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prototype size (circa 1/4 scale) of the complete WEC is
deployed at a suitable benign wave energy test site.
Such a suitable test site will be one which experiences
sea states that scale correctly to represent the ocean
conditions that the full scale WEC will eventually
operate in.

Abstract
The Galway Bay Wave Energy Test Site is one of
a number of locations available in Europe for subprototype scale (c.1/3-1/5) sea trials of wave energy
converters (WECs). Sea trials at this scale are an
important stage in the development of WECs. This
stage is the first opportunity to test all parts of a
WEC integrated together, outside of the controlled
laboratory environment in naturally occurring sea
conditions. There have been relatively few
prolonged sea trials of WECs to date and there is a
lack of information available to developers planning
sea trials. Given the time and cost involved in
conducting sea trials, it is important that they are
that all necessary
planned correctly so
investigations to properly assess the WEC are
undertaken and there is full confidence in the
results. Thorough planning is also necessary to
reduce the inherent risks involved in sea trials.
The Galway Bay Sea Trial Manual, as will be
outlined in this paper, is being written with the aim
of giving guidance to developers, both practical and
technical, on undertaking the sub-prototype sea
trials phase of a WEC at Galway Bay. Much of it
can also be applied to sub-prototype scale testing at
other sub-prototype scale sea trial facilities.
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Phase Two – Validation & Design Model
• Testing in realistic sea conditions in a laboratory
• Scale: 1:10 - 25

Phase Three – Process Model
• Testing in conditions representative of deployment site at
sea
• Scale: 1:2 – 1:10

Phase Four – Prototype Model
• Large scale pilot at sea
• Scale: 1:1 – 1:2

Phase Five – Demonstration
• Multiple device testing in small arrays at sea
• Scale: 1:1 (Full scale)

Figure 1: 5 stage WEC development protocol

In Ireland, a wave energy test site for sub-prototype
WEC testing was established by the Marine Institute
and Sustainable Energy Ireland in Galway Bay in 2005.
The sea states at this site have been found to give a
good representation at quarter scale of combinations of
height and period for exposed Atlantic conditions but
the site can also be used for testing WECs at other
scales (circa 1/3 to 1/5).
There is still relatively little experience of sea trials
of WECs for extended periods of time at large scales.
This means that there is a lack of information for
developers looking to undertake sea trials of WECs. A
large amount of time, money and effort is required to
get WECs to the stage at which they are ready for sub
prototype sea trials. The sub prototype sea trial phase is
itself costly, time consuming and challenging. It is vital
that sea trials are planned thoroughly so that the
maximum benefit is derived from them and the
development of the device progresses correctly.
HMRC are producing a Galway Bay Sea Trials
Manual, which is described in this paper with the aim
of giving guidance to developers, both practical and
technical, on undertaking the sub-prototype sea trials

Keywords: Wave Energy Test Site, sea trials, development
protocol

1.

Phase One – Validation Model
• Fundamental Testing in regular waves in a laboratory
• Scale: 1:25 - 100

Introduction

The development path of wave energy converters
from initial concept phase to commercialisation is a
long, complex and costly process with many potential
pitfalls along the way. In order to reduce the risk and
cost of this development path a five stage structured
development plan has been drawn up [1] in conjunction
with the pioneering wave energy device groups.
Stage 3 of this development protocol sees the
development path move from the laboratory to open sea
testing (Figure 1). During this stage a selected sub-
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phase of a WEC at Galway Bay. It is based on the
experience of HMRC in carrying out a number of sea
trial testing projects in the Galway Bay Wave Energy
Test Site. It is hoped that the guidelines will help
developers to produce a comprehensive and transparent
set of data which will provide confidence and the
necessary information required for further development
of the device. Although the document has been written
for the Galway Bay Test Site, much of it can be applied
to sub prototype sea trials of WECs at other test sites.

