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Renewable energy solutions provide many
interesting technical contrasts to traditional carbon
based fuel generation approaches. One of the most
crucial is that it is not possible to transport the energy
resource itself to a centralized processing plant, or ship
the resource across borders. Consequently renewable
energy generation solutions available to each country
are specific to the raw resource available in-situ,
although the product generated (e.g. electricity) is
potentially transportable. In the UK, the most mature
renewable technology option of hydro generation is
already quite well developed, leaving only a relatively
small untapped resource for further large-scale
development. Of the other established renewable
solutions, onshore and offshore wind developments
have been identified as fundamental to meeting near
and medium term renewable energy targets. Hence
exploitation of the wind resource in recent years has
rapidly accelerated, and is expected to continue to ramp
up with extensive offshore developments planned [4].
Other maturing renewable energy solutions such as
solar and biomass are less suited to the UK than in
other countries because of resource restrictions and the
impact this has on project economics. These renewable
energy approaches are perceived as being potential
niche solutions, not significant on the broad scale in the
UK market. Of the less mature emerging technology
solutions, marine renewables have become a focus of
interest in the UK both in terms of public perception
and government policy action. This interest is largely
driven by the excellent resource potential that exists in
UK coastal waters. In order to exploit this resource,
technology currently under development must be
demonstrated to be robust, efficient and with future
prospects of producing energy at a competitive cost.
Marine renewable energy is generally considered to
embody wave and tidal current energy solutions, even
although the technology to harness the energy in these
resources, and the fundamental scientific drivers of the
resource are actually quite different and distinct.
Alternative tidal solutions (e.g. barrage) are generally
considered separately. Leading wave and tidal current
technologies have reached the stage of precommercialization
full-scale
deployment
and
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1.

Introduction

The response of the European Union to
anthropogenic climate change impacts [1] has been to
set ambitious targets for the reduction of Greenhouse
Gas emissions. The UK contribution towards these
targets includes cutting CO2 emissions by 34 per cent
of 1990 levels by 2020. In order to meet these targets,
the UK government envisions that 40 per cent of the
electricity used in 2020 will come from low carbon
sources [2], and is additionally seeking an 80%
reduction in emissions by 2050. Renewable energy
production obviously has a crucial role to play in
meeting these targets, as the majority of existing
traditional energy production approaches are reliant on
the burning of finite carbon based fuel sources. Given
that only around 5.5% of UK electricity generation
(2.25% in total energy terms) is currently derived from
renewable sources, a major overhaul of the existing
energy mix is envisaged by the UK government [3].
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through an engagement, interview and workshop
process [8-9]. The authors of the original document
have now been engaged to review and reassess the
preliminary methodology in light of industry
development in the interim period and experience
gained by the ongoing testing of the Protocol procedure
by a leading technology proponent. This paper will
present a description of the methodology adopted for
the original development and continued evolution of
the Protocol. Other complimentary approaches to
performance testing of tidal current energy devices
arising in the interim period will also be outlined.
Finally, key improvements identified to reflect up-todate understanding of the monitoring of full-scale tidal
current energy device performance appropriate for
inclusion in the MRDF Protocol will be relayed.

demonstration. Many technology approaches are under
consideration, with device readiness levels spanning
from the drawing board to at sea testing [5].
A significant proportion of the global development
of marine renewable technologies has taken place in the
United Kingdom, in part due to the potentially
available resource for exploitation. However a key
additional driver has been the supportive government
policies on offer; the UK government has put in place
various economic support mechanisms to stimulate
marine energy technology development. At the
advanced Demonstration and Deployment stage, one of
the key support components is the Marine Renewable
Deployment Fund (MRDF), now administered by the
Department of Energy and Climate Change [6].

2.

Background
3.

