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energy policy analysis and recommendations on good
practices
The IEA’s Implementing Agreement on Ocean
Energy Systems (OES-IA) was formed in 2001 to focus
attention and resources on developing technologies and
systems for recovering energy from the world’s oceans.
The OES-IA aims to facilitate and co-ordinate ocean
energy research, development and demonstration
through international co-operation and information
exchange, leading to the deployment and
commercialization of sustainable, efficient, reliable,
cost-competitive and environmentally sound ocean
energy technologies.
As of May 2010, eighteen countries and the
European Commission have joined together as partners
in the OES-IA. The annual work program is approved
and managed by an executive committee comprising
representatives nominated by the nineteen partners. The
present work program is subdivided into four separate
projects or work packages, known as Collaborative
Annexes. They are:
• Annex 1 – Review, Exchange and Dissemination of
Information on Ocean Energy Systems. The
objective of this Annex is to collate, review and
facilitate the exchange and dissemination of
information on the technical, economic,
environmental and social aspects of ocean energy
systems.
• Annex II - Development of Recommended
Practices for Testing and Evaluating Ocean
Energy Systems. The original objective of this
Annex was to develop recommended practices for
testing and evaluating ocean energy systems in
laboratories, and in this way, to improve the
comparability of experimental results. In 2006 the
Executive Committee of the OES-IA agreed to
extend the Annex to address the testing and
evaluation of prototype systems deployed in the
ocean.
• Annex III - Integration of Ocean Energy Plants
into Distribution and Transmission Electrical
Grids. The primary purposes of this Annex are to
conduct cooperative research concerning the
generation, transmission, and economics of
integrating ocean energy into electrical grids and to
provide a forum for relevant information exchange.

Abstract
This paper provides a synopsis of the guidance
relating to the characterization and assessment of tidal
current resources developed for the Implementing
Agreement on Ocean Energy Systems of the
International Energy Agency (OES-IA). Following a
concise review of the objectives and activities of the
OES-IA, and a brief general discussion of the origin
and nature of tides and tidal currents, the paper outlines
the methods proposed to describe and assess the kinetic
energy resource associated with tidal currents. In
addition, important resource attributes such as
turbulence, velocity gradients and wave effects are also
identified and discussed. The proposed methods 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 might
be generated if an energy converter were to be installed
at a site. Finally, a case study for a high-energy site in
Minas Passage, a 5.5km wide by up to 160m deep
channel in the upper Bay of Fundy, Canada, is
presented to demonstrate the methods that are
described.
Keywords: OES-IA, tidal current energy, marine
energy, resource assessment

1 The IEA and the OES-IA
The International Energy Agency (IEA) is an
intergovernmental organization which acts as energy
policy advisor to 28 member countries in their effort to
ensure reliable, affordable and clean energy for their
citizens. Founded during the oil crisis of 1973-74, the
IEA’s initial role was to co-ordinate measures in times
of oil supply emergencies. Over time its mandate has
broadened to incorporate the “Three E’s” of balanced
energy policy making: energy security, economic
development and environmental protection. Current
work focuses on climate change policies, market
reform, energy technology collaboration and outreach
to the rest of the world, especially major consumers and
producers of energy like China, India, Russia and the
OPEC countries. Today the IEA conducts a broad
program of energy research, data compilation,
publications and public dissemination of the latest
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Annex IV - Assessment of Environmental Effects
and Monitoring Efforts for Ocean Wave, Tidal,
and Current Energy Systems. Annex IV aims to
increase our understanding of the environmental
effects of ocean wave, tidal, and current energy
development on the marine environment.
Examples of environmental impacts for potential
consideration are impacts to benthic organisms,
fish, marine mammals, birds, sediment transport
and coastal processes, multiple uses, visual
impacts, social impacts and economics, among
others.
Reliable information on the strength of tidal
currents, and on their temporal and spatial variability, is
essential for the successful realization of projects to
recover this predictable and concentrated renewable
energy source. However, characterizing and assessing
the energy resource associated with tidal currents at a
site or over an area is a fairly challenging undertaking.
It requires a good general understanding of the ocean
environment and the principles of tides and tidal flows;
an understanding of the characteristics and behaviours
of devices for recovering energy from the flows and the
factors that influence their performance; the ability to
measure currents in the field and to process, analyse
and interpret this data; the ability to develop and
calibrate sophisticated hydrodynamic models and
conduct numerical simulations of tidal flows; and the
capacity to analyse, synthesize and manage large
volumes of data. Due to the complexity of the task, and
in the absence of internationally recognized codes and
standards, the OES-IA recognized a need for guidance
on assessing tidal current resources.
The new Annex II work program, launched in 2007,
was designed and managed by Mr. Kim Nielsen, acting
on behalf of the Danish Energy Agency. The overall
objective of the work program was to develop and
provide the necessary basis required to present the
performance of different Ocean Energy Systems in a
comparable format. The Annex II work program was
comprised of the following subtasks:
• Subtask 2.1.1 - Guidance on wave energy resource
assessment and compilation wave data at selected
sites.
• Subtask 2.1.2 - Guidance on tidal current resource
assessment and compilation tidal current data at
selected sites.
• Subtask 2.2.1 – Recommended protocol for the
development of wave energy systems.
• Subtask 2.2.2 - Recommended protocol for the
development of tidal current energy systems.
• Subtask 2.3.1 – Guidance on monitoring and data
acquisition relating to the performance of wave
and tidal ocean energy systems.
• Subtask 2.3.2 – Guidance on the analysis and
presentation of data relating to the performance of
wave and tidal ocean energy systems.
• Subtask 2.3.3 – Guidance on design, safety and
installation procedures for wave and tidal ocean
energy systems.