2.

and a tidal range of 4m [2]. The site experiences swell
waves from the west and the south west as well as
local, fetch limited wind seas. These wind seas have
been shown to give a good representation at quarter
scale of combinations of height and period for exposed
Atlantic Ocean conditions [2]. The wave conditions at
Galway Bay should be checked to verify that they will
provide adequate wave data for test site that it is
intended to deploy the full scale device at and at what
scale.
WECs deployed at the Galway Bay Test Site will
more than likely be launched at Galway City Harbour
and towed to the test site from there. After deployment
and commissioning of the WEC at the test site the sea
trials programme can begin. During the programme, it
will be necessary to make a number of trips to the test
site by boat for maintenance, both routine and for
repairs. It is probably more convenient to make these
trips from Spiddal Pier which is approximately 2km
from the test site.
Access to the WEC is dependent on the wave
conditions at the site being below a certain threshold
for the required duration of the visit. This is typically a
significant wave height (Hs) of close to 1m but is
dependent on the service vessel being used and on the
WEC type. A safe threshold should be agreed prior to
deployment.
Good levels of access are available at the Galway
Bay test site and are described in detail in [3]. This
includes information on the number and length of
weather windows suitable for site access, the variation
in access time between summer and winter months and
lengths of waiting times. It is recommended that when
planning sea trials at the Galway Bay Test Site,
developers familiarize themselves with [3] in order to
plan operations and maintenance schedule and to
understand the length of time that the WEC and its
components may need to operate safely at the test site
without service visits being possible.

Planning a Sea Trials Project

2.1 Prerequisites to Sub-Prototype Sea Trials
Prior to a WEC moving to Stage 3 of the
development protocol, the WEC should have
completed Stage 1: ‘Concept Validation’ and Stage 2:
‘Design Validation’[1]. Both of these stages involve
testing small scale WEC prototypes in laboratory
conditions. There are stage gate criteria which the
WEC design must fulfill before moving onto the next
stage of the development protocol. The requirements
for moving on to Stage 3 include:
-

Accurately simulated PTO characteristics
Performance simulated in real seaways
Survival Loading and extreme motion
behavior investigated
Mooring arrangements and effects on motion
assessed
Data for PTO design obtained
Engineering design, feasibility and costing for
full scale model completed
Site review for sub-prototype scale and full
scale prototype testing completed including
wave climate assessment, site access and
weather windows (See Section 2.2)

Prior to sub-prototype scale testing, the following is
required with regard to the WEC and subsystem design
for the sea trials:
-

-

2.3 Environmental Considerations
Sub prototype sea trials represent the first time the
WEC is deployed in the open environment. It will be
the first time that the effects of the WEC on the
environment and the environment on the WEC will
have to be considered. At the time of writing there is no
environmental impact assessment required for test
projects in Galway Bay. There are environmental
requirements published by the Marine Institute that
developers must comply with in the design of their
WEC in order to get permission to deploy at the test
site[4]. These include minimising the use and storage
of toxic, noxious, corrosive and polluting substances
onboard. Where polluting chemicals are required,
measures must be put in place to prevent leakage,
including if the WEC hull is breached. Quantities of
stored chemicals onboard must be kept to a minimum
and stored in unbreakable containers. Oils used
onboard the WEC must be biodegradable. Once the
testing programme has been completed, the WEC must

PTO designed, manufactured and performance
verified PTO performance using bench tests
including the design of the electrical system
and power electronics to be installed onboard
WEC and control laws
Onboard electrical system designed and bench
tested
Data acquisition system designed and tested
Hull and moorings designed based on met
ocean data, both operational and extreme,
from the test site.

2.2 Galway Bay Site Information
To plan sea trials, it is necessary to have extensive
information on the test site. The Galway Bay Wave
Energy Test Site is located on the northern side of
Galway Bay, approximately 15km outside Galway City
and 1.5 km to the south east of Spiddal. The site is 37
Hectares in area, with water depth between 21m – 24m
2
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be removed from the test site as soon as possible after
the testing period and the site reinstated to its original
condition.
Effects of the environment on the WEC must also be
considered and the WEC and its sensors marinised.
Environmental effects on the WEC which may develop
over time such as marine growth and corrosion should
be monitored during the test phase. This should be part
of maintenance visits to the device. These effects
should be quantified further once the deployment
period has finished and the WEC has been recovered.
These effects and other environmental monitoring can
form the basis for more comprehensive EIA work that
will be required before commercial deployments.

