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Tours 
a. Gardens by the Bay Tour (Oct 25) 
Gardens by the Bay brings to life the National Parks Board Singapore's vision of creating a City in a 
Garden. The Gardens captures the essence of Singapore as the premier tropical Garden City with the 
perfect environment in which to live and work - making Singapore a leading global city of the 21st 
century. 
 

 
For more information, please visit: www.gardensbythebay.com.sg 
 
b. Technical Tours (Oct 28) 
Please find the program for the technical tour. Each group will consist of max 40 participants. 
 

Time Location 1: Eco Campus Location 2 : Floating Tidal 
Turbine Platform @ LitaOcean 

Shipyard 
AM (9:30 am to 

12:00 pm) 
Group A (Location 1, Batch 1) Group B (Location 2, Batch 1) 

PM (1:30 to 4:00 pm) Group C (Location 1, Batch 2) Group D (Location 2, Batch 2) 

 
Location 1: NTU Eco Campus 
EcoCampus Initiative aims to develop a novel campus-wide sustainability framework with various 
demonstration sites, to achieve 35% reduction in energy, water, and waste intensity of the campus 
by 2020. Let us walk around the campus and witness the green spots established by our enthusiastic 
���v�����������]�����š�������E�d�h�����}�u�u�µ�v�]�š�Ç���]�v���š�Z�������(�(�}�Œ�š���}�(���P�Œ�����v�]�v�P���}�µ�Œ���o�}�À���o�Ç�������u�‰�µ�•�X�_���W�o�����•�����À�]�•�]�š���š�Z�]�•���Á�����•�]�š����
for more information about the ERI@N EcoCampus : 
http://ecocampus.ntu.edu.sg/Pages/AboutEcoCampus.aspx 
 
 
  
 
 
 
 
 
 
 

http://ecocampus.ntu.edu.sg/Pages/AboutEcoCampus.aspx
http://ecocampus.ntu.edu.sg/Pages/AboutEcoCampus.aspx
http://ecocampus.ntu.edu.sg/Pages/AboutEcoCampus.aspx
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Location 2: Floating Tidal Turbine Platform @ LitaOcean Shipyard (50kW Floating Tidal Turbine  
Demo Unit in Singapore) 
The Energy Research Institute @ NTU (ERI@N), in collaboration with Envirotek, OceanPixel, Schottel 
Hydro, and Lita Ocean, is developing a 50kW floating tidal turbine demonstration project in 
Singapore.The floating system will be deployed near Sentosa Boardwalk where peak currents reach 
�u�}�Œ�����š�Z���v���î���u�l�•�X���^���v�š�}�•���������À�[�š�����}�Œ�‰�X�����v�������Z�/�›�E���Z���À�����������v���Á�}�Œ�l�]�v�P���š�}�P���š�Z���Œ���š�}�Á���Œ���•�����v�����o�]�v�P��
tropical tidal energy systems for the region. This demonstration project will not only showcase the 
possible harnessing of �š�]�����o�����v���Œ�P�Ç���]�v���^�}�µ�š�Z�������•�š�����•�]�������µ�š���Á�]�o�o�����o�•�}���������µ�•�������š�}�Á���Œ���•�����Z�/�›�E�[�•��
Research and Development goals. 
  
�d�Z���� �š�����Z�v�]�����o�� �š�}�µ�Œ�� �l�� �•�]�š���� �À�]�•�]�š�� �Á�]�o�o�� ���Œ�]�v�P�� �š�Z���� �����o���P���š���•�� �š�}�� �>�]�š���� �K�������v�[�•�� �•�Z�]�‰�Ç���Œ���� �š�}�� �•������ �š�Z���� �(�����]�o�]�š�Ç��
where the demonstration unit was integrated. A short presentation will be shown about the project 
to brief the visitors. The floating tidal turbine system may very well be at the quayside of the 
shipyard. The delegates will be then brought to the Sentosa Boardwalk for viewing of the location 
for deployment. 
 

 
If interested, please register here: tinyurl.com/technicaltourform 

 
Internet Access 
The free Wi-Fi is accessible in MBS Foyer area.  
 
 
Assistance and Staff 
Conference information and help will be available at the registration desk throughout the 
conference. 
 
 
Authors Information 

1. Please check your session room before your presentation program. It can be found 
in the program leaflet given to you during your registration. 

2. Please make sure that your presentation file has been uploaded in the computer 
right before the session. 

3. Each presentation is around 12 minutes and remaining time will be left for Q&A. 
Each session will be handled and facilitated by a Session Chair.  

4. Both Chair and speakers are kindly requested to respect scheduled timing of the 
presentations. 

5. If there is any help you need, please contact the staff who will be available in the 
session room. 
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5. AWTEC COMMITTEE 

AWTEC Executive Board 

▪ President Takeshi Kinoshita �t Nagasaki Institute of Applied Science (Japan) 
▪ Prof. Chul H. Jo �t Inha University (Korea) 

AWTEC Organizing Committee 

▪ Irene Penesis �t University of Tasmania, Australian Maritime College (Australia) 
▪ Mark Hemer �t The Centre for Australian Weather and Climate Research (CSIRO) 
▪ Chee Ming Lim �t Universiti Brunei Darussalam (Brunei Darussalam) 
▪ Shi Hongda�t Ocean University China (China) 
▪ Weimin Liu �t The First Institute of Oceanography (China) 
▪ Dengwen Xia- National Ocean Technology Center (NOTC) (China) 
▪ Rafiuddin Ahmed �t University of South Pacific (Fiji) 
▪ Johnny C.L. Chan �t City University of Hong Kong (Hong Kong) 
▪ K.W. Chow �t The University of Hong Kong (Hong Kong) 
▪ Mukhtasor �t Indonesian Ocean Energy Association (Indonesia) 
▪ Kyozuka Yusaku �t Kyushu University (Japan) 
▪ Shuichi Nagata �t Saga University (Japan) 
▪ Chang-Kyu Rheem- University of Tokyo (Japan) 
▪ Young-Ho Lee �t Korea Maritime and Ocean University (Korea) 
▪ Seung Ho Shin �t Korea Institute of Ocean Science and Technology (Korea) 
▪ Young-Do Choi- Mokpo National University (Korea) 
▪ Omar Yaakob �t Universiti Teknologi Malaysia (Malaysia) 
▪ Lim Yun Seng �t Universiti Tunku Abdul Rahman (Malaysia) 
▪ Myat Lwin �t Myanmar Maritime University (Myanmar) 
▪ Htun Naing Aung �t Union of Myanmar of Federation of Chambers of Commerce and 

Industries, Energy and Environment Cluster Group (Myanmar) 
▪ Ross Vennell �t University of Otago (New Zealand) 
▪ Rajnish Sharma �t University of Auckland (New Zealand) 
▪ Laura David �t University of the Philippines (Philippines) 
▪ Sutthiphong Srigrarom �t University of Glasgow Singapore (Singapore) 
▪ Narasimalu Srikanth- Nanyang Technology University (Singapore) 
▪ Michael Lochinvar Abundo �t Nanyang Technology University (Singapore) 
▪ Cheng Han Tsai �t National Taiwan Ocean University (Taiwan) 
▪ Jiahn-Horng Chen �t Research Center for Ocean Energy and Strategies (Taiwan) 
▪ Chen Bang-Fuh �t National Sun Yat-San University (Taiwan) 
▪ Chaiwat Ekkawatpanit �t King Mongkut University of Technology Thonburi (Thailand) 
▪ Pham Hoang Luong �t Hanoi University of Science and Technology (Vietnam) 
▪ Nguyen Binh Khanh �t Vietnam Academy of Science and Technology (Vietnam) 
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EWTEC Advisory Committee 

▪ AbuBakr Bahaj (UK) 
▪ Cameron Johnstone (UK) 
▪ Mats Leijon (Sweden) 

AWTEC Local and Technical Committee 

 
▪ Srikanth Narasimalu - Energy Research Institute @ NTU (ERI@N), Local OC Chair 
▪ Michael Abundo - ERI@N, Conference and Lead Coordinator 
▪ Mary Ann Joy Quirapas - ERI@N, Lead Secretariat 
▪ Chandrasekar Dwarakesh - ERI@N, Digital Affairs Coordinator 
▪ Ho Hiang Kwee - ERI@N 
▪ Sridhar Idapalapati - School of Mechanical and Aerospace Engineering (MAE) 
▪ Eddie Ng - School of MAE 
▪ Zhou Kun - School of (MAE) 
▪ Yang Yaowen - School of Civil and Environmental Engineering (CEE) 
▪ Pavel Tkalich - National University Singapore (NUS) 
▪ Kavita Gandhi - Sustainable Energy Association of Singapore (SEAS) 
▪ Ey Kuet �t Marine Industry Advisor 
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6. CONFERENCE LAYOUT 

Marina Bay Sands Convention Centre, Level 4  
AWTEC Room 1: Roselle | 4601- 4603  
AWTEC Room 2: Roselle | 4605 - 4606 
AWTEC Room 3: Roselle |4604 
AWTEC Room 4: Simpor | 4812 
AWTEC/ ACES Exhibition: Roselle | 4700 

 

 
 
 
 
 
 
 

 

 

 

 

 

 
 
 

 
 
 
 
 
 

  

Room 3  

Room 2 

Room 1 

Room 4 

AWTEC/ ACES 
Exhibition 



 
 

14 

 

7. SPONSORS 

 
Platinum Sponsor | SCOTTISH DEVELOPMENT INTERNATIONAL 
 

 
 
Scotland is a top European location for global companies and attracts more international investors 
than any UK region outside London. Over 2000 overseas companies, with a combined turnover of 
£100 billion are already located here, including Barclays, Blackrock, HERO BPO, JP Morgan, 
Mitsubishi and Morgan Stanley�X���^���}�š�o���v���[�•���•�š�Œ���v�P�š�Z�•���]�v���o�µ�����W 
 
�{ A highly educated and skilled workforce 
�{ Strong culture of research, innovation and creativity 
�{ Easy connections to global markets including the UK, Europe and America 
�{ Strong connected infrastructure 
�{ Lower operating costs, can be up to 40% lower than London 
�{ Business friendly environment, including one of the lowest tax rates in the G20 
�{ Enviable lifestyle and work/life balance 
 
Get in touch and let us show you the benefits of the country that Ernst & Young's UK Attractiveness 
Survey rates as Europe's top destination for inward investment. 
 
For more information, please visit: www.sdi.co.uk/ 
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Platinum Sponsor | DCNS 

 
 
As an international high-tech company, DCNS uses its extraordinary know-how, unique industrial 
resources and capacity to arrange innovative strategic partnerships �š�}���u�����š���]�š�•�����o�]���v�š�•�[���Œ���‹�µ�]�Œ���u���v�š�•�X 
 
The Group designs, produces and supports submarines and surface ships. The Group also provides 
services for naval shipyards and bases. In addition, the Group offers a wide range of marine 
renewable energy solutions. 
 
Aware of its corporate social responsibilities, DCNS is a member of the United Nations Global 
���}�u�‰�����š�X���d�Z�����'�Œ�}�µ�‰���Œ���‰�}�Œ�š�•���Œ���À���v�µ���•���}�(���¦�ï�X�ì�ð�����]�o�o�]�}�v�����v�����Z���•�������Á�}�Œ�l�(�}�Œ�������}�(���í�î�U�õ�ñ�ï�����u�‰�o�}�Ç�����•�X 
 
For more information, please visit: en.dcnsgroup.com 
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Premium Sponsor | ClassNK 
 

 
 
Since its inception in 1899, ClassNK has been engaged in a range of activities dedicated to ensuring 
the safety of life and property at sea and protecting the marine environment over the course of its 
116 year history as a leading classification society. 
 
ClassNK conducts surveys from its worldwide service network of around 130 offices to ensure that 
all new and existing ships and offshore structures fully comply with the classification rules developed 
by the Society. The rules cover not only hull structures, but also propulsion systems, electrics and 
electronic systems, safety equipment, cargo handling gear, various materials and navigational 
equipment, among other systems and components. ClassNK has authorization from over 100 flag 
administrations around the world to conduct statutory surveys and issue certifications in accordance 
with international conventions and national rules and regulations. 
 
For more information, please visit: www.classnk.com 
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Premium Sponsor | CORNWALL 
 

 
 
 
�t�Z���š�Z���Œ���Ç�}�µ�[�Œ�����š�Z�]�v�l�]�v�P���}�(���•�š���Œ�š�]�v�P�������v���Á�����µ�•�]�v���•�•���}�Œ���•�����l�]�v�P���������Æ�‰���v�����Ç�}�µ�Œ���}�‰���Œ���š�]�}�v�•�U���/�v�À���•�š���]�v��
Cornwall can help you find out just what Cornwall has to offer �t and ensure that you get all the 
support you need to business here.  
 
Our extensive network and local knowledge enables us to provide advice and support to potential 
investors on areas such as: 
 
�{ Making the right introductions 
�{ Identifying suitable premises 
�{ Accessing funding 
�{ Recruiting the best talent for your business 
 
With success stories such as Australian wave energy company Carnegie, why not discover how our 
free of charge service can help you? 
 
