of 0.12 (~6.3 m above the seabed) to 0.32
(16.5 m above the seabed).
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Figure 17. Vertical profile of average and maximum tidal current speed.
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5.2

Quebec City

The second site is located in the middle of the St. Lawrence River near Quebec City (see Figure 20)
where the channel is 700 m wide and over 50 m deep. (Quebec City is located in eastern Canada on
the north shore of the St. Lawrence River, where it widens into the Gulf of St. Lawrence.) The
currents at this site are influenced by both the river discharge and the tide; however the tidal effects
are generally dominant.

St. Lawrence
River

Quebec City

*

Ile d’Orleans

Site

Figure 20. Location of site 2, near Quebec City.
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The data presented here originates from a one year long numerical simulation of the tidal stream
and river discharge throughout the St. Lawrence River estuary. The development of this model and
its application are described by Faure and Cornett, 2008.
Figure 21 and Figure 22 show samples of the time histories of depth-averaged velocity and
available kinetic power density during a 14 day period in May (starting at neap tide) when the St.
Lawrence River discharge is 11,600 m3/s at Sorel. At this location, the amplitude of the velocity
fluctuations due to the flood and ebb of the tide are generally stronger than the quasi-steady velocity
due to the river discharge. As a result, the flow generally reverses direction twice each day. The
peak velocities, which exceed 3 m/s, coincide with spring tides and occur during the flood phase
when the water surges upstream. Strong velocities also occur during the ebb phase when the falling
tide and the river discharge reinforce each other. The average current speed near the middle of the
channel during a typical year is 1.92 m/s. The average kinetic power density associated with this
flow is 5.35 kW/m2, while the instantaneous maximum power density over the year is 24.7 kW/m2.
The annual velocity rose for this location, which shows the occurrence frequency for various
combinations (bins) of flow speed and direction, is presented in Figure 23. The velocity rose is an
alternative format (to the tidal ellipse) for displaying the directional properties of a current. The
flow at this site moves downstream (ENE) approximately 61% of the time, and upstream (WSW)
for 36% of the year. This imbalance is due to the quasi-steady river discharge.
The time series of power that could be produced by an energy converter at this site can be estimated
by multiplying, at each time step, the power available in the flow by the appropriate overall
efficiency for the flow speed at that time. The generated power time series plotted in Figure 24 was
obtained using the velocity dependent efficiency curve shown in Figure 7 with a rotor area of one
square meter. Note that this curve implies that no power is produced when the current speed falls
below 0.5 m/s or exceeds 3.6 m/s. The average power that might be generated over a year, assuming
no downtime, is 2.10 kW per square meter, or roughly 39% of the average kinetic power available
in the flow. The maximum instantaneous power output over the year is 7.63 kW/m2. The average
efficiency is 29%.
Figure 25 shows the frequency histogram and the cumulative probability curve computed from the
time series of current speed. The histogram shows the occurrence frequency (in percent) for various
speed bins, while the cumulative probability curve shows the non-exceedence probability (in %) for
each speed. The percentage of time that the current speed exceeds a certain value is equal to 100
minus the non-exceedence probability (in %). At this site, the current speed ranges between 1.5 and
3.0 m/s approximately 71% of the time. It follows that an energy converter intended for this site
should be optimized for maximum efficiency over this range of velocity.
The frequency histograms and cumulative probability curves of available kinetic power per square
meter and generated power per square meter for this site are compared in Figure 26. These plots
illustrate the distribution of available power and generated power at the site throughout the year.
While the available kinetic power per square meter at this site exceeds 5 kW/m2 52% of the time,
the power generated by a hypothetical energy converter (defined by the efficiency curve in Figure
7) will exceed 5 kW/m2 roughly 6% of the time.
Information of this type is an essential basis for informed decisions concerning the assessment of
resources, the siting of energy conversion devices and the forecasting of power generation for
marine energy projects.
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Figure 21. Sample time history of depth-averaged velocity near Quebec City during May.
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Figure 22. Sample time history of kinetic power density near Quebec City during May.
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Figure 23. Annual velocity rose near Quebec City.
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Figure 24. Sample time history of power generated by a hypothetical converter with unit area.
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curve.
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