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PREFACE 

  
 This document describes a Protocol to manage the 

development of tidal-current energy devices, from concept 
formulation to full-scale demonstration.  The Protocol, 
commissioned by The Department for Business, Enterprise 
and Regulatory Reform (BERR), in September 2007, was 
developed by the Sustainable Energy Research Group 
(SERG) at the School of Civil Engineering and the 
Environment in the University of Southampton.   

 
 The overall aim of this Protocol is to assist in cost-effective 

management of research and development of tidal-current 
power technology, while allowing device developers to 
benefit from the confidence generated by using commonly 
accepted measures of performance. 

 
 A draft Protocol for consultation was disseminated in June 

2008, followed by a workshop held at BERR in July 2008.  
The Protocol was then comprehensively revised into the 
version presented here, taking into account the comments 
received from industry and academia.   

 
 Details of the thinking behind the Protocol, along with 

supporting data, are included in two separate companion 
reports which are part of the SERG scientific report series 
(www.energy.soton.ac.uk). The first report developed the 
background for establishing the Protocol and is entitled, 
“Formulation of the Tidal-current Energy Device 
Development and Evaluation Protocol” (Bahaj et al., 
2008a).  The second companion report contains a set of 
adaptable templates for reporting compliance with the 
Protocol, along with supplementary information and is 
entitled, “Model templates for reporting and 
supplementary information for the Tidal-current Energy 
Device Development and Evaluation Protocol” (Bahaj et 
al., 2008b). 

  
 The Protocol is part of BERR's contribution to the 

International Energy Agency Implementing Agreement on 
Ocean Energy Systems (IEA-OES) and will form the 
deliverable of the UK-led Task 2.2 of the IEA-OES Annex II 
Extension.   
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A full account of the Consultation Workshop is included in 
Appendix C.  Attendees are listed below: 
 

  
  
   

 
 
 

 
 
 
 
 

Written comments received have also been included in 
Appendix B. 

 
 
Prof AbuBakr S Bahaj, Luke Blunden and Dr Arif Anwar 
 
The University of Southampton 
Sustainable Energy Research Group 
School of Civil Engineering and the Environment 
Southampton 
SO17 1BJ 
United Kingdom 
 
August 2008

Person Organization 
Mr Alan Morgan BERR 
Mr Trevor Ragatt BERR 
Mr Steve Wyatt Carbon Trust 
Mr Bill Edgar EMEC 
Dr Peter Fraenkel Marine Current Turbines 
Mr Roger Taylor Strachan & Henshaw 
Dr Fred Gardner Teamwork Technology & Tocardo 
Mr Jeremy Thake Tidal Generation Ltd 
Mr Brian Holmes University College, Cork 
Professor Ian Bryden  University of Edinburgh 



Draft Tidal-current Energy Device Development and Evaluation Protocol 

 
Page iii 

 

CONTENTS 

  
 

Preface i 

Contents iii 

List of Tables ..................................................................................................................................................... iv 

List of Figures.................................................................................................................................................... iv 

Glossary v 

Nomenclature................................................................................................................................................... vii 

Introduction ........................................................................................................................................................ 1 

Summary 1 

Motivation for the Protocol ...................................................................................................... 2 

Objectives and Scope .................................................................................................................. 2 

Approach 4 

Technology Readiness Assessment ....................................................................................... 4 

System, Subsystems and Components ................................................................................. 7 

Application 9 

Stages and Gates ........................................................................................................................... 9 

Defining R&D Requirements ................................................................................................. 11 

Reporting Test Results ............................................................................................................. 21 

Existing Guidelines and Certification Schemes .............................................................. 21 

Changes to Subsystem and Component Design .............................................................. 22 

Specific Guidance for Testing Hydrodynamic and Reaction Subsystems ............. 22 

CFD Analyses ............................................................................................................................... 25 

Economic Analysis Methodologies ...................................................................................... 26 

References 27 

Appendix A: Existing Standards In The Marine, Offshore And Wind Sectors ........................ 28 

Appendix B: Written Comments Received on the Draft Protocol ................................................ 32 

Appendix C: Notes from Consultation Workshop held at BERR on 11 July 2008. ................ 34 

Workshop attendees .................................................................................................................. 34 

Outline of the workshop .......................................................................................................... 34 

Suggestions, questions and comments from the two breakout groups .................. 37 

 



Draft Tidal-current Energy Device Development and Evaluation Protocol 

 
Page iv 

 

LIST OF TABLES 

  
 