For more information, please visit: www.investincornwall.com 
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Premium Sponsor | DHI 
 

 
 
 
DHI are the first people you should call when you have a tough challenge to solve in a water 
environment �v  be it a river, a reservoir, an ocean, a coastline, within a city or a factory. 
Our knowledge of water environments is second-to-none. It represents 50 years of dedicated 
research, and real-life experience from more than 140 countries. We strive to make this knowledge 
globally accessible to clients and partners by channelling it through our local teams and unique 
software. 
Our world is water. So whether you need to save water, share it fairly, improve its quality, quantify 
�]�š�•���]�u�‰�����š���}�Œ���u���v���P�����]�š�•���(�o�}�Á�U���Á���������v���Z���o�‰�X���K�µ�Œ���l�v�}�Á�o�����P���U�����}�u���]�v�������Á�]�š�Z���}�µ�Œ���š�����u�[�•�����Æ�‰���Œ�š�]�•�������v����
the power of our technology, holds the key to unlocking the right solution. 
 
For more information, please visit: www.dhigroup.com 
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Track Sponsor | OCEAN PIXEL  
 

 
 
Incorporated in September 2014, OceanPixel is a Singapore start-up company that spun off from the 
initiative of Nanyang Technological University (NTU) through its Energy Research Institute @ NTU 
(ERI@N).  Strategically partnering and collaborating with experts from the Scotland, UK (e.g. 
Aquatera) and with access to marine renewable energy thought leaders in the South East Asia (SEA) 
region, OceanPixel has positioned itself to be the pioneer company dedicated to ocean renewable 
energy planning in SEA. To date, OceanPixel is currently handling projects in Singapore, Indonesia, 
and other parts of Asia with potential projects in  under development. In February 2015, OceanPixel 
Philippines Inc. was established as its counterpart in the Philippines. 
 
For more information, please visit: www.oceanpixel.org 
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Track Sponsor | AQUATERA 
 

 
 
Aquatera was established in 2000 to provide a modern and innovative suite of environmental 
services and products. The company delivers to local, UK and worldwide markets and has 
established a strong track record in the renewable energy and other energy sectors. This work 
includes preparation of strategic environmental assessment (SEA) and environmental impact 
assessment (EIA) documents for renewable energy projects and strategies, as well as resource 
assessment studies, risk assessments, design advice, operations support, environmental surveying, 
developing visualisation tools and producing information and awareness materials. 
 
For more information, please visit: www.aquatera.co.uk 
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Track Sponsor | SCHOTTEL HYDRO  
 

 
 
SCHOTTEL HYDRO offers its services in three segments: hydrokinetic turbines, semi-submerged 
platforms and components, such as turbine hubs and drives. SCHOTTEL HYDRO also includes the 
fully-owned subsidiaries TidalStream Ltd. (TSL) in United Kingdom and the Canadian company Black 
Rock Tidal Power (BRTP). SCHOTTEL HYDRO is located in Spay, Germany. A large network of 
SCHOTTEL sales and service locations ensure local customer service worldwide.  
 
For more information, please visit: www.schottel.de/schottel-hydro 
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Sponsor | BARDOT OCEAN 
 

 
 
Bardot Ocean is part of Bardot Group, a French engineering company specialised in subsea projects. 
At Bardot Ocean, the first goal of our engineers is to provide the best marine innovative solutions to 
communities worldwide, to ensure their energy independence and the highest quality of life possible 
for their inhabitants. Our integrated energy solutions provide fully personalised packages adapted to 
your activity needs or location, combined with the highest local content possible on construction 
and installation activities. Our technology based on Ocean Thermal Energy Conversion (OTEC) uses 
the ocean water to produce electricity, air-conditioning and fresh drinking water. 
 
For more information, please visit:  otec.bardotgroup.com 
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Sponsor | NORTEK 
 

 
 
Nortek designs, develops and produces scientific oceanographic instruments that are used to 
measure the movement of water in its different forms.  These instruments are utilized by scientists, 
researchers and engineers at renowned institutions worldwide. They are deployed in demanding 
environments that require state-of-the-art instrumentation that is reliable and easy to use. 
 
For more information, please visit:  www.nortek-as.com 
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Sponsor | LITAOCEAN 
 

 
 
Lita Ocean was established in the 1970s and has since become one of the leading shipping 
companies in Singapore providing a diverse range of marine and shipyard services. 
 
Our well-equipped waterfront yard, a fleet of more than 40 various types of vessels and an 
experienced workforce have served various governmental organizations, port authorities, 
international oil majors, offshore oil and gas companies, marine engineering and marine service 
providers. 
For more information, please visit:  www.litaocean.com 
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Sponsor | Envirotek 
 

 ENVIROTEK  
 
CleanTech investor in Singapore, Canada, Australia, Ireland, and the Philippines.  
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Local Organizer | ENERGY RESEARCH INSTITUTE @ NANYANG TECHNOLOGICAL UNIVERSITY (ERI@N) 
 

 
 
Established in June 2010, the Energy Research Institute at NTU (ERI@N) envisions to be a leading 
research institute for innovative energy solutions. The Institute distinguishes itself through 
excellence in basic research directed towards outcomes of high industry relevance, with focus on 
systems-level research for tropical megacities. The Institute integrates research across NTU as a 
whole in the context of the energy challenge, and then helps translate outcomes into industry and 
practice.  ���Z�/�›�E�[�•�� �u�]�•�•�]�}�v�� �u���v�]�(���•�š�•�� �]�š�•���o�(�� �]�v�š�}�� ���� ���}�u�‰�Œ���Z���v�•�]�À���� ���(�(�}�Œ�š�� �}�v�� ���v���Œ�P�Ç�� �'���v���Œ���š�]�}�v�U��
Conversion and Storage Systems, Grid Systems, and Urban Solution�•�U���]�v�������^�>�]�À�]�v�P���>�����_�����v�À�]�Œ�}�v�u���v�š��
with a particular focus on solutions for Megacities and for the Tropical Environment. 
 
ERI@N has been handling workshops and conferences (e.g. Offshore Renewable Energy Conference 
2012, Asia Future Energy Forum 2013, Asia Clean Energy Summit 2014) over the past few years. 
ERI@N has led SEACORE (South East Asia Collaboration for Ocean Renewable Energy) activities and 
its efforts act as evidences to support renewable energy adoption in the region. ERI@N has been 
working togeth���Œ�� �Á�]�š�Z�� �^�����^�� �~�š�Z���� �^�µ�•�š���]�v�����o���� ���v���Œ�P�Ç�� ���•�•�}���]���š�]�}�v�� �}�(�� �^�]�v�P���‰�}�Œ���•�� ���v���� �^�]�v�P���‰�}�Œ���[�•��
�Œ���v���Á�����o���� ���v���Œ�P�Ç�� �(�]�Œ�u�•�� �µ�v�����Œ�� �š�Z���]�Œ�� �µ�u���Œ���o�o���X�� ���Z�/�›�E�[�•�� �š�Á�}�� �(�o���P�•�Z�]�‰�� �‰�Œ�}�i�����š�•�U�� �����}�����u�‰�µ�•�� ���v����
Renewable Energy Integration Demonstrator Singapore (REIDS) are providing significant outcomes in 
energy efficiency and renewable energy.  
 
For more information, please visit:  http://erian.ntu.edu.sg/Pages/Home.aspx 
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Local Organizer | SUSTAINABLE ENERGY ASSOCIATION OF SINGAPORE 
 

 
 
The Sustainable Energy Association of Singapore (SEAS) is a non-government and non-profit business 
association that represents the interests and provides a common platform for companies in 
Renewable Energy, Energy Efficiency, and Financial Institutions to meet, discuss, collaborate and 
undertake viable projects together. 
 
For more information, please visit:  www.seas.org.sg 
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Supporter | ASIA CLEAN ENERGY SUMMIT 
 

 
 
���•�]�������o�����v�����v���Œ�P�Ç���^�µ�u�u�]�š���~�������^�•���]�•�����•�]���[�•���o�������]�v�P�����À���v�š���(�}���µ�•�]�v�P���}�v�����o�����v�����v���Œ�P�Ç���š�����Z�v�}�o�}�P�Ç�U��policy 
and finance supported by leading government agencies, research institutes and industry in 
Singapore. ACES provide a common platform for regional thought leaders in both the public and 
private sector to collaborate on critical issues and opportunities in harnessing clean energy for the 
future. As the regional platform to share and co-create innovative clean energy solutions, ACES 
supports the vision to be a clean energy hub for Asia. 
 
For more information, please visit: www.asiacleanenergysummit.com 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

http://www.asiacleanenergysummit.com/
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Supporter | ASEAN CENTRE FOR ENERGY 
 

 
 
The ASEAN Centre for Energy (ACE), established on January 1, 1999 as an inter-governmental 
organisation, is guided by a Governing Council composed of the Senior Officials on Energy of the 
ASEAN Member States (AMS).  Established by Brunei Darussalam, Cambodia, Indonesia, Lao PDR, 
Malaysia, Myanmar, the Philippines, Singapore, Thailand and Vietnam, ACE is hosted by Indonesia.  
As host country, Indonesia provides headquarter facilities and other amenities at the ACE building in 
the compound of the Directorate-General for Electricity and Energy Development of the Indonesia 
Ministry of Energy and Mineral Resources, Jakarta. 
 
For more information, please visit: www.aseanenergy.org 
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Supporter | IMREST 
 

 
 
The international membership body and learned society for all marine professionals. The IMarEST 
has registered charity status and is the first professional institution to bring together marine 
engineers, scientists and technologists into one international multi-disciplinary professional body. It 
is the largest marine organisation of its kind with a worldwide membership of over 18,000 
individuals based in over 120 countries. 
 
For more information, please visit: www.imarest.org 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

http://www.imarest.org/
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Supporter | SEACORE 
 

 
 
In order to understand the regional energy needs and ocean energy technology challenges specific 
to tropical conditions,  the Energy Research Institute at Nanyang Technological University (ERI@N) 
initiated the SEAcORE collaboration with Singapore neighbouring countries, such as  Brunei, 
Indonesia, Malaysia, Myanmar, Philippines, Thailand and Vietnam. It is founded on February 26, 
2013 after an ocean renewable energy workshop hosted by ERI@N and sponsored by the British 
High Commission �t �^�]�v�P���‰�}�Œ���U���Á�]�š�Z�����o�o���š�Z�����u���u�����Œ�����}�µ�v�š�Œ�]���•���•�]�P�v�]�v�P���š�Z�����^�^�������KRE Initiative Signed 
Agreement. 
 
For more information, please visit:  https://blogs.ntu.edu.sg/seacore/  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://blogs.ntu.edu.sg/seacore/
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Supporter | OCEAN ENERGY SYSTEM 
 

 
 
The Ocean Energy Systems Energy Technology Collaboration Programme  (OES) was launched in 
2001. The need for technology cooperation was identified in response to increased activity in the 
�����À���o�}�‰�u���v�š�� �}�(�� �}�������v�� �Á���À���� ���v���� �š�]�����o�� ���µ�Œ�Œ���v�š�� ���v���Œ�P�Ç�� �]�v�� �š�Z���� �o���š�š���Œ�� �‰���Œ�š�� �}�(�� �š�Z���� �í�õ�õ�ì�[�•�� ���v���� �š�Z����
beginning of this decade, primarily in Denmark, Portugal and the United Kingdom. These three 
countries were the inaugural signatories to the OES. 
 
For more information, please visit:  www.ocean-energy-systems.org 
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8. ABSTRACTS 

S/N  ID  Abstract Title  Author Page 
Number 

1 A1 Marine Energy Technologies: Readiness & 
Pathways to Array Deployment  

AbuBakr S Bahaj 46 

2 A2 �����À���o�}�‰�]�v�P���š�Z�����t�}�Œ�o���[�•���>���Œ�P���•�š���d�]�����o�����v���Œ�P�Ç��
Project at MeyGen 

Andrew Dagley 47 

3 A3 System Design Considerations for Tidal Turbine 
Array Architecture 

Andrew Good, Kevin 
Harnett 

48 

4 A4 Renewable Energy Policy Development and its 
Impact on the Deployment in ASEAN 

Badariah Yosiyana, 
Sanjayan Velautham 

49 

5 A5 Effect of Idealised Unsteady Flow to the 
Performance of Horizontal Axis Tidal Turbine 

Binoe E. Abuan, 
Robert J. Howell 

50 

6 A6 Comparison of Five Acoustic Doppler Current 
Profilers in a High Flow Tidal Environment 

Björn Elsäßer, Hanna 
Torrens-Spence, Pál 
Schmitt, Louise 
Kregting 

52 

7 A7 Current Developments and Enabling Factors 
for Tidal Energy Development in Canada 

Bruce Cameron 53 

8 A8 Device Architecture of a 1/10th Scale Tidal 
Turbine 
for Experimental Testing in Real Sea State 

Carwyn Frost, Ian 
Benson, Bjoern 
Elsaesser 

54 

9 A9 Introduction of tidal energy researches and 
projects in Korea  

Chul-Hee Jo 55 

10 A10 WaveNET �t The Road to Commercialisation David J Campbell 56 

11 A11 Wave Energy Mapping in Malaysia using Multi-
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Omar Yaakob, 
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Omar, Ami Hassan 
Md Din, Kho King Koh 

60 
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Abstract 
The utilisation of ocean resources, such as wind, waves and marine currents (or tides) is 
gathering pace at a global level as their exploitation offers an appropriate pathway for 
sustainable electrical power production. Tangible plans are now in place for multi converter 
deployment in farms or arrays of what is termed as marine energy - covering the exploitation 
of the kinetic energy in ocean waves and tidal streams or currents.  
 