-

-

2.4 Health and Safety
Sub prototype sea trials will also be the first time
that many of those working on the development of the
WEC will experience working in the hazardous
environment of the open ocean. It must be remembered
that even though sub-prototype scale test sites are
generally sheltered and regarded as having benign
wave conditions, a storm sea at these sites can be a
ferocious environment to work in [1]. As with any
operations at sea, health and safety is an important
consideration for sub-prototype scale testing. A plan for
health and safety should be developed to include all
stages of the sea trials including the launch, towing the
WEC to and deployment at the test site, all operations
during the sea trials, service visits and
decommissioning.
Again a document has been published for the
Galway Bay Test Site outlining safety requirements for
testing there [5]. Further information relating to health
and safety during sea trials can be found in [6]. Both
these documents should be consulted while planning
the sea trials. Some important health and safety
considerations are listed below.
-

-

-

-

-

-

-

The seaworthiness, safety and integrity of the
WEC hull and moorings should be verified by
a naval architect prior to launch. The moorings
and hull should be designed conservatively.
Reserve buoyancy should be incorporated into
the hull to prevent total sinking in the event of
a hull breach.
Training must be provided to all staff for
offshore and marine operations. This must
include survival at sea training. Only
personnel who have been provided with this
training should be involved in offshore and
marine operations.
A list of power down and lockout procedures
for all electrical/ mechanical/ hydraulic
systems should be provided to ensure that
none of these systems can become energised
when onboard maintenance and repairs are
being undertaken.
Knowledge of the test site and prevailing sea
conditions around the test site is very
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important for transport of the WEC and
service visits to the site. Windows and the
duration of these windows where trips can
occur should be forecast ahead of time.
Information from other parties familiar with
the sea conditions in the vicinity of the test
site is also useful. Where possible local boat
crews should be used for transport to and from
the test site.
An emergency response plan for personnel
injuries occurring onboard the WEC should be
provided. A first aid kit should be contained
onboard the WEC. A documented accident
reporting procedure should also be provided.
Any faults in the electrical/ mechanical/
hydraulic system of the WEC should be
recorded and their impact on the safety of the
system understood.
All compartments onboard the WEC should be
fitted with bilge alarms and automatic bilge
pumps in the event of water ingress. A drift
alarm should be installed to give a rapid
indication and warning of drift of the WEC
outside the designated testing area. These
emergency systems should be on a separate
priority warning circuit and have a separate
power supply to the rest of the WEC subsystem. An alarm response plan should be
provided and the alarm system should be
monitored continuously to facilitate rapid
response to an alarm.
Failure modes and survival scenarios should
be drawn up prior to commencement of the
test programme. These should include hull
breach situations, mooring failure and power
take off malfunction and other unlikely
situations.
A detailed emergency plan outlining actions to
be taken in the event of catastrophic failure,
drift or sinking of the device should also be
provided. A local contact on standby in case
of emergency should be designated and
suitable recovery vessels identified.

Deployment and Recovery Operations

3.1 Pre-launch testing
In order to undertake sea trials the WEC sub-system
will have to be designed and installed onboard the
WEC. The sub-system includes all components, apart
from the WEC hull and moorings, necessary for the
device operation and completion of the sea trial
programme including the Power Take-Off (PTO), the
electrical system, the control system, the sensors and
data
acquisition
(DAQ)
system
and
the
communications system.
At this stage, all parts of the sub-system will have
been modelled, designed and tested during Stage 1 and
2 of the standard WEC development protocol and
during the bench testing phase of Stage 3. During the
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bench testing phase of Stage 3, as much of the subsystem as is possible should be integrated for testing.
This will highlight any problems or design changes
required prior to installation onboard the WEC. Once
the bench testing has been completed, installation and
final testing and checks of the sub-system onboard the
WEC can begin.
It is convenient to undertake this installation and
testing in a dockside facility close to the launch site in
Galway Harbour. This will mean that the distance to
transport the fitted out WEC to its launch site will be
minimised. Equipment necessary for the fitout and
testing (e.g. heavy lifting equipment, diesel generators,
etc.,) can be obtained conveniently in this area.
As much of the sub-system as is possible should be
tested once installed onboard the WEC, both
individually and to ensure operation with the rest of the
sub-system. This gives a further chance to highlight
any problems or issues with the design. It is important
to identify as many potential problems as possible at
this stage so that they can be rectified prior to
deployment at the test site. Once the WEC has been
deployed, problems which occur are more difficult, if at
all possible, and more expensive to rectify.
A test plan and schedule should be drawn up and
followed for this onshore testing phase and amended
where necessary. The test plan will be different for all
different WEC types but at a minimum should include
a detailed programme of tests to ensure the following:
-