A series of technical reports have been prepared by
international experts, and these are available on
www.iea-oceans.org/publications.asp. This article
summarizes guidance on the characterization and
assessment of tidal current energy resources developed
for subtask 2.1.2 of the OES-IA Annex II project [5].
It should be noted that an international working
group was formed in 2009 under the auspices of the
International Electricity Commission’s Technical
Committee 114 (IEC-TC-114) to develop a Technical
Specification (a precursor to a standard) for the
characterization and assessment of marine current
energy resources. This working group is now
extending, refining and updating the general guidance
published by the OES-IA and others.

2 Background on tides and tidal currents
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. The
largest tides are known as Spring tides; these coincide
with new or full moon when the gravitational pull of
the sun and moon are aligned. 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 cycle has a period of approximately 15
days. The 15-day spring-neap cycle, combined with the
14-day diurnal inequality cycle, is responsible for much
of the variability of the tides throughout the months of
the year. 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 semiannual 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.
The tidal fluctuations at any point on earth can be
thought of as the cumulative effect of several hundred
periodic components working together, each with their
own amplitude, phase and period (or frequency). These
constituents have 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 six 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.
The tide at any location can be described 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(ωit −φ i ) ,
i =1

2

(1)
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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. Tidal currents can be predicted in
a similar manner, once the required constituent data is
known for a site.
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 main types of tides are
compared in Figure 1. 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 highs and lows may differ from each other
significantly. Figure 2 shows the variation in the type
of tide along the global shoreline. Semidiurnal tides are
prevalent along much of the world’s coasts.

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.

3 Calculating power
The tidal current at a location is generally expressed
in terms of two orthogonal components, Ux(t) and Uy(t).
The flow speed U(t) is given by the vector sum of these
two components
1/ 2
(3)
,
U (t ) = U x 2 (t ) + U y 2 (t )

[

]

and the flow direction is given by
(4)
⎡U y (t ) ⎤
Uθ (t ) = tan −1 ⎢
⎥ .
⎣ U x (t ) ⎦
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. The
instantaneous kinetic power density (p) of a tidal
stream can be written as
p = 0.5ρU 3 ,
(7)

Diurnal

Mixed

Semidiurnal

where ρ is the density of seawater, and U(t) is the
instantaneous speed. The annual mean power density
for a specific location is equal to the average value of
p(t) over the year.
The kinetic energy flux or power (P) flowing across
an area A oriented normal to the flow can be written

Figure 1. Examples of diurnal, mixed and semidiurnal tides.

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
(9)
P = Ap = 0.5 ρAU 3
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 overall efficiency (η)
and the kinetic power flux of the undisturbed flows
crossing the area swept by the turbine rotor (At):
Pg = ηP = η ∫ pdA = 0.5ρη ∫ U 3dA .
(14)

Figure 2. Global distribution of diurnal, mixed and
semidiurnal tides (courtesy www.NOAA.gov).

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 a tide wave
propagates onto the continental shelf and into bays and
estuaries it can be greatly affected by nearshore
bathymetry, friction, Coriolis acceleration and
resonance effects. 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.

At

At

If the flow speed is uniform over At, then
Pg = ηP = ηAt p = 0.5ρηAtU 3 .

(14)

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. According to the wellknown Betz law, which applies to both wind turbines
and hydraulic turbines operating in an unbounded fluid,
a theoretical maximum of 59% of the kinetic energy in
a flow can be converted to mechanical energy using a
turbine. For realistic water turbines, where the fluid is
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bounded by the seabed and free surface, a different
theoretical upper limit will apply for each installation.
In practice, the undisturbed velocity can no longer be
measured once a device is installed, and must be
estimated in some manner. One approach is to obtain
flow measurements at a nearby location where the flow
is close to undisturbed, and adjust them to account for
the spatial offset between the measurement location
and the turbine.
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 ) = 0.5ρη (t ) ∫ U 3 (t )dA ,
(16)

and widespread changes in tidal hydrodynamics. [2]
observed that the undisturbed current speed alone is
insufficient to make assessments of the potential for
energy extraction. [7] considers the case of a channel
connecting two large bodies of water, and [1] considers
the case of a channel connecting a bay to a large water
body. Nevertheless, for in-stream kinetic devices, the
recovered energy (the electricity sent down the wire)
will likely remain below 50% of the energy extracted
from the natural tidal system.
0.5