In 2010 the UK’s Crown Estate announced concessions to deploy over 1.6GW of multi-
megawatt mix wave and tidal technology farms and arrays in the Pentland Firth by 2020. 
Recently, it also announced further concessions of sites to exploit the marine energy 
resources spanning both the north and the south of the UK. This programme has spurred 
many global activities for the development and deployment of marine energy technologies. 
Globally, there were announcements for the technology through energy yield support 
mechanisms for the deployment of multiple devices in arrays, especially those announced for 
the Bay of Fundy in Canada, as well as in France, South Korea and China.  
 
Focussing on marine energy, this paper aims to convey the current status of wave and tidal 
current energy conversion technologies, addressing issues related to their readiness 
compared with others renewable technologies such offshore wind, and will provide a 
discourse on current technology commercial scale deployment.  
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Abstract: 

Atlantis is the world’s leading developer of tidal power projects and power generation equipment. 
Atlantis is seeking to deliver a new generation of energy infrastructure across the globe. Over the 
next five years, we hope to deliver a billion pounds’ worth of tidal infrastructure. In Scotland 

alone, we will install 640MW of tidal power capacity by 2022. This will enable Atlantis to deliver 
continuous, clean, and predictable supplies of energy, at scale, to power homes and businesses 
throughout the United Kingdom, and ultimately across a range of international markets. 
 
Atlantis is also developing its own 1.5MW turbine system (“AR1500”) in cooperation with 

Lockheed Martin Corporation, which will be deployed at the MeyGen in 2016. As a turbine 
supplier, its industry leading position was further reinforced in 2015 with the acquisition of 
Marine Current Turbines from Siemens AG. Atlantis is also a leading tidal energy project 
developer and has the largest portfolio of tidal current sites in Europe. 
 
In 2014, Atlantis achieved financial close on the first 6MW phase of the 400MW MeyGen array 
off the north eastern coast of Scotland in the United Kingdom. Once fully constructed, MeyGen is 
expected to be the largest tidal current project in the world providing power to more than 175,000 
homes. The MeyGen project is an industry leading project in many respects, it represents the first 
commercial and utility scale array to commence construction as well as the first project financed 
tidal current project. All four 1.5MW turbines from the first phase (Phase 1A) are set to be 
installed over the coming months, making MeyGen the largest grid connected tidal stream array 
in the world. 
 
This presentation will seek to give you some insight into the challenges and progress in 
developing the world’s largest tidal energy project. 
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This paper provides a system level overview of the various considerations which have been included 

in the design and delivery of OpenHydro’s recent demonstration arrays. A similar process is also 

currently being undertaken for the pre-commercial arrays which will quickly follow these important 

demonstration array projects. 

OpenHydro has recently completed the deployment of two full scale turbines as part of EDF’s 

Paimpol-Bréhat project in France, and a second demonstration array is nearing completion for Cape 

Sharp Tidal Ventures Ltd. in the Bay of Fundy, Canada. OpenHydro is also actively developing the 

next generation of pre-commercial arrays, building on the experience gained from these 

demonstration arrays. 

The paper provides a system level overview of the relevant considerations for the architecture 

design of these tidal arrays. Efficient management of these (and other) interdependent factors is 

critical if the objectives of a given project are to be achieved. This continuously improving 

methodology is based on the lessons learned throughout more than 10 years of tidal technology and 

project development activities. 
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Abstract:  

The policy exchange among ASEAN Member States (AMS) is one of the important tools for bringing the 

awareness on clean energy policy and regional cooperation on energy. This presentation discusses AMS’ 

experience on renewable energy policy development both in regional and national level. In regional level, the 

ASEAN Plan of Action for Energy Cooperation (APAEC) is a series of guiding policy documents to support 

the implementation of multilateral energy cooperation to advance regional integration and connectivity goals 

as well as to address the collective energy challenges in ASEAN. ,. The key initiatives on clean energy under 

the APAEC 2016-2025 include the target to reduce energy intensity by 20% in 2020 based on 2005 level and 

aspirational target to increase the component of renewable energy to 23% by 2025 in ASEAN Energy Mix. In 

national level, increasing numbers of AMS countries are implementing policy measures and dedicating funding 

to encourage the deployment of clean energy generation.  
 
RE power plants across the AMS had a cumulated installed capacity of around 23,650 MW in 2006. It 

continually expanded to reach 51,700 MW by 2014. The presentation will also show the region’s status on 

renewable energy (RE) in power sector, including the policy implementation and statistic. The assessment on 

the impact of RE policies to RE deployment in one of the AMS will be presented. The design and 

implementation of clean energy policy and the development trends and the positive impact of the key policy 

instruments on total installed capacity of RE will also be shared. The key policies among others are (a) RE 

targets set by the governing body, (b) selling tariff of electricity from RE sources, (c) incentives for a developer 

to implement RE projects, (d) financing support available to RE project developers and (e) permit and 

licensing structure for RE power generation. 
 
Defining a single common policy for the successful promotion of RE generation for all ASEAN countries is 

complex, particularly due to many factors that are country specific. This presentation will provide several 

recommendations for the region to enhance the development of renewable energy. 
 
 
 
Keywords: ASEAN, Renewable Energy, Renewable Energy Policy 
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II. ABSTRACT 

Unsteady flows in tidal streams can be caused by the 
presence of surface waves, turbulence and shear flows. Since 
unsteadiness can be present where Horizontal Axis Tidal 
Turbines (HATTs) are installed, it is important to understand 
the effect of such conditions on the performance and 
hydrodynamics of HATTs. 

This paper will present the effects of an idealised unsteady 
flow on the performance of a new three-bladed tidal turbine 
model designed at the University of Sheffield. The Sheffield 
HATT uses NACA 44xx series aerofoil with NACA 4424 at 
the root and NACA 4412 at the tip of each blade. It was 
designed to have a flatter Power Coefficient (Cp) vs Tip 
Speed Ratio (TSR) curve (power curve) but similar maximum 
Cp compared to the Southampton turbine as illustrated by 
Batten et al [1]. This will have advantages in unsteady flow 
where the turbine rotates at a constant RPM but the water 
velocity changes (and so TSR) the performance will remain 
higher on average. This of course depends on the rotational 
frequency of the turbine and the frequency of the unsteadiness 
in the water, i.e. the reduced frequency as well as the system 
response time.   

 

 

Fig.1 Power Coefficient vs TSR comparison between the Fluent simulation 
results and QBlade BEM solution together with experimental results from 
Batten et al [1] 

QBlade [2], an open-source Blade Element Momentum 
(BEM) simulator coupled with a turbine design function, was 
used for the preliminary design of the Sheffield HATT. 
Aerofoil profiles for 10 sections were loaded into the Qblade’s 

XFOIL module to capture lift and drag information. These 
were needed in the BEM module to produce the BEM power 
curve. An iterative process was used to determine the most 
suitable profiles, twist and taper required to achieve the design 
target. An investigation of the Sheffield HATT blade loading 
design was reported by Danao et al [3].  

A CFD model was then created of the resulting Sheffield 
HATT and was modelled using ANSYS FLUENT (version 
15.0) with a tidal stream velocity of 2 m/s over the TSR range 
from 2 to 10. The power coefficient for those TSRs was 
monitored. The mesh used included a boundary layer mesh 
using prism layers and unstructured elements created using 
ANSYS ICEM-CFD. Simulations were carried out using the 
Reynolds-Averaged Navier Stokes (RANS) method with 
standard k-ε as the turbulence model. The solution was 
deemed to have converged when residual values reached 
5x10-6. Periodic convergence was usually achieved after nine 
turbine revolutions.   

Figure 1 shows the comparison of the power curves from 
the CFD and BEM simulations together with the experimental 
performance of the Southampton HATT [1]. It can be seen 
that the Sheffield HATT has succeeded in its design aim of 
achieving a similarly high maximum Cp as the Batten [1] 
turbine, but over a wider range of operating conditions.  

The peak in the power curve at 0.445, or 44.5% at TSR=6, 
was chosen to be the point of comparison with an unsteady 
flow simulation since any turbine would generally be operated 
at the location of maximum performance.  

The idealized unsteady flow was set to have an amplitude 
of 25% of the mean velocity at a frequency equal to 1Hz. To 
achieve this, a UDF was created for use with ANSYS Fluent 
where the velocity at the inlet boundary to the computational 
domain was set to vary with time according to u(t) = 1.940061 
+ 0.49 sin(2πt), where t is the flow time. It is important to note 
that this equation was also set to have a cycle-average water 
power equal to the steady flow water power at 2 m/s.   

The numerical response of the HATT for one cycle is 
shown in Figure 2. Also superimposed on Figure 2 is the one 
cycle average of the Cp for the unsteady flow and the Cp from 
the steady simulation. 

While a lower cycle-averaged Cp was observed in the 
unsteady simulation, i.e. 38% as compared to the 44% from 
the steady flow simulation, the region between flow times of 
0.05s and 0.52s of the cycle has a higher Cp as compared to 
the steady flow. The maximum Cp for the unsteady case is 
59%.  
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Fig.2 Power Coefficient Response of the HATT to the unsteady flow over one 
cycle 

The shape of the Cp curve for the unsteady case cannot be 
easily described using both the plots of the power derived by 
the turbine and the water power available. As shown in Figure 
3, the available water power has larger amplitudes and even a 
higher mean as compared to power derived by the turbine. 
The interaction between these two factors results to the 
distinct shape of the power curve in Figure 2 which has a 
rapid rise corresponding to the increase of water speed (and 
power) from 38% to its maximum point of 59% at the 0.26s 
mark, a flattening decreasing curve between the 0.28s to 0.52s 
spot and an abrupt decrease from 0.52s to 0.76s before it 
returns to its original value by the end of the cycle.  

Figure 3 shows the cubic relation between the available 
water power and the water velocity. The correspondence of 
the power extracted by the turbine to the available power can 
also be observed. As might be expected, it is possible to see 
that the region where the velocity increases has a positive 
effect on the extracted power. However, it can also be affected 
by the reduced tip speed ratio which in turns gives a higher 
incident angle of attack. The power extracted by the turbine is 
dependent on two factors, the power of the water stream and 
the hydrodynamics concerning the turbine or the combination 
of both. 

 
Preliminary conclusions 

The response of the Sheffield HATT to unsteady flow has 
found that it has lower performance when subjected to 
unsteady inflow compared to steady flow with the same water 
power. It is also realised that this interaction is complex and 

little information was understood and hence requires further 
investigation.  

   

 

Fig.3 Power derived from the Turbine (from simulation) and Power available 
from water for one cycle 
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II. ABSTRACT 

 
Acoustic Doppler Current Profilers (ADCPs) are commonly 

used across a range of disciplines for flow measurements in 
fluvial, coastal and offshore environments. As with any 
measurement instrument, calibration and assessment of the 
accuracy of ADCP outputs is of high interest to many users, but 
in most cases the data is not independently verified. The 
accuracy of ADCP measurements is of particular importance to 
the emerging tidal stream energy industry, since the available 
power from tidal currents is proportional to velocity cubed and 
ADCPs are the most commonly used measurement instrument 
for assessment of the resource potential. This paper presents a 
field study conducted to compare flow velocity measurements 
from multiple collocated ADCPs.  

The instruments were deployed at the same time in close 
proximity at a field location with strong tidal flows in Copeland 
Sound, Northern Ireland. Peak current velocities in the Sound 
have been known to exceed 2ms-1 and the site is also sheltered 
from Atlantic swell waves, making it a suitable location to 
assess the equipment in a current dominated environment. A 
total of five ADCPs, including four different models from three 
manufacturers, on three frames (Fig. 2a, b) were deployed at 
the site for the duration of one ebb tidal cycle. 

The experimental methodology, along with the methods of 
data post-processing and analysis are presented in the paper. 
The paper also compares and contrasts the flow speed and 
direction results from the different instruments. The differences 
in results between instruments highlight the issues of 
instrument accuracy and of spatial variability of flow 
conditions. 

 
 

 
 
 
 
 
 
 
 

 
 

Figure 2. Frame Setup. a) Left frame: Frame 3 with ADCP 4 (top), ADCP 5 
(left); Right frame: Frame 3 with ADCP 1 (top) and ADCP 2 (back); b) Frame 
2 with ADCP 3 
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Abstract 
 
This presentation by Bruce Cameron, Principal Consultant with Envigour Energy Policy 

Consultants, will examine the current state of instream tidal development in Canada.  Mr. 

Cameron recently retired from his position as Executive Director of Electricity, 

Renewables and Efficiency with the Nova Scotia Department of Energy.  As a member of 

Marine Renewables Canada, Mr. Cameron will address current development in Canada 

and give an overview of industry players from Canada.   

The presentation will include status of deployments in the Bay of Fundy of Nova Scotia 

as well as smaller developments on the west coast of Canada, including Open Hydro 

devices at the Cape Sharp site and the construction of a series of Schottel turbines at the 

Black Rock tidal site.  It will also examine some of the lessons learned for supply chain 

developments; consultations with other ocean users and aboriginal peoples.  The update 

on Canada’s west coast activities will focus on tidal device developments and small scale 

project developers. 