On 2nd August 2004 the United Kingdom Secretary
of State for Trade and Industry announced a new
‘Marine Renewables Deployment Fund’ (MRDF)
worth £50 million. At the core of this program is a
‘Wave and Tidal Stream Energy Demonstration
Scheme’. The focus of the MRDF is the demonstration
of arrays of grid-connected marine renewable energy
devices using technologies that have an existing history
of full-scale deployment and operation. The MRDF
demonstration scheme provides a balance of (partial)
capital support and (capped) supplementary revenue
payments related to electricity generation. As only
partial capital support is provided from the public
purse, a substantial contribution (minimum of 75%)
must be sourced through other means. This level of
capital support is in line with the evolution of the
balance of public to private support available via
various UK government technology development
funding schemes to assist in the development of new
concepts through their design life towards maturity.
An important objective of the MRDF Scheme is the
production of transparent, unambiguous, consistent and
meaningful assessments of the performance of marine
renewable devices and the economic evaluation of any
projects undertaken. A key component of this objective
is embodied in a clause in the MRDF agreement that
requires funded proponents to report performance
characteristics of a device in the supported project
using a commonly identified methodology. Due to the
immature stage of industry development at that time,
such methods did not exist. The need for the
development of an equitable methodology for the
testing and reporting of device performance therefore
identified. Hence, in 2006 the University of Edinburgh
(UoE) was commissioned with the production of a
‘Tidal Current Energy Device Performance Assessment
Protocol’ (hereafter referred to as the Protocol) to meet
these requirements. A similar Protocol document was
also commissioned for the purpose of equitable
performance assessment of wave energy devices [7]
In 2006/7 the preliminary Protocol method for tidal
current energy device performance assessment was
developed by combining the latest research-led
understanding with stakeholder contributions procured

Philosophy

The original project brief called for the development
of a rigorous device performance testing approach at
the level of an international standard. Given the
immature state of the industry, and in particular large
uncertainties regarding the environment in which the
technologies are intended to operate, this was deemed
unreasonable by the project team. The UoE team
therefore had to work with the client to identify and
distil the key requirements into a definable problem.
The agreed upon objective of the work was to produce
a Protocol that is ‘fit-for-purpose’ within the limitations
of current understanding, and therefore ready for
immediate application when required within the
confines of the MRDF Scheme. Fit-for-purpose in this
context is defined as obtaining an effective balance
between quality and quantity of data collection,
processing and delivery and operational achievability
without being overly burdensome on the Scheme
participants. It was also acknowledged that as an
emerging technology solution, the companies
developing devices to exploit tidal current energy are
concerned about commercial confidentiality and IP
issues regarding how their individual devices operate.
The development of the Protocol methodology had to
take account of these concerns in order not to
compromise proponents in the MRDF Scheme, or
worse provide a disincentive to participate. Therefore,
an important early decision made in consultation with
the client was that the intent of the device performance
Protocol within the Scheme was specifically to
demonstrate how much usable electricity was produced
from a given resource. The Protocol is not an attempt
to produce an all-encompassing technology assessment.
How the technology interacts with the resource and
converts the energy captured into usable electricity for
delivery to the grid is considered as a ‘black-box’
operation by the Protocol. Instead, what was considered
would illustrate technology readiness for market would
be a demonstration of long-term reliability and
measurable electricity generation for a given
investment. The data to inform this is considered the
key output of the Scheme, and guides the provisions of
the Protocol. It was also considered important that the
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Change (DECC) [6]. The reason for publication of a
‘preliminary’ version of the Protocol was the
acknowledgement that the prescribed methodology was
untested, as no full-scale demonstration tidal current
energy device existed to provide a platform for
validating the performance assessment methodology.
Since the original release of the preliminary
Protocol, the International Energy Agency Ocean
Energy Systems Implementing Agreement under
Annex II of their activities has also adopted the
document. Further endorsement of the approach is
provided by identification of the Protocol by various
device and project developers as the preferred means
by which they will monitor and assess the performance
of their open sea trials of prototype devices.

data requested from the proponents was not ancillary to
their own development process – the intent was not to
duplicate existing monitoring and assessment, but to
complement it. It is expected that the majority of
technology developers would surpass the mandated
level of monitoring and assessment in the course of
their own technology evaluation and development.

4.

Development timeline

It is important to see the development of the original
Protocol documentation [8-9] in the context of when it
was developed (2006), and with the intended purpose
and usage of the document in mind (as outlined in the
preceding sections). It is important to highlight that the
MRDF Protocol process is not intended to replicate the
development of International Standard documents.
Protocol development precedes the establishment of the
International Electrotechnical Commission (IEC)
Technical Committee (TC) 114: Marine Energy Wave
and Tidal Converters. The Protocol has a specific
purpose within the MRDF Scheme, and hence is a
bespoke solution for a specific targeted application.