-

-

-

Any required repairs or replacement of sensors and
cameras are far easier undertaken on dry dock than
once the device has been deployed at the test site.
Prior to device tow out a final walk through the
WEC hull should be performed which should include
the following:
-

-

-

-

Ensure all items not required for sea testing
are removed from the WEC including
equipment and all personal belongings
Ensure all loose objects on board the WEC are
adequately secured to stay in place for tow out
and wave conditions at the test site.
The onboard control room should be seafastened including all power distribution
boards.
All systems should be powered off for tow out

3.2 Deployment
WECs deployed at the Galway Bay test site will
more than likely be launched at Galway City Harbour
and towed to the test site from there. Galway Harbour
is the location most convenient to the test site that can
accommodate the necessary transport, lifting equipment
and tow boats. There are also dockside facilities close
to the harbour that can be used for marshalling of
components and equipment, installation of these
onboard the WEC and completion of the onshore
testing programme.
A plan should be devised to transport the WEC to its
launch site and launch it into the water in a safe, secure
and controlled manner. All necessary permissions to
achieve this should be obtained from the relevant
authorities well in advance. It needs to be ensured that
adequate heavy lifting and transportation equipment are
available on the chosen date of launch.
After the last pre-deployment tests are completed in
the water at the dockside, the WEC is ready to be
towed to the test site. A plan should be drawn up for
safe transit and towage of the device to the test site and
for installation at the test site. A suitable tow boat may
need to be booked well in advance of this operation. It
should be noted that the WEC can only be towed out of
Galway Harbour during high tide as the gates in the
harbour can only be opened during high tide level.
Towing the device 15km from Galway Harbour to the
test site is a slow process and may take a considerable
amount of time (e.g. 6-10 hours). It should be checked
that a weather window of adequate duration is available
for this operation.
The installation procedure should be performed in
accordance with planned procedures. Once installed at
the test site, all systems should be made active and
verified. The following list gives guidance on the final
checks that should take place once the device has been
made active at the test site.

Sensors and cameras installed as required and
functioning correctly
DAQ and logging functioning as required
Onboard and shore communications installed
and functioning as required
Onboard electrical system installed and
functioning as required including fail safe and
emergency shutdown modes,
PTO and all PTO sub-components and
systems installed and functioning as required
including required control laws, fail safe and
emergency shutdown modes
Safety and alarm systems including drift,
bilge, electrical system failure alarms installed
and operating as required
All the above functioning as required when
integrated together onboard the WEC

A snag list of items which require attention should
be drawn up as problems are found during the tests and
a checklist made to ensure completion prior to the
WEC being launched into the sea. Once this test plan is
complete, the WEC is ready for transport to the launch
site and to be launched into the sea. Further testing
should be undertaken once the device has been
launched to ensure everything is working correctly
after transportation and launch into the sea.
This will provide as much confidence as possible
that the WEC and sub-system can operate as designed
for extended periods of time in the offshore test site.

-
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Confirm all electronic safety equipment is
active (e.g. safety alarms, marker lights etc.)
Verify data logging onboard WEC
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-

Verify sensible readings are being obtained
from all sensors
Verify data is being sent to shore
Verify control of PTO from shore (including
braking, shut down, emergency stop etc.)
Final check that all items not required for sea
trials have been removed from WEC

-

-

After these checks, the WEC test programme can
commence.
3.3 Recovery
On completion of the sea trials programme, the
device will be towed back from the test site into
Galway Harbour where it will be lifted out of the water.
Again a plan needs to be put in place to ensure that this
operation is done in a safe, secure and controlled
manner. The WEC will then be moved to a facility
where it should be inspected for structural integrity,
corrosion, marine growth etc. The test site must be
returned back to its pre-sea trials condition.