Finally, the presentation will also look at the emerging regulatory framework in Canada 

for environmental assessments, licensing and fisheries protection with respect to marine 

renewable Energy projects. 
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II. ABSTRACT 

Interest in tidal energy has grown significantly in the past 
10 years with a number of devices reaching Technology 
Readiness Levels (TRLs) of 9 which corresponds to 
successful deployment of a full system in the marine 
environment [1]. The work is currently supported by the 
research community through primarily small scale devices at 
TRL levels 4-5 which corresponds to laboratory testing and 
simulated operational environment [2]. The device 
architecture of industrial and research turbines often differ, as 
sub-system testing dictates. Both however offer vital insight 
into the performance of turbines in a range of different 
conditions, for demonstration and validation of the design/ 
computational model.  

This paper looks at the approach of the 1/10th TTT 
experimental turbine [3] at TRL level of 6. The paper 
considers the architecture of the device drivetrain and 
instrumentation and identifying the significance of this scale 
device in stemming the gap between the research community 
and device developers. Reynolds numbers is an example of 
one such consideration, the paper discusses the significance of 
rotor or blade frame of reference and the likely consequences 
for  1/10th scale experimental testing are discussed. 

 

 

Figure 1: TTT Single Device 

The TTT device can be seen in Figure 1 which shows a 1.5 
m diameter rotor connected to a 0.35 m diameter nacelle that 
is supported from a surface mounted 2.5 m profiled stanchion.  

 

The drivetrains key features are identified in Figure 2. The 
rotor is mounted to the driveshaft and supported by a set of 
thrust bearings, which are located beyond the nacelles flange 
as shown on the LHS of Figure 2. The nacelle hosts a torque 
sensor, mounted between two shaft couplings, this is placed 
before the gearbox in order to measure the mechanical torque 
of the rotor. The low speed driveshaft enters a 1:10 planetary 
gearbox. The high speed shaft is connected to a permanent 
magnet generator on the far RHS of Figure 2.  

 

 

Figure 2: TTT Drivetrain 

The power, and data signals are sent to the surface through 
the hollow centre of the profiled stanchion. At the surface the 
Data Acquisition (DAQ) box and power regulators and 
dissipaters reside.  

The TTT device is a rugged field capable solution ideal for 
experimental testing in the tidal environments. The paper goes 
on to discuss the statistical uncertainty associated with the 
instrumentation, defining the quality of data provided from 
this experimental set-up. 
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The importance of renewable energy has been increased with the great concern for global climate 
changes and intranational agreement to reduce the carbon emission. Among various renewable 
energy sources, the ocean energy has a great potential to substitute the fossil fuel in the future 
considering the great amount being present in the earth. The tidal energy however is considered as 
very reliable, sustainable and predictable energy among ocean energies. Even tidal barrage is also 
very predictable energy, many project over the world have been delayed or cancelled due to the 
significant environmental impacts. As South Korea is being surrounded by ocean, there are many 
potential sites for tidal current and tidal barrage powers. The tidal current power (TPC) is now 
regarded as the one of best ocean energies with the minimum environment impact. It is ideal to 
apply TPC in the areas with strong current. Having about 10m tidal range in the west and very 
strong tidal current along the west to south coastal areas, there are several ocean tial energy projects 
are going on with various research activities. In this presentation, the ongoing research activities 
and projects in Korea will be introduced and the difficulties and collabolation will be discussed.  
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Abstract— Albatern have been developing their WaveNET wave 
energy array system since 2007.  Following concept development, 
models were built and tested in wave tank and open water 
environments to inform further design work. 

In 2011, a 7.5kW prototype SQUID unit was deployed.  This 
validated launching, handling and recovery operations.  The full 
power conversion equipment was added in early 2012, and the 
unit produced power consistently from April to November 2012 
in a benign site. 

From lessons learned, Albatern developed their Series 6 
SQUID units and WaveNET arrays to be capable of low cost 
build and deployment with an operation and maintenance 
strategy that managed cost through project lifecycle.  These 
WEC units and arrays have been shown to operate well in wind 
sea conditions through numerical modelling supported by tank 
test work.   

Early markets have been identified for these units in the 
aquaculture sector and also remote and off grid coastal 
communities in a variety of geographies around the world 
including South East Asia, South America and the Caribbean. 

This paper covers the experience gained by the Albatern 
team as they have brought units through development and looks 
at the route to commercial projects with an ASEAN perspective. 
 
Keywords— WaveNET; wave energy; wind sea; lessons learned; 
commercialisation 

I. INTRODUCTION 

In order to become a commercially viable source of 
sustainable energy, wave energy must reach a cost of energy 
that is comparable with other forms of generation, or provide 
a benefit to justify a small premium. 

Albatern have developed their Series 6 units and 
WaveNET arrays to be capable of low cost build and 
deployment with an operation and maintenance strategy 
designed to control these costs through project life.  These 
WEC units have been shown through numerical modelling to 
operate with good yield in wind sea conditions and this 
modelling has been confirmed by tank test work. 

II. WAVE RESOURCE AND LOAD ON SITE 

In the aquaculture and off-grid coastal communities sectors 
the incumbent generation is usually based on diesel generation 
which has seen rising costs over the last 15 years – although 
recent price declines have occurred in line with oil market 
conditions.  Smaller and shorter wind driven seas are found in 
many areas where offshore aquaculture sites and coastal 
communities can access these waves.  This opens up many 
areas where wave resource is moderate to enable wave energy 
to be generated, and the competition with diesel means that 
the cost of energy threshold which needs to be reached for 

commercial viability is set at a more easily achievable level 
than for grid scale projects. 

For projects it is important to assess the wave resources that 
would provide the energy to drive a Wave Energy Converter, 
as this will determine project yield.  Albatern have developed 
a set of visual tools to view wave resource at a global and 
local level and how these impact on the adoption of wave 
energy at different scales in different geographies and 
applications.   

 

 
Fig. 1  LCOE visualisation for Series 6 array 

Consideration also needs to be given to the overall solution 
that is required to provide the generation for a particular target 
site, the resources available to generate electricity, and how 
these might be combined and managed to provide a 
sustainable electrical supply to meet load patterns in that 
locality. 
For instance, work is ongoing on obtaining a greater 
understanding of electrical load requirements on salmon farms 
in Scotland and Chile. 

 
Fig. 2 Electrical load profile on salmon farm in Chile 
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III. PROJECT COSTS 

By focusing on the project components in a smaller scale 
wave array project - being capital costs, deployment, 
operations and maintenance and decommissioning - Albatern 
have sought to keep project costs down with an additional 
local focus on the customers who will operate these units 
through the project life. With a number of deployments now 
completed of both single units, and WaveNET arrays, 
Albatern have gained valuable insights into the issues 
involved in the various activities involved.  

A. Capital Costs of Device 

Experience has been gained of component sourcing and 
engineering services.  With a build of 6 units in total now 
completed, cost reduction is already being realised, and a 
greater understanding of the achievable paths to further 
reductions obtained.  The repeated components used in the 
Squid units offers scope has a multiplier effect – for instance 
with 6 units built requiring 36  standard pumping modules.  

B. Moorings 

In working with the salmon farming sector in Scotland, 
greater insight into the mooring techniques was gained, where 
stationkeeping of structures in more open water sites is being 
developed.  Coupled with a deep understanding of 
hydrodynamic forces, a mooring system has been developed 
for the WaveNET coupled arrays that has been shown in both 
tank tests and open sea trials to be effective in stationkeeping 
and load handling. 

 
Fig. 3  Mooring system for WaveNET array 

The mooring system is kept under some tension, reducing 
entanglement risks, and with a catenary spring effect to enable 
stationkeeping as well as dealing with the tidal range.  This 
system has also shown to be easy and quick to install and 
retrieve using vessels already working on mooring work for 
salmon farms and therefore available in the local area at 
modest hire costs and with low mobilisation times. 

C. Device and Array Deployment 

The Squid units have been designed to be loaded onto 
standard articulated trailers.  This enables units to be 
assembled in a workshop near to where components are 
manufactured and transported to deployment sites quickly and 
at low cost. 

 

 
Fig. 4 Road transport on standard articulated trailer 

This loading ability is also an advantage when a number of 
units have to be transported by sea to the final deployment 
location.  The robust construction of units allows them to be 
stacked on deployment vessels enabling cost effective 
transport to the final deployment site. 

 
Fig. 5 Stack of 6 units on vessel in transit to deployment site 

Albatern have now completed a number of deployments, 
and gained valuable experience from these.  In 2011 initial 
deployment testing of the first prototype unit was carried out 
leading to 8 months of continuous electricity production in 
2012 in a benign site.  Learning gained led to a major design 
revision.  The first WaveNET array was deployed on a new 
salmon farm site on the west coast of Scotland in summer 
2014 after commissioning over winter 2013/14. 

 
Fig. 6 Deployment at Muck Salmon Farm using local multicat vessel 
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Further refinements were carried out and single unit 
operations carried out over winter 2014/15 with some severe 
weather experience gained. 

With the build of a further 3 units in 2015, the first 
WaveNET array of 6 units to produce power to shore was 
commissioned on the west coast of Scotland in August 2015.   

 

This resulted in the array producing power to shore for the 
first time, and also the commissioning of a hybrid system 
incorporating battery storage as a demonstration of a system 
for use on salmon farms to handle intermittency and load 
following. 

Through these different projects, experience and knowledge 
has also been gained of the consenting process covering site 
lease and marine licensing requirements.  This allows these 
considerations to be understood in general terms as similar 
issues are likely to arise on projects in other areas, and 
different issues will likely arise which are project and/or site 
specific.  An understanding of these issues and how devices 
interact with the marine environment gives experience which 
will be valuable for other projects and geographies to work 
alongside local experience.   

D. Operations & Maintenance 

Through the number of deployments and maintenance work 
carried out on these, Albatern have been able to develop 
experience of early stage operational issues.  Some challenges 

have been encountered, but the ability to reverse the 
deployment process to recover units into their horizontal 
towing orientation, tow to shore and remove from the water 
for maintenance have now all been proved.  Units can be 
moved with small RIBs/workboats and manoeuvred to shore.   

 
Fig. 9  SQUID unit pulled up slipway for maintenance 

When taken to shore, units have either been lifted from the 
water using cranes already working in the area, or been drawn 
up a slipway using a trolley and electric winch which have all 
been provided at modest cost.  This has demonstrated the 
ability to carry out first stage maintenance in a local situation 
using resources likely to be found there already and thereby 
keeping project costs down. 

E. Decommissioning 

With 4 short duration projects now completed, each of 
these units or arrays has been completely removed and the site 
left as it was originally found – with the exception of the 
marks from the deployed anchors which would be no more 
prominent than those from a moored vessel.  The total costs of 
decommissioning these sites has been less than GBP 10,000 
per site, which ranks very well compared to other wave 
energy devices. 

IV.  NEXT STAGES 

Now that the 6 unit WaveNET array has completed 
commissioning, this array is scheduled for deployment in a 
pathfinder project to provide commercial power to an 
operating salmon farm site in summer 2016.  This project will 
also feature grid connection which will enable export to grid 
at times that the salmon farm does not require power 
overnight. 

This project is located next to a salmon farm site in a 
location with a moderate wave climate.  This gives access to 
waves across a range of sea states in a typical customer site. 
This will give a better indication of array yield across that 
range, and will also allow operation in the full range of sea 
conditions experienced in these sites which will increase 
customer confidence in device operation and allow assessment 
of performance through storms, so that there is better 
understanding of the risks posed, and mitigated, for operation 
close to cages containing high value salmon stock.  In addition, 
this project will demonstrate a WaveNET wave energy array 
operating in a grid connected situation which will give 

Fig. 8  Commissioning of 6 unit WaveNET array August 2015 

Fig. 7 SQUID unit running in severe weather December 2014 
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valuable experience of operation for shore connected projects 
where connection into a local grid will be required. 

V. CONCLUSIONS 

Through the deployments that have taken place to date of 
Albatern’s Series 6 single SQUID units, and WaveNET arrays, 
a depth of knowledge and experience has been gained.   This 
adds significant capability and experience to the effective and 
cost efficient deployment of WaveNET arrays in different 
locations and geographies.  The specialist device 
understanding can be combined with local project knowledge 
to ensure effective planning and deployment of these projects 

on a commercial basis, with a clearer understanding of support 
required. 

ACKNOWLEDGMENT 

Thanks are given to Dr-Ing Gonzalo Tampier Brockhaus of 
the Universidad Austral de Chile, based in Valdivia, Chile, for 
the use of the load graph for the salmon farm site shown at Fig 
1.  This graph was based on data collected on an operating site 
on a joint project to understand the application of renewable 
energies (including wave energy) to provide power for 
offshore salmon farm sites in Chile. 

 
 

59



 

 Wave Energy Mapping in Malaysia using Multi-
mission Satellite Altimetry  

Farah Ellyza Hashim1, Omar Yaakob*2, Kamaludin Mohd Omar3, Ami Hassan Md Din4, Kho King Koh*5 
Marine Technology Centre Universiti Teknologi Malaysia 

81310, UTM Skudai, Johor, Malaysia 
1fellyza2@live.utm.my 

*Faculty of Mechanical Engineering 
Universiti Teknologi Malaysia 

81310, UTM Skudai, Johor, Malaysia 
2omar@fkm.utm.my 
5koh@fkm.utm.my 

Geomatic Innovation Research Group (GnG) 
Faculty of Geoinformation & Real Estate 

Universiti Teknologi Malaysia 
81310, UTM Skudai, Johor, Malaysia 
3kamaludin_omar2004@yahoo.com 

4amihassan@utm.my 
I. KEYWORDS  
 
Wave energy, Malaysia, resources, mapping, 

satellite altimeter  
 
II. ABSTRACT  
 
This paper presents results of an assessment of the 

wave energy resources in Malaysia using satellite 
altimetry data. The potential for the wave energy was 
assessed based on data from multi-mission satellite 
altimeter, covering the period of 10 years from year 
2001 to year 2010. The satellite missions used in this 
study consist of Topex, ERS-2, Jason-1, Envisat and 
Jason-2.  