Efficiency

0.4

At

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 the
angle of incidence between the flow and the plane of
the rotor. In reality, the relative flow direction can have
an important influence on the efficiency of many
devices. In such cases, the efficiency will vary with
relative flow direction and velocity. Several other flow
properties can have important influences on device
efficiency, including: velocity gradients (shear) across
the swept area; the magnitude and character of
turbulent fluctuations swept along by the flow; and the
orbital velocity fluctuations induced by waves
propagating through the area. All of these factors can
have significant influences on the efficiency and
performance of an in-stream tidal device.
Unfortunately, the magnitude and manner of these
effects are not presently well understood; and learning
more about them remains an important topic of ongoing
research.
Figure 3 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 on to demonstrate the prediction of generated
power from the time series of current speed.
It should be noted that a growing body of research
suggests that the maximum power that can be extracted
from tidal flows passing through a channel will exceed
the kinetic power associated with the undisturbed flow
velocity. This is because it is possible to also extract a
portion of the potential energy forcing the flow through
the channel. For example, [8] suggests that up to 7 GW
can be removed from Minas Passage; substantially
greater than the ~2 GW of kinetic power contained
within the undisturbed flow [3]. However, such largescale energy recovery will certainly cause substantial
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Figure 3. Efficiency curve for a generic energy converter.

4 Assessing tidal current energy resources
The key to assessing the kinetic energy available at a
tidal site is to obtain a good measure or estimate of the
velocity fluctuations at the site over a period of time
that is representative of typical conditions. The time
series of available power density can be calculated
directly from the time series of velocity magnitude.
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. 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 a specific site is to install a stationary current meter
to measure the velocity (magnitude and direction) over
an average spring-neap 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. [6] describes 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; however, a longer measurement
duration will make it possible to estimate these
coefficients with greater precision and to estimate the
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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. Ideally, velocity measurements
should be made at the elevation of interest. However, if
necessary, one may use a theoretical or measured
velocity profile (see Figure 9) 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.
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 currents. 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
and well-calibrated numerical tide model can provide
good information on tidal currents at thousands of sites
throughout a region in a cost-effective manner. Figure
4, from [4], shows a map of the estimated depthaveraged currents within Minas Passage during an
average spring flood, developed from a numerical
simulation of the tidal 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 energy resource
at the site. The resource can also be described using
probability distributions and/or frequency histograms
(see Figure 7). The directional properties of the tidal
current can be presented in terms of a tidal ellipse (see
Figure 5) or as a velocity rose.

5 Case Study – Minas Passage, Canada
For brevity, only one of the case studies considered
in [5] will be discussed here. The Bay of Fundy,
located between the Canadian Provinces of New
Brunswick and Nova Scotia, is well known for having
the largest tides in the world. The tide range at
Burntcoat Head regularly exceeds 16 m. Minas Passage
is a ~5.5 km wide by ~10 km long by up to ~160 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 current flowing through parts of the passage can
approach 5 m/s at times, while the depth-averaged and
time-averaged flow speed exceeds 1.8 m/s over a
substantial area (see Figure 4).
Let us consider tidal currents measured by a team
from the Bedford Institute of Oceanography using a
bottom-mounted ADCP (Acoustic Doppler Current
Profiler) at a site (W64.4038°, N45.3565°) near the
north shore of Minas Passage, near the community of
Parrsboro, Nova Scotia. (The site is denoted by a * in
Figure 4.) 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. Tidal currents were measured
throughout most of the water column at 15 minute
intervals over 28 days. These measurements can be
considered indicative of typical conditions at the site
throughout the year.
The tidal ellipse computed from the data measured
20m above the seabed (see Figure 5) shows that the
tidal currents at this site are nearly rectilinear. The
maximum speed is 3.55 m/s while the average speed is
1.93 m/s. The speed briefly approaches zero four times
daily when the tidal stream reverses.

*

2

1
Uy (m/s)

Figure 4, Depth-averaged currents in Minas Passage, average
spring flood.

Once a representative time series of tidal current
speed has been obtained, the equations in Section 4 can
be applied to compute the corresponding time series of
kinetic power density 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 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 stream.
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Figure 5. Tidal current ellipse.

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 6. Due
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to the cubic relationship between power and speed, the
neap-spring variation in power 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. Also plotted in Figure 6
is the time series of power per unit area that potentially
might be generated by an energy converter at this site.
This time history was obtained by multiplying, at each
time step, the power available in the flow by the
appropriate overall efficiency shown in Figure 3. 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 roughly 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).

The vertical profiles of average current speed and
maximum current speed are plotted in Figure 9 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 above
corresponds to a normalized depth of 0.38. It is evident
that the 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.
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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
10. The idealized efficiency curve shown in Figure 3
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 show
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 9. Vertical profile of average and maximum tidal
current speed.

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/or
probability curves to describe the distribution of each
quantity over time. Figure 7 shows the cumulative
probability of current speed, while Figure 8 shows the
frequency histogram of available and generated power.
At this site 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.
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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Figure 6, Time histories of available and generated power.
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Figure 8. Frequency histogram of available and generated
power.
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Figure 10. Vertical profile of average available power and
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Figure 7. Cumulative probability curve of current speed.
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6 Conclusion
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