Table 1. NASA TRL terminology compared to Stages used in the Protocol ................................ 5 

Table 2. Legend for flowchart labels ........................................................................................................ 10 

Table 3. Terms used to describe  hydrodynamic testing facilities ................................................ 10 
 
 
 
 
 

LIST OF FIGURES 

  
 

Figure 1. Generic subsystems (capitalized) and components (lower case) in a tidal stream 
energy conversion device ................................................................................... 7 

Figure 2. Flowchart showing minimum analysis and testing requirements for 
Hydrodynamic Subsystem.  ............................................................................ 13 

Figure 3. Flowchart showing minimum analysis and testing requirements for Reaction 
Subsystem ............................................................................................................. 13 

Figure 4  Development flowchart – overview of Stages in Protocol ............................................ 15 

Figure 5. Stage 1 sub-flowchart: concept formulation and identification of R&D 
requirements ........................................................................................................ 16 

Figure 6. Stage 2 sub-flowchart: Subsystem testing at intermediate scale / numerical 
simulation. ............................................................................................................ 17 

Figure 7. Stage 3 sub-flowchart: subsystem testing at large scale. ............................................... 18 

Figure 8. Stage 4 sub-flowchart: Prototype testing ............................................................................ 19 

Figure 9. Stage 5 sub-flowchart: Commercial demonstrator testing ........................................... 20 

Figure 10.  Power coefficient versus speed ratio for a 0.8 m diameter scale axial flow tidal 
turbine. ................................................................................................................... 23 

Figure 11. Thrust coefficient versus tip speed ratio for a 0.8 m diameter scale axial flow 
tidal turbine. ......................................................................................................... 24 

 



Draft Tidal-current Energy Device Development and Evaluation Protocol 

 
Page v 

 

GLOSSARY 

  
 
Availability Defined here as the percentage of ‘potential operating time’ (i.e. time 

where the flow speed is above the cut-in speed for the device) in a 
given period, when the device is actually operating.  

BERR UK Government Department of Business, Enterprise and Regulatory 
Reform (formerly called the Department of Trade and Industry (DTI)) 

BEM Blade-element momentum.  An analytical methodology for designing 
propeller-type rotors, simpler and less computationally intensive than 
CFD.  

Breadboard Electronics term used to describe rapid prototyping of electronic 
systems using discrete components, fixed together in a non-permanent 
way. 

CFD Computational Fluid Dynamics. 
Component Part of a subsystem; may vary considerably between different devices 
Commercial demonstrator A full-scale model of a tidal-current power device substantially complete 

and including all technologies; last stage before commercial production  
DNV Det Norske Veritas, an RCS 

Equivalent diameter Diameter of a circle with the same area as the flow capture area of the 
device.  Where the device has two or more discrete capture areas per 
support structure or mooring, the area for the purposes of equivalent 
diameter is the sum of the discrete areas. 

FEA Finite Element Analysis 
Flow capture area For un-ducted devices, the vertical area swept by the hydrofoils.  For 

ducted devices, the largest cross-sectional area of the duct. 
GL Germanischer Lloyd, an RCS 
Hydrofoil A surface designed to give rise to lift when moving through water.  An 

example would be a propeller-type blade on an axial flow tidal-current 
turbine 

IEA-OES International Energy Agency Implementing Agreement on Ocean 
Energy Systems 

Levelized cost of energy Result of Net Present Value calculation giving the present cost of 
energy that will result in break-even over a lifetime of a project with a 
particular discount rate applied. 

Novel Term used to describe subsystem components or procedures, which 
represent large departures from the body of existing knowledge within 
the offshore, marine and wind industries as encapsulated in established 
Standards and guidelines. 

Off-specification Refers to a commercial product that will be used outside the operating 
envelope specified by the manufacturer 

Prototype A full-scale model of a tidal-current power device subject to further 
development 

Rated power Where there are two or more discrete generators on a support structure 
or mooring, the rated power is the sum of the individual rated powers. 