The resources were assessed at three levels; 
theoretical wave energy resource, technical wave 
energy resource and practical wave energy resource. 
Theoretically, it was found that locations along the 
coastlines of Malaysia have a mean wave power 
density in the range of 5 kW/m to 7 kW/m. The 
technical resource potential was assessed by taking 
into consideration the available technology of Wave 
Energy Converters (WECs). Physical, socioeconomic 
and environmental constraints in the study areas that 
define the practical wave energy resources are plotted 
on the maps to present a realistic practical 
assessment.  

The study concluded that Malaysia does have a 
potential of wave energy resource that could be 
exploited as a source of renewable energy. However 
when considering technical and practical issues, it 
can be concluded that the wave energy is still too 
small for commercial development using current 
technologies. 
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II. ABSTRACT 

Since 2009 and its reward and recognition of promising 
technology by French public authorities, SABELLA is 
working on its real scale marine current turbine Sabella D10, 
10 meter diameter device with maximal output power of 
1 MW.  

The first step of this project was the qualification of the 
selected installation area: the Fromveur strait with currents up 
to 4 m/s and an average bathymetry of 50 meters. 

 
Fig. 1: location of the Fromveur strait 

 
The design and engineering of the turbine was made 

through several classical steps, from CFD and finite elements 
analysis to physical trials in circulating water channel at the 
INSEAN. It allows a complete and perfect definition of loads 
on the device, efficiency of the rotor and determination of the 
power curve under several environmental parameters (such as 
upstream or downstream flow). 

 
Fig. 2: physical tests at INSEAN circulating water channel 

 
After a final assembly in Brest during first semester of 

2015, this pre industrial machine was immersed in June 2015 
in the Fromveur strait and is now fully operating since 

September. During this trial period at sea, energy produced is 
delivered, through a submarine power cable, to the non-
interconnected insular grid of Ushant. This device is fully 
monitored, both in operation and in terms of environment 
(pressure sensors, temperature probes, accelerometers, ADCPs, 
acoustic camera, etc.). This instrumentation monitors its 
behavior during the whole test year and carry out 
environmental measurements in the Fromveur strait, where 
harsh sea states and strong currents have, up to now, limited 
the knowledge to basic studies. It covers up to 10% of the 
local electricity needs and meet a full social acceptance. 

 
Fig. 3: installation of Sabella D10 in the Fromveur strait 

 
With the feedback of the demonstrator and a better 

understanding of environmental conditions of the site, 
SABELLA continue with Eussabella project, a tidal turbine 
pilot power plant of 3 devices with an installed power capacity 
around 3 MW. This project will see complementary 
installation of onshore storage to demonstrate SABELLA’s 

insular energy model that will be deployed in ASEAN. 
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II. ABSTRACT 

The Ocean Energy Systems Technology Collaboration 
Program (OES) is an intergovernmental collaboration between 
countries, to advance research, development and 
demonstration of conversion technologies to harness energy 
from all forms of ocean renewable resources, such as tides, 
waves, currents, temperature gradient (ocean thermal energy 
conversion and submarine geothermal energy) and salinity 
gradient for electricity generation, as well as for other uses, 
such as desalination, through international cooperation and 
information exchange.    

The OES operates under the aegis of the International 
Energy Agency (IEA). The IEA provides a framework for 
international co-operation on energy issues. There are 
currently some 40 active programmes in the areas of 
renewable energy, fossil fuels, fusion power and cross-cutting 
activities for technology research, development, 
demonstration and deployment.  

Presently 23 countries are members of the OES, 
contributing annually to a common fund. The Mission set out 
in the Strategic Plan (2012 – 2016) was to see OES becoming 
an Authoritative International Voice for Ocean Energy, 
working to promote and accelerate the uptake of ocean energy 
as a sustainable energy supply option. During 2016 the OES 
Executive Committee will developed a new 5-year Strategic 
Plan and review is mission, vision and strategic direction. 

The OES is an important platform for a wide range of 
international collaborative R&D activities in ocean energy. 
The Members of the OES have been active for 15 years and 
have succeeded in establishing the following collaborative 
tasks or research projects: 

Task 1 - Review, Exchange and Dissemination of 
Information on Ocean Energy Systems (active) 
Task 2 - Development of Recommended Practices for 
Testing and Evaluating Ocean Energy Systems (concluded) 
Task 3 - Integration of Ocean Energy Plants into 
Distribution and Transmission Electrical Grids (concluded) 
Task 4 - Assessment of Environmental Effects and 
Monitoring Efforts for Ocean Wave, Tidal, and Current 
Energy Systems (active) 

Task 5 - Exchange and Assessment of Ocean Energy 
Device Project Information and Experience (active) 
Task 6 - Worldwide Web GIS Database for Ocean Energy 
(active) 
Task 7 – Cost of Energy Assessment for Wave, Tidal, and 
OTEC at an International Level (active) 
Task 8 – Consenting Processes for Ocean Energy on OES 
Member Countries (active) 
Task 9 – International Ocean Energy Technology 
Roadmap (active) 

This paper aims to present the main achievements of these 
collaborative projects. 

 
Benefits from International Collaboration 
 
The strength of the OES is that it combines the work and 

experience of many governments and nations, including all 
the countries, where marine energy technologies and projects 
are being actively developed.  Because the representatives of 
member governments on the Executive Committee include 
government departments, national energy agencies, device and 
project developers, research institutions, universities and 
national trade associations, the widest ranges of interests, 
objectives and concerns can be shared. 

The OES international co-operation facilitates: 
 Securing access to advanced R&D teams in the 

participating countries; 
 Developing a harmonized set of measures and testing 

protocols for the testing of prototypes; 
 Reducing national costs by collaborating 

internationally; 
 Creating valuable international contacts between 

government, industry and science. 
 

The OES Annual Report, available for download in the 
OES website, has turned to be a reference of the OES work 
and national activities reported by each member country. 

General information on OES can be found on its website at: 
www.ocean-energy-systems.org. 

DISCLAIMER 

The OES functions within a framework created by the 
International Energy Agency (IEA). Views, findings and 
publications of the OES do not necessarily represent the views 
or policies of the IEA Secretariat or its individual member 
countries. 
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II. ABSTRACT 

The maritime sector of marine renewable energy harvesting 
is still a very young and rapidly developing one. Even the 
offshore wind energy development sector, which precedes 
marine renewables by ten years, is undergoing rapid changes 
in blade and turbine technologies and foundation innovations. 
Such rapid innovation introduces much uncertainty into the 
licensing process.  

The technology is relatively new, particularly on such a 
large commercial scale, and very little is known about the 
pressures arising from the technology and how environmental 
receptors will interact. Although some similarities can be 
drawn from other industries, for example the rotating blades 
of a ship may cause a risk of collision for marine mammals 
and introduce anthropogenic noise as does a marine energy 
turbine, the specific characteristics of those pressures differ.  

Furthermore, whilst the technology is developing quickly, 
the permitting process in comparison is slow and a typical 
EIA in Europe may take 3 to 5 years on average. Developers 
need some flexibility in the licensing process to enable them 
to innovate whilst still meeting the requirements of EIA 
legislation.  

Finally, our understanding of the marine environment is 
still very poor. In Europe, despite a strong investment in 
science supported by detailed environmental policies such as 
the EU Habitats Directive and the Marine Strategy Framework 
Directive, coordinated through regional programmes such as 
OSPAR and HELCOM, there remains a poor understanding of 
marine benthic habitat distributions and migratory birds and 
marine mammals. 

A certain degree of uncertainty is expected in science. 
However, it can pose an issue for the legality of the EIA 
process [1] where a decision maker must have regard to the 
precautionary principle and to the degree of uncertainty, as to 

environmental impact, at the date of the decision. The quality 
of the information available will influence the decision 
maker’s ability to make a judgment as to the likelihood of 
significant effects on the environment. There may be cases 
where the uncertainties are such that a proposed development 
cannot be approved. It is therefore, vital to be transparent in 
presenting where the uncertainties lie and how they have been 
addressed in the EIA process.  

This over-arching issue of uncertainty in the licensing of 
wave and tidal energy technologies has been thoroughly 
investigated and addressed over the past ten years in Europe 
[2] and Canada. As the marine renewable energy industry in 
Asia shifts into a stage of commercial development, it is 
timely to consider the environmental permitting requirements 
of proposed developments as indicated by the AWTEC 
thematic track.  

 
This presentation will provide an overview of three key 

sources of uncertainty and solutions for managing it: 
1. Managing uncertainty in the project design - 

application of a design envelope; 
2. Managing uncertainty in the environment – use of 

predictive habitat modelling; 
3. Managing uncertainty in understanding of impacts - 

deploy and monitor approaches 
 

DHI is well-placed to provide an overview on the various 
EIA requirements and considerations throughout Asia with 
offices in nearly every country. The author has been an EIA 
practitioner for marine development projects in Australia, 
Europe and Asia for ten years.   

 

REFERENCES 
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Marine Renewable Energies by DCNS - From 
R&D to Industry  

 
Laurent Albert 

 
 

Investments in renewable energies are, as of today, massive and represent nearly 50% of the 
total investment into new power generation assets. The vast majority of those investments are 
oriented towards photovoltaic and wind power. Marine renewable energies represent a small 
part of this movement and is mainly about offshore wind that is primarily happening in 
Europe where up to 8 GW are now in operation. Other marine renewable energies are in 
different stages of technology development and are emerging with significant advantages. 
Come learn about roadblocks and enablers in this special session devoted to offshore 
renewables. 
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Abstract 
 
— In the actual context Bardot Group brings together different skills (material qualification, 
hydrodynamic…) to have a competitive solution in marine renewable energy. Our test campaign bring 
significant asset for the design and the different choices for the installation procedure of OTEC (Ocean 
Thermal Energy Conversion), SWAC (Sea Water Air Conditioning) system. Nowadays our design is 
based on a mix of structural and hydrodynamic analysis. In the past of the industry, studies remained 
focused in modelling the pipe/riser behaviour under waves and current mainly for steel structure. Our new 
concept based on polymer materials allows significant cost reduction and efficient solution for OTEC & 
SWAC technologies. Keywords—OTEC, HDPE, SWAC, WIR, Material qualification, water pumping, 
riser/ pipe intake 
 
Keywords OTEC, HDPE, SWAC, WIR, Material qualification, water pumping, riser/ pipe intake 
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Abstract 
The ocean resources around the coastline of Wales in the United Kingdom offer 
great opportunity for the exploitation of marine renewable energy from wave 
energy systems, tidal stream systems and tidal range lagoons. However, in 2013 it 
was calculated that over £70 million (SGD 100M) had been spent in research 
grants to support the Welsh ocean energy sector but evidence suggested that 
benefits of this work were limited, largely due to a lack of co-ordination or steer 
from industry. This highlighted the urgent need to redefine industry driven 
research requirements. As a result the Wales Ocean Energy Research Partnership 
(WOERP) was established and a comprehensive industry led research programme 
was developed for Wales. In turn, collaboration between the key stakeholders of 
Government, academia, regulators and industry has led to advances in technology 
development, better understanding of the marine and coastal conservation issues, 
and supporting research. Investment confidence is rising as exemplified by new 
project developments. This paper will describe the progress being made across the 
three subsectors of the industry. 
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Abstract of the Presentation of REAC Energy 
GmbH 

 
Tobias Breitbach 

 
With the StreamCube, REAC Energy GmbH has developed and validated a system 
technology that is able to use slow currents of flat land rivers or tides as well as common 
ocean currents to generate electricity. Basically the working principle of StreamCubes is 
based on drag, similar to undershot water wheels.  

The type specific low efficiency requires a design for very low Capex and Opex expenditures. 
External appraisals indicate a promising relationship between performance, yield and 
production costs. Such a low cost structure can only be reached by a modular approach and 
an industrial manufacturing approach for key components. 
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II. ABSTRACT 

Nova Scotia, Canada is home to one of the largest and most 
accessible tidal energy resources globally in the Bay of Fundy, 
where more than 160 billion tonnes of water flow twice a day. 
Known as the ‘Everest of tidal power,’ the Bay of Fundy 

represents a significant environmental and economic 
opportunity for the province. Recent estimates state that 
accelerated tidal energy development could contribute as 
much as $1.7 billion CAD to provincial gross domestic 
product out to 2040 [1]. 

Home to the Fundy Ocean Research Center for Energy 
(‘FORCE’)—Canada’s leading test center for in-stream tidal 
energy—Nova Scotia has taken significant steps to develop 
this resource, including conducting extensive stakeholder and 
public consultation, strategic environmental assessments, 
traditional ecological knowledge studies, and baseline 
research. Since that time, continuous learning, consultation, 
and information-sharing have been critical in the development 
of this growing sector in a transparent and responsible manner.  

In 2012, the Province introduced its Marine Renewable 
Energy Strategy [2], which outlines a high-level plan to 
continue research, development, and regulatory efforts in 
order to harness this resource. Specifically, the Strategy 
articulates a goal of licensing three hundred megawatts of 
commercially-competitive in-stream tidal energy post-2020 in 
order to help achieve optimum economic, social, and 
environmental value from the marine renewable energy sector.  