4.2 EMEC Standard and Guideline documents
In 2007-2008, EMEC coordinated the development
of a suite of Standard and Guideline documents by
marine renewable energy industry stakeholders on
behalf of the Scottish Government and UK Department
of Business, Enterprise and Regulatory Reform
(http://www.emec.org.uk/standards.asp). The scope of
these documents was much broader than the Protocol,
with the intent to be the precursor to the development
of International Standard documentation. Documents
spanning subjects from health and safety through
resource assessment to project development have been
created. [11] and [12] overlap with the remit of the
Protocol, further extending the requirements of the
user, with the intent of application once the technology
has reached a more mature market stage. Hence,
although there is value added over the Protocol
approach, whether this falls within the ‘fit-for-purpose’
intent of the Protocol and is therefore worthy of
adoption is the subject of ongoing assessment.

4.1 Protocol documents
The approach taken in developing the Protocol and
underlying methodology involved five main stages in
order to meet the objective. The first stage was to
examine approaches adopted in more mature industries
where the technology employed and operating
conditions could be considered to be analogous to the
tidal current energy case. In this respect, IEC 6140012-1 [10] was a crucial normative reference.
Consideration was then required whether or not the
differences between the systems and underlying
physics invalidated the transferability of the
methodology for the targeted application. From this
platform, and tapping into the accumulated knowledge
of the tidal current energy resource and technology
operation held at UoE, the second stage involved the
production of a draft version of the Protocol, obtaining
input from key stakeholders where deemed appropriate.
Stage three involved hosting a workshop with, and
inviting written response from identified key
stakeholders to discuss the draft Protocol document and
underlying approach. Stage four involved analysis of
the feedback provided from the consultation in stage
three, adoption, refinement or rejection of the responses
and proposals received and alteration of the relevant
aspects of the Protocol impacted on. Stage five
produced the key project deliverables; the preliminary
Protocol and accompanying documentation identifying
key knowledge gaps that impact on the performance
testing of tidal current energy devices.
The client (DTI) published a ‘preliminary’ version of
the Protocol in 2007. Reporting to the MRDF Scheme
operating agent following the Protocol procedure is a
requirement of Scheme participants as identified in the
contractual documents that will be issued as a precursor
to participation. The MRDF Scheme now falls under
the remit of the Department of Energy and Climate

4.3 IEC TC114 activity
In 2007 the IEC established TC 114 with the intent
to develop International Standards for wave and tidal
energy technologies that will help establish this
promising source of renewable energy as a competitive
form of electrical energy production. An international
working group and projects teams (4) have since been
established to work towards this goal. The current
intent is to release a series of Technical Specification
(TS) documents in 2012-13 as a prelude to the
development of fully fledged International Standards
(IS) as the necessary technology evolution and
scientific understanding reaches maturity. A TS is
published when required support for an IS cannot be
obtained, when the subject is still under technical
development, or when there is a future - but no
immediate - possibility of an International Standard
[13]. The relevant EMEC documents [11, 12] have
been proposed and adopted as the starting point for the
development of IEC TC114 activity that overlaps with
the intent of the Protocol. Both the authors are involved
in a coordinating or technical role in the development
process of these TS documents. A variety of national
and international workshops have shaped the ongoing
3
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• The first procedure specifies a methodology for
characterising the resource available at the
intended location of the test site prior to
installation.
• The second procedure specifies a methodology for
characterising the device performance envelope.
Device performance is characterised using a
measured power curve, by maintaining a longterm record of energy production and a
continuous record of operational status over the
same long-term timeframe.
The procedure to characterise the local resource is
conducted prior to site development in order to quantify
the undisturbed resource. One of the intentions of the
MRDF Scheme is for the proponent to demonstrate the
ability and accuracy with which they are able to
forecast the performance of their device and electricity
generation potential. Conducting the local resource
characterization using a standardized approach enables
all potential Scheme participants to conduct forecasting
based upon a common understanding of the receiving
environment. Any assessment of device performance
must account for local tidal resource characteristics at
the specific site as well as the device outputs as the two
are intrinsically linked. A survey of the site in
accordance with the requirements of IHO “Order 1”
standard as prescribed by the International
Hydrographic Office Standards for Hyrdrographic
Surveys [14] is required. Scheme participants are
exempted from identified clauses within the IHO
standard that are not deemed relevant for this particular
application. The tidal current resource is monitored for
a minimum continuous period of 30 days using acoustic
Doppler (hereafter ‘AD) techniques. The measurement
record is then analysed using harmonic analysis which
enables characterization of the velocity and hence
energy resource at the site and prediction of both
variables into the future.
The performance envelope of an individual Tidal
Energy Converter (TEC) device is characterized using
a power curve in a manner similar to that adopted by
the wind industry [10]. The power curve relates the
variation of electrical power produced by a particular
TEC device to the variation in the magnitude of the
incident resource (characterised as the locally measured
current velocity). The power curve is generated by
collecting simultaneous measurements of current
velocity and electrical generation by an individual
device for a 15-day period. This ensures that a fully
representative range of tidal current velocities and
associated power outputs are captured, as a complete
Spring-Neap cycle would be observed. In order to fully
assess TEC device operation, performance, and
maintenance requirements, data relating to net annual
electrical power production into the receiving national
grid infrastructure authority and operational status are
also required to be gathered across the duration of the
supported project. Data from the receiving national grid
infrastructure authority is also used to validate the
energy production monitored directly from the device
during the detailed 15-day assessment period.