RCS Recognized Classification Society, e.g. DNV or GL 
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Sea-trial A series of tests, in this case on a tidal-current energy device, to ensure 
all subsystems perform adequately at sea 

Stage-gate Generic technology development methodology described in Cooper 
(1990) 

Subsystem Generic subsystem of a device 
Tidal-current Continental shelf current driven by periodic tidal forcing.  Also known 

as a tidal stream. 
TRA Technology Readiness Assessment.  A systematic measurement system 

developed by NASA in order to support assessments of the maturity of 
a particular technology  

TRL Technology Readiness Level. A series of nine levels of development 
from initial idea to final system, used in Technology Readiness 
Assessment 

TSR Tip Speed Ratio.  Equivalent to λ for an axial flow device 
UoS University of Southampton, UK represented by the Sustainable Energy 

Research Group (SERG) in the School of Civil Engineering and the 
Environment 
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NOMENCLATURE 

  
 
Symbol Variable Unit 
A Area  m2 
c Chord of hydrofoil section m 
CP Power coefficient (shaft power)  
CPE Power coefficient (electrical power)  
CT Thrust coefficient  
D Vertical extent of hydrofoil (e.g. rotor diameter) m 
Fr Froude number  
g Acceleration due to gravity m s-2 
h Depth of water m 
p Pressure N m-2 
P Power W 
Q Torque N m 
r Ratio  
Re Reynolds number  
T Thrust N 
U Flow speed m s-1 
V Apparent flow speed at hydrofoil m s-1 
λ Ratio of hydrofoil speed to flow speed  
ρ Density of seawater kg m-3 
σ Cavitation number  
υ Kinematic viscosity of seawater m2 s-1 
ω Angular shaft speed  rad s-1 
   
Subscripts   
0 Undisturbed  
a Atmospheric  
b Blockage  
f Full-scale  
H Hydrofoils  
I Immersion  
m Model  
max Maximum  
t Tunnel  
v Vapour  
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INTRODUCTION 

  
 
Summary  

 

 This document describes a Protocol to manage the 
development of tidal-current energy devices, also referred 
to as tidal stream devices.   

  
 The Protocol recommends a „stage-gate‟ approach to 

development with a total of five stages and gates. A stage 
represents the development activities and the gate is the 
point of evaluation of those activities, where a decision is 
taken to proceed to the next level or perhaps to iterate 
within the same level until certain criteria specified in the 
gate are fulfilled.  Each stage is subdivided into technical 
development and evaluation, followed by economic 
evaluation.  The economic evaluation is refined at each 
stage, to produce a range of estimates of the final cost of 
energy for a particular size array of devices. 

 
 The Development Stages 1 to 3 entail mandatory testing 

and analytical requirements in conjunction with developer-
defined Research and Development.  Stages 4 to 5 are 
concerned with full-scale testing in the sea.  

 
 Details of the thinking behind the Protocol are included in 

a separate companion report entitled, “Formulation of the 
Tidal-current Energy Device Development and Evaluation 
Protocol” (Bahaj et al., 2008a).  A second separate report 
contains a set of adaptable templates for reporting 
compliance with the Protocol, and is entitled, “Model 
templates for reporting and supplementary information 
for the Tidal-current Energy Device Development and 
Evaluation Protocol” (Bahaj et al., 2008b).  Both reports 
form part of the SERG scientific report series 
(www.energy.soton.ac.uk). 
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Motivation for the 
Protocol 

 

 

 The Department for Business, Enterprise and Regulatory 
Reform (BERR), acting in its capacity as UK representative 
to the International Energy Agency Implementing 
Agreement on Ocean Energy Systems (IEA-OES), has 
commissioned The University of Southampton (UoS) to 
prepare a Protocol for the development and evaluation of 
tidal-current energy devices from initial conception to full-
scale demonstration. The final Protocol will form the 
deliverable of the UK-led Task 2.2 of the IEA-OES Annex II 
Extension.   

   

 
Objectives and 
Scope  

 

 

  
 The overall aim of this Protocol is to assist in cost-effective 

management of research and development of tidal-current 
power technology, while allowing device developers to 
benefit from the confidence generated by using commonly 
accepted measures of performance.  This aim will be 
fulfilled through the following objectives: 

 
1. Separate the development process into a number of 

clearly defined stages, with increasing certainty in the 
techno-economic viability of the devices at each stage.   

2. Define appropriate variables representing the 
performance of the devices at each stage, based on a 
review of the published literature on device 
development and a consultation with industry 
stakeholders. 

3. Set minimum threshold values of the performance 
variables that the device would need to exceed to 
progress to the next stage of development.  