As Nova Scotia prepares for the deployment of twenty-five 
megawatts of in-stream tidal energy within the Bay of Fundy 
over the next five years, the Province has passed its Marine 
Renewable-energy Act [3]. This sector-specific legislation was 
developed in advance of commercial-scale deployments to 
ensure the safe, sustainable, and responsible growth of the 
industry that both respects and benefits Nova Scotians.  

In order to achieve this, the Province is actively working to 
identify opportunities for local ocean technology companies—

particularly small- and medium-sized enterprises—to support 
these projects as they move forward. Such local experience 
can, and already has, lead to position these companies to 
compete in the global supply chain, exporting skills, goods, 
and intellectual property. 

This presentation outlines the process the Province of Nova 
Scotia and its partners have undergone to support innovation 
and continuous learning related to the growing in-stream tidal 
energy industry. Particular focus is given to supply chain 
opportunities, building capacity in local markets, and export 
development strategies.  
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II. ABSTRACT 

The offshore wind energy sector is expanding aggressively. 
A capacity of 3.4 GW has been added to the Global offshore 
wind power in 2015, with which the cumulative installations   
has reached up to 12 GW [1]. Large scale wind farms are 
growing beyond the EU waters as 9 % of the new installations 
are in China, Japan and South Korea. Several ambitious 
projects, with large scale offshore wind power systems, are at 
different stages of planning and development around the 
world.  

With these capacity additions, share of electricity from 
offshore wind farms in the respective local grids is increasing. 
Wind being a stochastic phenomenon, the power output 
expected from these systems may significantly vary in tune 
with the temporal changes in the direction and strength of 
wind resource available at the site. This makes the power 
dispatch scheduling of the grids integrated with large scale 
offshore wind farms more challenging. Hence, reliable 
forecasts of the power output from the farm, at different time 
intervals, are essential for the efficient management of these 
systems. 

The most common approach in short term wind power 
forecast combines the outputs from the numerical weather 
prediction models with wind farm wake models and wind 
turbine energy models [2]. The velocity and direction of the 
free stream wind, over the wind farm site at a given time of 
interest, is forecasted using the weather prediction models. 
From this free stream wind velocity, the velocity ‘felt’ by 
individual turbines in a wind farm is estimated by 
incorporating the wake losses within the farm. These 
velocities at the hub height of the turbines are further 
translated to power and energy using wind turbine energy 
models. As errors from individual models are accumulated 
and reflected in the final wind power forecast, the accuracy of 
this approach is not very impressive.  

In contrast, for an existing wind farm where sufficient 
performance data are available, techniques based on artificial 
intelligence can effectively be used for the short-term power 
forecasts. In this paper, we propose such a simplified machine 
learning method, based on Artificial Neural Network (ANN), 
for predicting the power output from an offshore wind farm.  

 

 

 
Fig. 1. Layout of the turbines in the offshore farm 

 
The Horn Rev offshore wind farm, near the west coast of 

Denmark, is chosen for the present study. The farm consists of 
80 Vestas V80 wind turbines of 2 MW rated capacity. These 
turbines are arranged in 8 rows from north to south and 10 
columns from east to west. The spacing between the columns 
and rows are kept same at 560 m. Out of the 80 turbines, 40 
turbines coming under strong wake field are considered for 
this analysis. Layout of these turbines is shown in Fig. 1.  

Performance data from these turbines, averaged over 10 
min interval, is used for developing and testing the ANN 
model.  From the data, the major parameters influencing the 
power produced by individual turbines are found to be the 
velocity and direction of the wind. Performance of the 
turbines at wind speeds of 6 m/s, 8 m/s and 10 m/s and wind 
directions 270º, 221º and 312º were considered for the 
analysis. A band of ± 5º, ±10º and ±15º were considered for 
each direction.  

Two-third of the available data were used for the training 
the ANN model, which is then tested for its accuracy using the 
rest of the data. Both training and testing datasets were  
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normalized by min-max method. The resilient back 
propagation algorithm with weight backtracking (RPROP+) 
was used for the model development.  The optimal number of 
hidden layers and nodes in the model were identified by 
minimizing the error through iterative process.  

The performance of the proposed ANN model in predicting 
the total power output from the 40 wind turbines, compared 
with the actual observed data are shown in Fig. 2. Reasonable 
agreements between the predicted and observed performances 
are evident from the figure. Under the error analysis, 
considering the estimated and observed output from all the 40 
turbines at different wind speeds and directions, it was found 
that the accuracy of the proposed model is 84 per cent.      

It is interesting to note that the model slightly under 
predicted  the turbine performances for all the flow directions 
at lower wind speeds where as a tendency for over prediction 
is evident at higher wind velocities. Higher wind velocities 
would trigger higher wave height and therefore sea surface 
roughness and wind turbulence intensity. Higher turbulence 
levels of wind flow would reduce the productivity of wind 
turbines [3]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The intensity of turbulence is not considered as an input 

parameter in the current model. This could be the reason for 
the model to overestimate the performance of the turbines at 
higher wind velocities.  Thus, the performance of the model at 
higher wind velocities could further be improved by 
incorporating turbulence intensity as one of its input 
parameters.  
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        A                          B                     C 
Fig. 2 Comparison between the predicted and observed total power output from the 40 turbines at (A) 6 m/s (B) 8m/s and (C) 10 m/s 
wind speeds.   
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II. ABSTRACT 

In the last 5 years, Thailand energy consumption has 
increased due to the expansion of economic. The main energy 
consumption is still petroleum with 54% of all energy. The 
second main energy is electricity with 22%. Consider only in 
electricity, the main source, which is used as a fuel to generate 
electricity, are natural gas liquid 65%, coal 21%, electricity 
import/export 8%, hydropower 3%, oil 1 % and renewable 
energy 2%. From that reason Thailand need to find an 
alternative energy such as renewable energy. One of the 
interesting renewable energy, which is the green energy 
sources, is the ocean wave energy because Thailand has Gulf 
of Thailand and Andaman Sea cover on two sides. At the 
beginning of studying the ocean wave energy, the observation 
of the potential of ocean wave energy through the ocean is 
necessary attempt. The reason of the potential observation is 
the budget of ocean wave energy converter currently 
expensive, low efficiency and effectively due to technical 
problem. The numerical model used in this study is Simulated 
WAves Nearshore (SWAN). This model can be used to 
determine the characteristic of ocean wave include ocean 
wave height. The significant wave height is evaluated to find 
the natural potential of natural ocean wave energy in both 
GoT and Andaman Sea over 10-year (2004 to 2014). ETOPO1 
is used as a bathymetry data in this study. Wind data used in 
this study are from NOGAPs and NAVGEM which NOGAPs 
used from 2004 until February 2013 and after that until 2014 
used NAVGEM. The results from this study show the 
seasonal wave energy map for Gulf of Thailand and Andaman 
Sea. Andaman Sea can provide more potential of wave energy 
than Gulf of Thailand due to significant wave height is higher. 
 

  

  

   

      

 

              (a)                 (b) 

Fig.1 (a) Gulf of Thailand (b) Andaman Sea  
(adapted from ArcGis) 

 

 
   

         (a)                 (b) 
Fig.2 Significant wave height   

(a) Gulf of Thailand (b) Andaman Sea 
 

 
 

Fig.3 Wave power 
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II. ABSTRACT 

 
Floating Renewable Energy Devices (FREDs) require cost 

effective anchoring systems to make the cost of energy 
produced competitive with fossil fuel alternatives. The 
transfer of the technology from the offshore oil and gas 
industry is not relevant as the FREDs will be deployed in 
large numbers and will need a high level of compliancy for 
power extraction optimisation. Different anchoring cost 
reduction strategies are currently being investigated by the 
Centre for Offshore Foundation Systems. One of the 
principles being examined is the possibility to share the 
holding capacity of one anchor to moor multiple FREDs. 

 
The choice of the pattern of the array (also referred as inter 

device spacing) is not only a matter of power production 
optimisation, device’s nature or bathymetry, but it is also a 
matter of soil stratigraphy (encountered in shallow waters) and 
loads magnitude/direction applied on foundations [1-2]. 
Multiple array configurations were modelled with 
hydrodynamic software to replicate multi directional mooring 
loads acting on shared anchors. This has produced insights on 
array optimisation layout from a geotechnical point of view. 

 
The reduction of the number of anchors with the concept of 

anchor sharing could represent a significant cost-saving: 
Considering a small array of 3 FREDs, each moored with 3 
mooring lines with no anchor sharing, 9 anchoring points are 
required. For 6 FREDs with anchor sharing, a total of 10 
anchors are needed (Fig. 1.). 

 
Fig. 1 Triangular pattern formation for anchor optimisation; anchors 
in red, shared anchor in green, FREDs in yellow, subsurface buoy in 
blue for taut mooring line configuration. 

With respect to this principle, suction caisson may be a 
potential alternative anchoring solution due to the capacity to 
resist multidirectional loading, the ease of installation and 
decommissioning or to mobilise additional capacity through 
active suction. 
 

Centrifuge experiments on dry sand were accomplished to 
quantify the capacity of 1/100 scale suction caisson in one 
direction (F2), following a preliminary loading (F1) in a given 
direction. Parameters investigated included the magnitude of 
loading with respect to the monotonic capacity in the primary 
direction, and θ the orientation of the second loading direction. 
For θ = 120°, at 85% of the monotonic capacity, the soil 
undergoes considerable straining before reaching the peak 
resistance at 99% of the monotonic peak resistance. For θ = 

60° and 90°, the holding capacity of the caisson is very similar 
to the monotonic capacity, regardless of the magnitude and the 
direction of F1 (Fig. 2.). These results show the critical shear 
behaviour of the seabed when subjected to multidirectional 
forces. 

 
This project is focussing on the problematic of anchoring 

systems for FREDs in a global way, meaning that the 
knowledges being developed could be extended to floating 
wind turbines, wave energy converters and even floating tidal 
turbines. 

 
Fig. 2 Summary of the peak load resistances after loading at 30, 50 & 
85% of the monotonic capacity for three different load angle 
scenario 60, 90 & 120°. 
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II. ABSTRACT 

The realization of full-scale wave energy converter 
(WEC) systems requires reliable simulation tools that 
can study the performance of the system with many 
degrees of freedom and in a large range of parameters. 
 
A WEC system is most thoroughly described by solving 
the full Navier-Stokes equations and simulating external 
forces such as power take-off (PTO) and mooring loads 
simultaneously [1]. This is a computationally time 
consuming approach, which might not be suitable for 
optimization studies, but can be necessary for extreme 
design cases and survivability studies. In this study, a 
numerical wavetank is being experimentally verified and 
is used to study the motion of floating point absorber 
buoys, moving in six degrees of freedom. 
 
The open source software OpenFOAM is used, where 
Reynolds Average Navier-Stokes equations (RANS) are 
solved, and the Volume of Fluid (VOF) method is used 
to calculate the surface elevation [2, 3]. The RNG κ-ε 
model is used to model the turbulence. The WEC system 
that is studied in this paper consist of a floating point 
absorbing buoy that is connected to a linear generator on 
the seabed. The translator inside the generator moves in 
heave only, and is directly driven by the buoy, its motion 

is restricted by both upper and lower endstops. The 
simulated WEC corresponds to the concept developed 
by Uppsala University, Sweden, that is being tested at an 
offshore site in Lysekil, Sweden [4]. 
 
Several different buoy geometries and topologies are 
studied, and the effect of their different behavior on the 
WEC performance and survivability is analyzed. 
One of the strengths with VOF-RANS simulations is the 
possibility to simulate overtopping and breaking waves. 
The line force and motion are studied when an incident 
wave is not overtopping, but high enough to make the 
translator hit the upper endstop, and this case is 
compared to situations with overtopping waves.  
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II. ABSTRACT 

Marine energy has been considered for over a decade as an 
alternative resource to fossil fuels to produce electricity and 
help slow climate change around the world. The United 
Kingdom is a world leader in research related to electricity 
production using marine resources such as tidal currents and 
range, and waves. Therefore the UK is a good benchmark to 
use when developing marine energy generation in other parts 
of the world.  In this paper, Costa Rica, a Central American 
country that produces over 90% of its electricity using 
renewable sources is considered as a possible location for the 
use of marine energy. This paper shows what steps need to be 
taken if a marine energy project were to be proposed in the 
Gulf of Nicoya or Dulce Gulf, comparing the procedures, 
legislation and obstacles that have been lived in the UK 
already.  

The aim of the research is to determine how Costa Rica can 
contribute to the international research in relation to the use of 
marine resources, considering the experience obtained from 
the use of other alternative sources such as wind, hydro and 
geothermal.  It can also lead to the baseline on considering 
Latin America as a location for the use of marine resources 
extending the world’s current potential for the extraction of 

electricity.  
The UK has found that international collaboration with 

research has accelerated the development and deployment of 
tidal stream devices. With the reported how tidal stream 
currents off Costa Rica then the  generation technology [9] 
must be created to expand the niche where this resource can 
be used, so stakeholders such as consumers, investors and 
policy makers can get more involved in the subject to make 
power plants more feasible around the world.  

This paper will contribute to determine the influence of 
public perspective [17] on the development of new renewable 
energy projects and how the views of different societies affect 
the creation and use of the technology. A comparison between 
the UK and Costa Rica will be made, and results will show 
how culture can influence the progress of new initiatives and 
implementation. 