evolution and development of the TS documents. The
international perspective brings additional knowledge
and know-how to the table, but also requires a
widening of the scope in order to be appropriate for all
potential applications. An IEC TS document will by
definition be more rigorous and potentially burdensome
on proponents, and is necessarily geared towards
commercial operation as opposed to technology
development and testing. Again, as is the case for the
original EMEC documents, whether the additional
content currently incorporated in the early stage draft
TS documents is ‘fit-for-purpose’ for the Protocol is the
subject of ongoing assessment.
4.4 Protocol testing and further development
Since 2009, a leading tidal current energy
technology developer with a large-scale precommercialisation device installed at sea for
demonstration and testing purposes has been tasked by
DECC with ‘road-testing’ the Protocol methodology
now that an appropriate grid-connected device is
available. In parallel, the original authors of the
Protocol procedure have been engaged to assess the
outcomes of the road-testing experience, and re-assess
and alter the proposed approach where deemed
appropriate. Additionally, field experience gathered by
various key stakeholders in the interim period (e.g. test
centres, technology developers and academic
institutions) will also be gathered and assessed. Finally,
the significant progress that has been made during the
development of the EMEC and IEC documents will
also be considered. What remains of the utmost
importance is to assess all of the experience that these
various inputs embody such that the updated Protocol
procedure and documentation maintain the original ‘fitfor-purpose’ remit for the MRDF. It is also vital to
ensure that the finalised procedure in no way inherently
favours one proponent or device topology over another.
Foreseeing potential to bias the outcome of the analysis
embodied in the Protocol to the advantage of a
proponent is not a simple undertaking! However the
need for operational achievability also requires
flexibility in application, particularly in light of the
significant variation in both the local environment that
a device may be deployed in, and the variety of design
approaches that remain under investigation by various
proponents. Hence there is a delicate balance to be
found between being overly-prescriptive versus leaving
too much room for manipulation. The review and
evolution of the Protocol procedure and documentation
as described herein is an ongoing task in parallel with
the road-testing activity, scheduled for completion in
late 2010.

5.

Summary of the Preliminary Protocol

The preliminary Protocol document stipulated two
separate procedures. Both procedures specify a field
based
measurement
program,
data
analysis
methodology and standardised reporting format, which
are summarised as follows [8]:
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on device performance and operation has yet to be fully
discerned. It is of crucial importance to highlight that a
key component of assessing the performance of a TEC
device is an accurate measure of the local velocity
characteristics flowing through the device. AD devices
are the acknowledged ‘gold standard’ in the
oceanographic community for monitoring flow
characteristics through the water column. However the
tidal energy community must recognise that the desired
accuracy that they would wish to achieve using these
devices for monitoring the input to their respective
devices is certainly pushing the envelope of AD device
performance, particularly when considering the
extreme environment that the device is being exposed
to, and expected to accurately monitor.