4.2 Duration of Test Programme
One of the big differences between moving to the
sea trial phase of a wave energy device is that the wave
conditions can no longer be controlled or produced on
demand. The naturally occurring wave conditions
which occur must be accepted during the test
programme. Because of this it is not possible to specify
a duration over which the sea trials should occur.
The WEC will need to be tested over the range of
sea states that it will operate in. The test duration needs
to allow sufficient time for all the required sea states to
occur naturally. The device should be tested in each of
these sea states, for each of the control laws being
tested, as many times as possible to increase confidence
and reduce the uncertainty in the results. The WEC
should also experience survival sea states.
An estimate of the duration of the test programme
has been given in the standard protocol of 6-18 months
[1]. The test schedule must be robust and capable of
accommodating sea states as they occur. The budget
needs to take this into account and the monitoring team
should be flexible so that the WEC can be monitored
continuously during production periods if required.

4 Test Programme
4.1 Test Programme Objectives
The objectives for the WEC test programme at the
Galway Bay Wave Energy Test Site should be such as
to continue the development of the WEC in accordance
with the development protocol for wave energy
systems [1]. This stage represents the move from
controlled laboratory testing conditions to testing in the
open sea where sea and other environmental conditions
must be accepted as they occur. It is the final step
before the full scale WEC prototype is built and thus is
the final opportunity in the design process to relatively
quickly, easily and inexpensively learn about the
inevitable problems associated with the WEC. It is also
the first opportunity to fully test certain elements of the
WEC such as the PTO and control strategies. The
primary objectives for the sub-prototype scale test
programme of a WEC are as follows:
-

-

-

o WEC pressures, forces, torques etc
Investigate other parameters that may not have
scaled well during smaller scale testing
Provide data necessary to validate and
calibrate any numerical models (e.g. PTO,
hydrodynamic etc.) that are being developed
as part of the WEC development
Investigate service and maintenance schedules
Test PTO control strategies
Monitor environmental performance of the
WEC at sea. Environmental data gathered at
this stage can be used for the design and as
part of the Environmental Impact Assessment
of the full scale WEC.

4.3 Sensor Specification
There are two main functions that the sensor
specification for the test programme must fulfil. Firstly,
the sensors must ensure that a comprehensive and
validated set of data, both of the WEC and the sea
conditions, is collected for the sea trials. (Note: The
wave conditions at the test site are measured by a
Datawell Waverider directional buoy and can be
obtained through the Marine Institute data request
programme [8]) Secondly, the sensors must allow for
real time monitoring of the device and components to
ensure that they are functioning correctly which helps
to protect the system. To fulfil the above criteria, the
WEC will be fitted with a bespoke package of sensors
specific to that device. The following guidelines should
be implemented in the specification of the sensors.

Demonstrate continuous autonomous and safe
operation of the WEC, and sub-system, in
particular the PTO, for an extended period of
time (~350 hours) and demonstrate that the
WEC and its sub-system is fit for purpose
Evaluate the PTO design including the power
electronics
Produce a verified power matrix and capture
length matrix for the WEC and estimate the
average annual energy production for the
device to enable improved economic
assessment. This should be done using the
same methods as outlined in for full scale
WECs in [7].
Validate results obtained during previous
stages of WEC development including:
o Power Output
o RAOs
o Mooring Loads

-

5

The basic sensor configuration must reflect the
primary objectives of the sea trials. This
includes instantaneous power measurement at
each phase of the conversion process from
wave to wire. All physical parameters
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-

-

-

-

-

necessary to safely advance the design device
stage must be included. Mooring loads,
stresses and strains in various locations along
the WEC and pressures at various key
locations in the WEC should be measured to
further the design of the reaction sub-system.
All parameters that had previously been
measured during smaller scale testing should
be measured for validation of these results.
All critical components whose integrity is
crucial to the safe operation of the WEC
should have sensors fitted. Onboard cameras
are also useful for ensuring the integrity of the
WEC hull.
It should be ensured that all sensors that are to
be used for the sea trials are robust and
capable of surviving in the marine
environment for the duration of the test
programme. The lifespan of sensors on battery
packs, which will be independent of the
onboard PTO system, should be considered
because once the device has been deployed it
may not be possible to access the battery
packs to replace them.
Redundancy should be allowed for in the
sensors. This allows for validation of results
obtained by individual sensors. It also means
that if an individual sensor malfunctions,
another sensor is available to measure that
parameter. This can be achieved either
through duplication of a sensor or by
measuring a separate independent parameter
from which a value can be derived.
Replacement or repair of sensors may prove
difficult (if not impossible) once sea trials
begin. Where possible, sensors should be
located so that they can be easily replaced or
calibrated during routine maintenance.
Recordings of wind speed and direction
should be made at or near the WEC during the
sea trials. This is particularly useful for the
analysis of the sea state in terms of sea or
swell. Measurements of temperature, pressure
and humidity can also be made.
The data acquisition rate must be sufficient to
record simultaneously all required channels at
a rate to clearly relate the incident energy
variation with the physical quantities in the
subsystem. A faster acquisition rate may be
required for certain sensors to capture short
term peaks (e.g. wave slamming on the
structure, snatch loads in the moorings etc.)