4. Set minimum standards for model similitude and 
collection, reduction and reporting of experimental 
data. 
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 This Protocol applies to zero-static head flow machines 

designed to generate power from tidal-currents.  The focus 
here is upon the development of new technology for tidal-
current energy conversion, and the Protocol does not 
address important processes such as:  
 Obtaining consents  
 Environmental assessment  
 Hydrographic and geotechnical investigations 
 Connection to an electrical distribution network or the 

National Grid 
 Assessing possible flow interactions within an array of 

turbines 
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APPROACH 

  
 
Technology 
Readiness 
Assessment 

 

 

The Protocol broadly follows the approach of Technology 
Readiness Assessment (TRA), developed by NASA to 
manage the development of technology as part of the space 
programme. It has since been adopted by the US 
Department of Defence, the US Air Force and the UK 
Ministry of Defence.  Reference (Bahaj, Blunden and 
Anwar, 2008a) describes TRA and gives justification of its 
application in this case.  The broad approach is to break 
down a system into subsystems and components, each to 
be developed in a number of stages or Technology 
Readiness Levels (TRLs), leading on to the integrated 
system development in the latter stages.  

 

 Table 1 shows how the NASA TRLs have been adapted in 
the Protocol to Stages of development for tidal-current 
power systems.  The left hand side is taken from the TRL 
White Paper (Mankins, 1995).  The right hand side outlines 
five stages of development addressed in this Protocol: 
Stage 1 consists of concept formulation, defining research 
and development (R&D) requirements and establishing 
basic theoretical models of performance.  Stage 2 covers 
computational analysis, intermediate-scale model testing 
and laboratory testing of components, whereas Stage 3 
involves large-scale testing of subsystems.  Stage 4 covers 
full-scale prototype testing in the sea, followed by Stage 5, 
extended testing of the commercial demonstrator device in 
the sea. 

  

 The ultimate goal at each stage of development is to assess 
whether the production tidal-current energy device is 
technically and economically viable, with increasing 
certainty at each stage.   The uncertainty in the estimate of 
the final cost of energy is large in the initial stages, but will 
reduce as the design parameters such as thrust, rated 
power, and capacity factor are known with greater 
accuracy.  Therefore, confidence in the design parameters 
should be increased incrementally through tests of 
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increasing realism carried out as part of the developmental 
stages.  

 
Table 1. NASA TRL terminology compared to Stages used in the Protocol 

TRL NASA description   Tidal-current Protocol Protocol 
Stage 

1 Basic principles observed 
and reported 

 Not applicable – this refers 
to fundamental scientific 
research. 

 

2 Technology concept and/or 
application formulated 

 Tidal-current energy 
conversion concept 
formulated 
(Scope of Protocol begins 
here) 

1 

3 Analytical and experimental 
critical function and/or 
characteristic proof-of 
concept 

  Subsystem testing at 
intermediate scale 

 Computational Fluid 
Dynamics 

 Finite Element 
Analysis 

 Dynamic analysis 

2 

4 Component and/or 
breadboard validation in 
laboratory environment 

 

5 Component and/or 
breadboard validation in 
relevant environment 

 Subsystem testing at large 
scale 

3 

6 System/subsystem model or 
prototype demonstration in 
a relevant environment 
(ground or space) 

 

7 System prototype 
demonstration in a space 
environment 

 Full-scale prototype tested 
at sea 

4 

8 Actual system completed and 
“flight qualified” through 
test and demonstration 
(ground or space) 

 Commercial demonstrator 
tested at sea for an 
extended period. 
(Scope of Protocol ends 
here)  

5 

9 Actual system “flight proven” 
through successful mission 
operations 

 Production  

 
 The focus of this Protocol is on the development of tidal 

stream energy devices as a whole.  However, in some cases, 
it may be that only one subsystem or a component of a 
subsystem is being developed.  The Protocol can still be 
used to assess whether a production tidal-current energy 
device incorporating that subsystem or component is 
technically and economically viable.  However, „default‟ 
estimates of costs relating to the other subsystems would 
need to be used to complete the techno-economic 
assessment.  Appropriate cost estimates would need to be 
provided by the subsystem developer, either through 
primary contacts and/or research by the developer, or by 
the use of published secondary data.  The sources of the 
estimates would need to be properly referenced in all cases.  
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References to possible published sources of data that could 
be used under such circumstances are included in the 
section Economic Analysis Methodologies on page 26. 

 

 The Protocol is intended to be a dynamic document, which 
may be refined and adapted to suit specific cases and 
changing technology development needs.  In the future, 
some aspects of the Protocol would be expected to 
reference appropriate standards, when tidal-current energy 
conversion technology reaches maturity. 

 

 The approach taken in this Protocol is not to be 
unnecessarily prescriptive of testing requirements, but 
rather to insist that the results follow closely theoretical 
and computational predictions of performance, at each 
stage of development.  This in turn helps to reduce the 
uncertainty in the cost of energy estimates, which 
ultimately determine the likelihood of success.  