5.1 Knowledge gaps
Significant
‘grey’
areas
of
fundamental
understanding place restrictions on the existing
Protocol. By and large the continued existence of these
knowledge gaps remains the case, as is reflected in the
approach of the IEC to develop TS documents prior to
later development of an appropriate IS. The timescale
for delivery of the TS indicates that the earliest that it
would be reasonable to expect the publication of an IS
for performance assessment of a TEC device is towards
the end of the current decade at the earliest. The key
‘knowledge gaps’ identified during the process of
developing the Protocol are outlined in [9]. Some
progress has been made in these areas in the interim
period, hence part of the review process is to assess
whether further provisions need to be incorporated into
the updated Protocol. Identification of these knowledge
gaps has provided pointers for future research needs
that will need to be addressed if the exploitation of tidal
current energy is to develop into a mature industry.
An example knowledge gap is the impact of ambient
turbulence
on
TEC
device
performance.
Fundamentally, there is little (if any) understanding of
what impact turbulence will have on device
performance. To further complicate the issue, the
means of actually measuring turbulence characteristics
of the tidal environment are highly complex and
potentially expensive. The generally accepted methods
are best at providing data regarding turbulence
characteristics at a single point in space [15]. Attempts
to measure turbulence using AD techniques and hence
provide coverage throughout the water column have
also been proposed (e.g. [16, 17]), and hence would
seem most appropriate for application in the tidal
current energy context. The effort required to derive
these quantities is highly relevant for informing TEC
device design (e.g. assessing blade fatigue). It remains
unexplored how these characteristic flow properties
will improve or diminish energy generation from a
TEC device, or whether or not they will impact
different devices to a greater or lesser degree. The
potential impact of additional turbulence imparted into
the water column by devices in a farm upstream of
other devices further complicates the observation and
analysis of impacts. The reality is that the overall
impact on performance characteristics will most likely
only be bottomed out through long-term experience of
operation in the field.
Other potentially significant factors affecting device
performance and operational parameters that remain
parked as ‘knowledge gaps’ include
• wave-action and wave-current interaction,
• interaction between devices,
• the accuracy and reliability of available
measurement technologies and techniques in such
extreme conditions,
Hence various sources of uncertainty in observing
the characteristic performance envelope of a TEC
device remain unresolved. The impact of some of these
knowledge gaps on TEC device design may be
surmountable with existing understanding. The impact

6. Testing and experience to date
Road-testing of the Protocol procedure has been
ongoing for over a year. The data collection and
reporting related to the last stage of the Protocol,
annual monitoring of net electricity production and
operational status have still to be completed. The
testing process has highlighted where areas of
ambiguity exist in the text or aspects that are
potentially open to more than one interpretation. The
operational achievability of the various Protocol
stipulations has been successfully demonstrated. This
will potentially enable tightening of certain sections of
the procedure embodied in the Protocol where
flexibility was previously provided in light of concerns
from the stakeholder community regarding operational
achievability. An example of this is the positioning of
tidal current monitoring device(s) with respect to the
TEC device when gathering data for populating the
TEC power curve. Previously two alternative
approaches were available, although from a technical
standpoint one was preferred. The preferred option has
now been demonstrated, and hence the alternate can be
omitted in future. Other outcomes and recommendation
that have arisen from the testing experience and
developments in understanding since the original
release of the preliminary Protocol document include:
• The potential need for separate power curves
relating to performance on the flood and ebb
cycles of the tide. Experience is suggesting that an
amalgamated power curve as would be the case in
the wind industry introduces potentially
significant inaccuracies (e.g. when using the data
to assess annual energy yield). The contribution of
various characteristics to the differences in flood
and ebb tide TEC device performance are still
undergoing investigation. Asymmetry of the TEC
device, variations in the resource (e.g. different
levels of vertical shear and turbulence) and
variation in the (horizontal) ‘angle of attack’ of
the device appear to be the main sources of
variation. This raises further issues regarding
whether some aspects identified are device
specific, or device performance related, whereas
others are inherent variations in the resource at
that particular location.
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• Updating and adjusting as required of provisions
relating to normative reference documents have to
be addressed (e.g. the new addition of the IHO
Standards for Hydrographic Surveys [18] now
splits the referenced ‘Order 1’ classification into
two separate classes).
• Classification of uncertainty levels at various key
stages of the Protocol assessment and reporting is
strongly under consideration for inclusion as part
of the Protocol procedure. The appropriate
methodology is under ongoing investigation
• Additional reporting and monitoring requirements
have been identified as necessary for establishing
the heading of deployed AD devices as the
reliability of the compass data provided onboard
by default is not necessarily reliable. Similar
additional provisions relating to monitoring of
compass and clock drift during the deployment
and correction when required will also have to be
incorporated in the updated Protocol.
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7. Summary
A formalised approach to the assessment of fullscale at sea TEC device performance has been
developed and embodied in a Protocol format. Further
evolution of the assessment philosophy, methodology
and documentation is being informed by ‘road-testing’
of the procedure and consideration of development and
increased understanding in the interim period. The
Protocol approach is specific to the MRDF Scheme, not
an attempt to establish an International Standard type
document. Given the lack of experience in TEC device
performance assessment, the Protocol is considered to
be fit-for-purpose for application immediately without
being overly burdensome on the end user. The original
and updated Protocols strive to embody the best
understanding that is currently available within the tidal
current energy community.
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