due to short term data transmission failure. However it
runs the risk of loss of data if the WEC’s hull is
damaged. A real time verification method is required to
remotely check sensors, system operation and fidelity.
This can be achieved by using a telemetry system
linking the onboard data acquisition system to shore.
This system should be used for regular (at least daily)
back up of recorded data. It is also very useful to use
remote access for tasks such as maintenance and
diagnostics, remote shut down, power up, system reset
and for changing operating parameters and control
laws. A back up form of remote access such as a 3G
connection should also be set up.
The data acquisition system for the WEC data will
be separate from that used by the Marine Institute for
the wave measurements. It is vital that WEC
measurements are time stamped to ensure consistency
in synchronisation of WEC performance measurements
with wave measurements.
4.5 Sea Trials Log
It is very important that a detailed operations log is
kept for the duration of the sea trials. This should
include device status, start and end times of power
generation, the control law in operation and changes to
the WEC sub-system set up. It should also include
component failures, downtime, repair actions, service
visits etc. Any changes, even those which may seem
trivial at the time should be logged. All of this can help
if discrepancies are found in the measurements during
the analysis.

5 Outputs
The outputs from the Galway Bay sea trials
programme will determine whether the WEC
development should move on to the next stage of the
development protocol.
The following outputs should come from the Galway
Bay sea trials programme to enable further assessment
and development of the WEC:
-

-

4.4 Data Acquisition and Communications
System
There is no connection to shore for data transmission
at the Galway Bay Wave Energy Test Site. This means
that all data acquisition hardware, including primary
logging and storage will be located on the hull of the
WEC. This has the advantage of security of data loss

-

6

Performance characteristic as a verified power
matrix for each control law tested and as a
verified capture length matrix along with a
measure of the uncertainty in the matrices
guidance for which should be taken from [7].
If parameters such as directionality or spectral
width have a bearing on the power output,
these parameters should be included as an
extra index in the power matrix.
Improved prediction of annual energy output
and economic assessment of WEC
A time series of the power output of the WEC
to be used as an input into a power system
simulation for modelling a grid connected
WEC.
Verification of structural loads and survival
conditions for which the WEC hull and
moorings must be designed for
Systems and components reliability data
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-

-

Service and maintenance log and draft manual
Impacts of WEC on environment or of
environment on WEC
Demonstration of safe, secure and controlled
deployment, recovery and decommissioning
techniques
Demonstration of control strategy for full
scale WEC
Validation of results of parameters measured
during smaller scale testing.

-

-

-

6 Conclusions
Sub prototype scale testing of a WEC is an important
stage in the development of WECs. This stage is up to
this point in the WEC development, the most costly,
time consuming and challenging stage. A Galway Bay
Sea Trials Manual, which is being produced by HMRC,
aims to help developers produce a comprehensive and
transparent set of data from sub-prototype scale testing
at Galway Bay. This should provide confidence and the
necessary information for the further development of
the device.
Key elements to ensure the success of quarter scale
sea trials at Galway Bay include the following:
-

-

-

-

-

-

of remote access such as a 3G connection can
also be set up.
It may be useful to power onboard cameras
from an independent battery supply so that
visuals are available even when the electrical
system has gone down.
The sea trials should be extended as required
so that all required sea states and operational
modes are tested a number of times.
It is important that the teams involved in the
sea trials project, including boat crews, are
flexible with regard to travel and time.
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