To compare the procedures and determine Costa Rica’s 
current situation for future marine energy projects, UK’s tidal 
lagoon planning [8] will be taken as the reference and will 
compared with a hypothetical marine energy project operated 
off the Costa Rican coast. This includes, but is not limited to, 
location selection [10], environmental impact assessment, 
economic effects and socio-economic impact in the region.  

From the results, it can be deduced what institutions in 
Costa Rica - and the collaboration among them - are needed to 
start research and innovation along with other countries, 
providing more options on places where to invest for 
developers and benefit the world by reducing the dependence 
on fossil fuels.  

 
Figure 1. Possible locations for marine energy projects in Costa Rica. [12] 
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II. ABSTRACT 

In this paper, an efficient approach to tidal farming 
optimization inside Jangjuk channel, Korea consisting of 1MW 
scale tidal turbines was carried out by means of evaluating array 
scale interactions and the potential effects, and taking into 
account the impact of wake effects, tidal device characteristics 
and device installation constraints. The approach is 
implemented by an application of numerical modelling method. 
The utility of the approach in this research is demonstrated by 
optimizing the tidal farm in an idealized scenario and a more 
realistic case with different configurations of tidal array, 
including 28 turbines for the centred layout and 30 turbines for 
the staggered layout. Each layout was tested at two different 
formations (named A and B for the former, C and D for the 
latter). According to the numerical results, the centred layout A 
and the staggered layout C show the best performance in energy 
yield generation as the net energy of all turbines (or wake 
energy yield which includes the impacts of wake effects on 
power generation) extracted from these two layouts is virtually 
equal to the estimate of speed-up energy yield (or the gross 
energy which is the sum of the energy yield of each turbine 
without wake effects). In addition, the averaged energy yield 
per device of the staggered layout C is higher than the centred 
layout A, about 1.113GWh/year against 1.08GWh/year. It also 
means that the staggered formation C is an optimal array for 
tidal farming in Jangjuk channel. Conversely, the centred 
layout B shows the worst performance if tidal energy extraction 
comparing to others, about 9.3% and 17.4% lower than the 
gross energy of the layouts A and C, respectively. In general, 
energy yield calculation by means of taking into account the 
impact of wake effects, tidal device characteristics and device 
constraints give more reliable and more accurate results. 
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Fig. 1 Energy density inside Jangjuk-sudo (kW/m2) 

 

(a) Flood tide 

(b) Ebb tide 
Fig. 2 Wake flow visualization in the centered layout 
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I. KEYWORDS 
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II. ABSTRACT 

Understanding the nature of wakes from tidal 

stream turbines is crucial if they are to fulfil 

their potential and make a significant 

contribution to reliable, predictable renewable 

energy. Being able to accurately characterise a 

turbine wake is necessary in order to calculate 

mechanical loading, array layout and potential 

environmental impacts of the deployment of 

multiple turbines.  In addition to this, a better 

understanding of the temporal nature of tidal 

turbine wakes allows better prediction of the 

fluctuating loads experienced by downstream 

turbines within an array, increasing reliability 

and reducing the costs of energy produced by 

tidal turbines. Finally, knowing how the wakes 

behave in the far-field should allow predictions 

to be made regarding changes to tidal channel 

dynamics, and potential environmental effects 

such as changes to water turbidity and sediment 

transport. 

A study has been conducted into the use of 

scale-resolving turbulence models for modelling 

the wakes of marine current turbines using full 

rotor geometry. Previous studies using Reynolds 

Averaged Navier-Stokes (RANS) turbulence 

models have tended to significantly over predict 

the extent of the wakes [1] [2], and the authors 

hypothesise that this is due to the inability of 

RANS turbulence models to accurately model 

the mixing of the free stream and the wake of 

the turbine. Scale-resolving models directly 

resolve the large-scale turbulence, and only 

apply a turbulence model to the small scale 

turbulence, allowing both the larger length 

scales measured at potential sites for tidal 

turbines, as well as the anisotropic nature of the 

turbulence in the wake [3] to be modelled. This 

should provide better reproduction of the 

mixing between the wake and the free-stream, 

and therefore better reproduction of the extent 

and character of the wake itself. Presented here 

are CFD results (fig. 1), for a 10m diameter, 3 

bladed turbine mounted on a monopole, using a 

scale-resolving turbulence model and input 

turbulence that is realistic in both intensity and 

length scale, based on data measured at 

potential sites for tidal turbines [4]. The scale- 

resolving CFD results are compared to 

experimental results [5], and show improved 

correlation to those from previous CFD studies 

using RANS turbulence models.  Furthermore, 

the use of scale-resolving models has not 

significantly compromised the prediction of the 

power and thrust coefficients from the turbine. 
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Figure 1: Comparison of instantaneous stream 

wise velocity and time-averaged stream wise 

velocity using a DES turbulence model. 

The knowledge gained from this work could 

potentially be used to determine the wider 

environmental impacts of the wakes of tidal 

stream turbines, as well as having implications 

for the layout of tidal turbine arrays. 
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I. KEYWORDS 
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II. ABSTRACT 

Ocean energy represents one of the major parts of 
renewable energy in the world. Among the various kinds of 
ocean energy, the most abundant resource is attributed to 
wave energy and it has been estimated to be greater than 2 
TW worldwide. Many devices of different types, such as point 
absorber, attenuator, oscillating wave surge converter, 
oscillating water column, overtopping device, and submerged 
pressure differential, were proposed in the past two decades. 
In fact, the wave energy converter has long been considered as 
one of the most promising ocean energy devices. 

However, while an abundance of wave and tidal energy is 
available and many studies have been devoted to development 
of energy converters, its harnessing is still challenging from 
the technological point of view. This is due partially to the 
energetic and even hostile ocean environments. The test site is 
the step stone for these converters to leap from laboratories to 
energy industries or from one ocean environment to another. 
For example, in the Asian-Pacific region, the extreme 
condition due, in particular, to typhoons and/or earthquakes 
must be considered. For these purposes, some test sites are 
under development in Asian-Pacific region [1-5], each of 
which features particular interests in wave and/or tidal devices.  

In Taiwan, a tidal wave energy test site has also been 
planned and constructed at waters outside National Taiwan 
Ocean University, shown in Fig. 1.The site focuses on tests of 
devices designed for medium wave energy density which is 
popular around the whole world and, in particular, in the Asia-
Pacific area. In addition, the site features a strong tidal current 
due to the seabed topography and typical waves in Taiwan 
area. In addition, the site is in the region where typhoons 
frequently hit. Furthermore, there are convenient nearby 
operation bases for work boats and construction machinery. 
Therefore, the deployment, retrieval, and maintenance 
manpower are fully available. A data buoy has been deployed 
in the test site for many years. It records the wave height, 
period, and direction, wind speed and direction, water 
temperature, and air temperature and pressure. The wave 
energy variation in the past ten years is now available, as 
shown in Fig. 2. 

In this paper, the environments, challenges, and progress of 
development will be addressed, the recent tests of some 
devices discussed, and the future goal envisioned to develop 
the sites with full facilities and research capability to meet the 
need of marine energy harnessing in Asia-Pacific region. 

 
 

• A site near NTOU 

Tidal Test Zone
0.953 km2 (235.5 Acre)

Wave Test Zone
0.489 km2 (120.8 Acre)

Buoy

TEC (water depth =40 m)

WEC 2 (water depth=30 m)

WEC1 (water depth=15 m)

Fig. 1  The test site for wave and tidal energy devices in Taiwan. 
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Fig. 2  Wave energy density in the test site. 
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II. ABSTRACT 

Turbulence measurements were conducted with a Vertical 
Microstructure Profiler (VMP, Fig. 1) in the Sound of Islay, as 
part of the Turbulence in the Marine Environment (TiME) 
project. Multiple casts were conducted with the VMP at a 
fixed station near a bottom-moored turbulence measurement 
platform, during both ebb and flood cycles of the tide. In 
addition, cross-channel and along-channel profile transects 
were taken centered on the turbulence mooring site. The 
purpose of this paper is to summarize the temporal evolution 
and spatial variability of turbulence at this location, which is a 
site slated for tidal energy generation.  Turbulence data 
collected with the profiler are quantified in terms of the rate of 
dissipation of turbulent kinetic energy, ε, which varies by up 
to three orders of magnitude over the tidal cycle at the fixed 
profiling station, and by up to two orders of magnitude for the 
across-channel transect. The results from the bottom-mounted 
platform are discussed elsewhere.  

 
The interaction of swift tidal currents with topographic 

features in tidal channels results in a high variability of flow 
speeds, which affects the reliability and the efficiency of 
energy extraction, as well as the operational risk of energy 
conversion devices. In this context, the accurate and complete 
characterization of turbulence has been identified as a priority 
for tidal energy site assessments [1], [2]. 

The research programme Turbulence in the Marine 
Environment, TiME, seeks to establish methods and 
methodologies for measuring and evaluating turbulent effects 
in tidal arrays. As part of the TiME project, two field 
campaigns at Islay Sound and the Inner Sound of the Pentland 
Firth have been conducted in 2014. Both campaigns involved 
the deployment of two turbulence measurement systems. One 
of the systems is a boat-deployed vertical microstructure 
profiler, VMP, that measures profiles of turbulent TKE 
dissipation rates at various locations near the mooring site. 
The VMP carries velocity shear probes that resolve velocity 
fluctuations with length scales ranging from several 
millimetres to approximately 1 m, thereby resolving the 
turbulent energy spectrum from the inertial sub-range to the 
dissipation scale. Turbulent flow fluctuations at these scales 
are important for predicting dynamic processes, such as the 
differential loading over the chord length of rotor blades [3], 
[4]. In addition, the accurate measurements of the TKE 

dissipation rate improve estimates of skin friction parameters 
in numerical models seeking to optimize turbine performance, 
and it is a key parameter for the numerical modeling of 
turbulence [5]. 

This paper focuses on turbulence data collected with the 
VMP system at Islay Sound in April 2014. The VMP and the 
experimental site are described and representative profiles of 
the turbulence data measured by the VMP are presented. A 
time-series of dissipation rate over the tidal cycle (obtained by 
conducting repeated profiles at a fixed measurement station), 
and cross-channel and along-channel transects of TKE 
dissipation rate are presented and discussed. 
 

 
 

Fig. 1. The VMP-200 in its deck stand ready for deployment. The lower end 
is at the front of the picture and shows the front guard (four black-tip prongs) 
and the velocity shear and thermistor probes. The aft end holds the radial 
array of filaments that provide drag to stabilize the fall rate and orientation   
of the profiler. 
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I. KEYWORDS 

Design of tidal stream turbine drive trains – Key drivers 
and parameters, limitations and first field testing experiences 

II. ABSTRACT 

The presentation covers different drive train concepts for 
tidal stream turbines. It provides indications of suitable rotor 
bearing arrangements, including their dimensions and types. It 
introduces engineering working steps from first hub load 
analysis, to classical bearing selection criteria’s, to complex 

deformation behaviour under load and its influence on 
performance and life time. It describes how high  axial loads 
and bending moments on the rotor hub can be absorbed when 
selecting the right main shaft bearing configuration and 
explains why possible deformations have to be minimised in 
order to ensure optimal sealing performance. Most suitable 
rotor shaft seal solutions for shallow and deep water 
applications will be introduced with their merits and demerits  
discussed. More standardised and holistic approaches to 
design which will be adopted in the next generation designs 
will be presented. Design solutions for pitch blade and yaw 
mechanism’s will be introduced and most suitable types will 
be described in more detail. 

 

Fig. 1  Example drive train of an tidal stream turbine 
 
 
The content of this presentation is derived from practical 

experience from various advanced tidal stream turbine 
projects in Europe, North America and Asia. SKF who is one 
of the global leaders in the bearing industry is engaged with 
most advanced tidal stream turbine manufacturers from the 
early prototype phase. This involves drive train design, 
engineering, manufacturing, as well as validation  and testing . 
For the latter, SKF is currently building the world’s biggest 

large size bearing test centre to significantly increase the 
reliability and life span of such bearings. 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig. 2 Large size bearing test centre, Schweinfurt Germany 
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II. ABSTRACT 

The oscillating wave surge converter (OWSC) type devices 
(eg., Oyster wave energy converter) generates power via 
rotating motion at the bottom of the device. This type of wave 
energy converters have a wide power absorption bandwidth 
which enables the generation of electricity at a wide range of 
wave frequencies. The power produced by the OWSC could 
be maximised by properly arranging the OWSC in arrays due 
to the constructive interference between the devices. This 
paper examines the performance of the power generated by 
multiple arrays of OWSCs under irregular and multi-
directional wave conditions using the industry standard 
hydrodynamic software WAMIT. The efficiency of the 
OWSC is reported in terms of the q-factor. The results show 
that the OWSC arranged in a multiple arrays configuration 
would yield both constructive and destructive interference 
depending on the wave directions and frequencies. Also, the 
energy period is shown to affect the performance of the 
OWSCs significantly. The detailed results presented in the full 
paper will provide a clear understanding of the behaviour and 
performance of the OWSC when arranged in arrays of 
different numbers and configurations, subjected to irregular 
and multi-directional sea. 
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 Fig. 1  q-factor for three arrays of OWSC under irregular sea 
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Fig. 2  q-factor for three arrays of OWSC under multi-directional sea 
 

 Fig. 2  Normalised mean power for three arrays 
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II. ABSTRACT 

A genetic algorithm (GA) optimisation scheme is proposed to 
seek for the optimal spacing of wave energy convertors (WEC) 
arranged in arrays. The GA considers three spacing variables 
that define the arrays’ configuration and seek for the optimal 

spacing by taking the maximum q-factor of the array as the 
objective function. On the other hand, the q-factor, which 
defines the constructive and destructive hydrodynamic 
interference between the WEC, is predicted by using the 
industry standard hydrodynamic software WAMIT. A number 
of 12 oscillation wave surge convertors (OWSC) arranged in 
three different arrays is considered to facilitate the discussion 
of the optimal spacing outcome. Their comparisons with 
respect to different scattered parameters and layout 
configuration are presented. An interesting correlation 
between the optimal spacing and the scattered parameters is 
observed and presented. The effect of the wave elevation 
surrounding the arrays under optimal spacing will also be 
studied. 
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SUMMARY: A CFD approach is developed by using the CFD library OpenFOAM® for prediction of the 
performance and the far wake of a three bladed horizontal axis tidal turbine (HATT). The Actuator Line (ACL) 
model is developed for simulation of the HATT. Both Large Eddy Simulation (LES) model and Reynolds 
Average Navier-Stokes (RANS) model are considered in the flow solver. An experiment is also carried out in a 
circulating water channel to build a benchmark database for validation of the CFD model. In this paper, recently 
obtained results of both CFD development and experiment are presented.  

Keywords: Wake measurement; LDV; Horizontal axis tidal turbine; CFD; OpenFOAM 

INTRODUCTION 

Tidal current is an important source of ocean 
renewable energy to generate electricity due to its 
reliable and predictable features. Japan has a high 
tidal current energy potential and several national 
research projects have been promoted in recent 
years. The research presented in this paper is a part 
of a research project on development of numerical 
method to investigate the hydrodynamic 
performance of a tidal farm. The purpose of our 
research is to develop CFD tools for simulation of 
tidal turbine array with the consideration of 
interference among multiple turbines. In the first 
stage of the research, the hydrodynamic behavior of 
a single turbine operating in uniform flow has been 
investigated (Liu and Hu, 2015). A CFD approach 
has been developed by using the CFD library 
OpenFOAM® for prediction of the performance and 
the far wake of a three bladed HATT. RANS 
equation is used in the flow solver. Both the 
steady-state solver and transient solver are 
developed and carefully validated. 

For numerical simulation of a tidal farm, the 
CFD model with the tidal turbine fully resolved is 
computational time consuming and not practical due 
to the restriction of the available computation 
resource.  The ACL model, in which the turbine is 
modeled by a kind of hydrodynamic force in the 
flow simulation, is considered suitable for 
simulation of the multiple turbine interference. In 
this paper, the accuracy of the wake simulation from 
a single turbine by using ACL model is studied. A 
numerical example of tidal turbine farm simulation 
is also presented for demonstration of the 
performance of the CFD method. 

To validate the CFD model an experiment is 
carried out in a circulating water channel. In this 
experiment the wake flow field of a 1/60 scale 
HATT is measured with a laser Doppler velocimeter 
(LDV) device. The measured velocity profile and 
the turbulence kinetic energy profile in the wake 

region will be used for comparison with the CFD 
results.  

 
CFD DEVELOPMENT 

The ACL method (Sørensen, 2002) is an efficient 
approach that can be used to provide majority wake 
flow characteristics of a rotating turbine. Following 
the basic idea in the Blade Element Method (BEM), 
the forces (per span-wise length) can be projected 
into the right-hand side of the Navier-Stokes 
equation. To avoid numerical oscillations, the 
aerodynamic blade forces term is distributed using 
the Gauss projection function. The ACL method is 
implemented into a Cartesian grid based flow solver 
to achieve high computational efficiency. For 
modelling turbulence flows both the RANS model 
and LES turbulence model are used.  

 

 

Fig. 1 Time averaged velocity profile of a single 
turbine (RANS Simulation). 

 
Fig. 2 Time averaged turbulence kinetic energy 

(TKE) profile (RANS Simulation). 
 
To validate the ACL method, a numerical 

simulation is carried out on an experimental case 
which is carried out in Kyushu University as 
described in the next section. For the inlet flow a 
low turbulence level is considered. Both RANS 
model and LES model are used for the simulation. 
In Fig. 1 and Fig. 2, time averaged velocity profile 
and time averaged turbulence kinetic energy 
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obtained by the RANS simulation are shown, 
respectively.  

By using ACL model LES simulation can be 
performed on a tidal farm. Figure 3 shows the 
vortex structure behind a tidal turbine by the 
simulation with ACL model. An example of LES 
simulation on wake interaction of a tidal farm with 5 
turbines is shown in Fig.4 to demonstrate the 
capability of the proposed CFD method.  

 

Fig. 3 Vortex structure visualized by the Q-criterion 
(LES Simulation).  

 

 

Fig. 4 Wake interaction simulation on a tidal farm 
with 5 turbines 

 
 

 
Fig. 5 Circulating water channel of Kyushu 

University 
 
 

 
Fig. 6 Experimental setup 

EXPERIMENT 

The model experiment is carried out in a 
circulating water channel of Kyushu University 
which is shown in Fig.5. The measurement section 
of the water channel is 6m long, 2m wide and 1m 
deep. Maximum velocity is 3.3m/s. In Fig.6, the 
experimental setup is shown. The flow velocities in 
the wake of the turbine are measured by a LDV 
system. Since LDV is a point measurement device, 
an automatic three-dimensional drive system is 
installed on the water tunnel for plane measurement 
of the velocity distributions. The turbine model used 
in the experiment is a 1/60 scale model of a 
three-bladed HATT which is made by a 3-D printer. 
The rotor diameter is 0.3m and the uniform 
upstream velocity is 0.28 m/s. 

 

 

Fig.7 Measured velocity distribution on 4 planes 
 

An example of the measurement is shown in 
Fig.7. The experiment has just been completed and 
analysis of the data is ongoing. In the conference, 
details of the experimental results as well as the 
comparison between the CFD and the experiment 
will be presented. 
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II. ABSTRACT

Tidal energy has been regarded as another promising 
renewable resource for electricity generation, and is moving 
towards commercialisation step by step [1]. The drivetrain for 
tidal energy conversion has been widely investigated by tidal 
current turbine developers, but there is no recognized best 
solution and therefore a number of different designs exist [2]. 
Generally, the drivetrain solutions for tidal current turbine are 
classified as mechanical geared drivetrain and direct drivetrain, 
as shown in Fig. 1. The mechanical geared drivetrain, which 
dominates the current market of the tidal current turbines, is 
featured by a high-speed generator coupled with a mechanical 
gearbox, such as HS 1000 turbine developed by Andritz 
Hydro Hammerfest, and SeaGen S developed by Marine 
Current Turbine [3]. However, it has been proved that 
mechanical gearboxes are easy to fall into failure because of 
the metal teeth meshing, resulting in frequent maintenance 
and replacement. This may reduce the operational time of the 
tidal current turbine and increase the operating cost [4]. 
Therefore, a few tidal turbine developers have built direct-
derive products, such as OpenHydro turbine and Swan turbine. 
Although direct-drive wind turbine can operate without 
gearbox, the direct-drive generator has to rotate at low speed, 
which leads to a bulky size of the drivetrain. For this reason, 
this paper will propose a new contactless geared drivetrain for 
the tidal energy conversation system, which may be a better 
solution to the above examples. 

Tidal current Blades

Gearbox Generotor Converter and
Transformer

Grid

(a) Mechanical geared drivetrain 

Tidal current Blades

Generotor Converter and
Transformer

Grid

(b) Direct drivetrain 

Fig. 1  Two popular drivetrains. 

III. THE NOVEL DRIVETRAIN 

The studied drivetrain is featured by a magnetic geared 
generator (MGM), as shown in Fig. 2 (a), which is an 
integration of a magnetic gear and a permanent magnet 
synchronous generator. The proposed MGM has an inner rotor 
with 4-pole-pair surface-mounted radially magnetized 
permanent magnets (PMs), and an outer rotor with 23-pole-
pair circumferentially magnetized PMs. The ferromagnetic 
pole shoes wedged between the outer PMs will provide the 

flux paths not only for the outer PMs, but also for the inner 
PMs. Furthermore, a stator is placed outside with 4-pole-pair 
armature windings. It is worth noting that the teeth of the 
stator together with the two rotors can function as a magnetic 
gear [5]. The outer rotor is the low-speed side while the inner 
rotor is high-speed side, and their speed ratio is equal to the 
pole pair ratio of the PMs on both rotors. Therefore, the blades 
of the turbine are connected to the outer rotor. With the 
assistance of the magnetic gear, the inner rotor will rotate at a 
higher speed. Since the pole pair number of inner rotor is 
same as that of armature winding, they can couple with each 
other to generate electricity. The proposed drivetrain is shown 
in Fig. 2 (b). 

(a) Geared drivetrain 

Tidal current Blades

Converter and
Transformer

Grid

MGM

(b) Proposed drivetrain 

Fig. 2  Magnetic geared drivetrain. 

Hence, the proposed MGM for tidal current turbines will 
function as both torque transmission and electricity generation, 
which makes the energy conversion system more compact and 
technically attractive. The significant features of the novel 
drivetrain are as follows, 

• No gear lubrication
• Inherent overload protection
• Reduced mechanical fatigue
• No mechanical contact losses other than bearing
• High torque density
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II. ABSTRACT 

 
The flow through tidal passages is, by nature, extremely 

turbulent and this flow speed variability affects the reliability 
and efficiency of energy extraction and the operational risks 
for in-stream turbines. The accurate measurement and 
numerical modeling of turbulence for these conditions is, 
therefore, important for designing and deploying any wave or 
tidal technology and assessing the risk and cost of operation. 
In order to systematically address this issue, a research 
consortium comprising six commercial and academic entities 
in the UK and Canada was formed to carry out a three-year 
research project titled In-situ Turbulence Replication 
Evaluation And Measurement, InSTREAM.  The consortium 
consists of Rockland Scientific in Victoria, BC in partnership 
with Dalhousie University and Black Rock Tidal Power in 
Nova Scotia, along with UK-based FloWaveTT, European 
Marine Energy Centre (EMEC), and Ocean Array Systems.1  

The objectives of the InSTREAM project are to develop a 
set of sensors and methods that can be used at tidal energy 
sites as well as laboratory-scale simulators, and measure 
turbulence over a wide range of temporal and spatial scales to 
capture time-averaged turbulence quantities as well as 
turbulent intermittency. The latter is important for 
understanding occurrence rates of extreme loading events [1].  
The sensor system comprises standard electromagnetic flow 
sensors as well as velocity shear probes [2], [3], which will be 
installed at three locations during the 2016 experimental 
season. The first installation is at the FloWaveTT Energy 
Research Facility in Edinburgh, UK (Fig. 1), to test and 
validate the laboratory configuration. Deployments are then 
carried out at two field sites: the European Marine Energy 
Centre in Scotland, at the Fall-of-Warness, and the FORCE 
site at Minas Passage located in the upper Bay of Fundy in 
Nova Scotia, Canada. The data sets from all measurement 
locations are compared against each other and analyzed for 
turbulence flow structure.  

The laboratory experiments at FloWaveTT are conducted 
under the site-specific conditions, indicative of flow 
conditions found at the EMEC and FORCE sites to test and 
validate the sensor setup and establish a base line data set for 
comparison with the subsequent field observations. The input 
met-ocean conditions are scaled according to Froude 

                                                
1 The project is co-funded by the Offshore Energy Research Association, a 
Nova Scotia based not-for-profit research group, and InnovateUK, a 
government-funded business and innovation organization. 

engineering principles at around 1:20 scale, resulting in upper 
flow speeds of 1.2 m/s in the tank. Flow and wave conditions 
are measured using FloWave’s standard lab equipment and 
logged using its CompactRio NI DAQ equipment. Data 
logged directly from the turbulence transducer will be time 
stamped by a reference signal generated by the DAQ to allow 
data synchronisation during post processing. 

 

 
Fig. 1. A prototype of a measurement system carrying velocity shear probes is 
tested during a pilot study for the InSTREAM project at the FloWave TT 
Energy Research Facility in Edinburgh, UK. 

  
The installation at the EMEC site provides the opportunity 

to install the turbulence sensors for an extended period and 
obtain continuous real-time data of the turbulence conditions. 
The turbulence sensor module, carrying velocity shear probes, 
fast-response thermistor (temperature) probes, and 
electromagnetic current meter, is installed in a fixed position 
approximately 2 m above the seabed on a cabled infrastructure 
module, called IMP. The sensor package is installed on a 
suitable mounting arm that holds the instrument in a fixed 
horizontal position. In this mounting configuration 
measurements are only possible for one phase of the tide, 
because the turbulence sensors need to be placed in the 
unobstructed flow upstream of any wake-inducing structures.  

The experimental plan at the FORCE site follows 
procedures that were established for similar experiments at 
Grand Passage, Nova Scotia [4], and at Islay Sound and 
Pentland Firth, the latter as part of the Turbulence in the 
Marine Environment Project (TiME [5]). The work at the 
FORCE site will be conducted at a turbine berth site. Two 
instrumented submerged buoyancy platforms called Nemo [6] 
will be anchored to the sea floor upstream and downstream of 
the berth, at heights within the depth aperture of a planned 
tidal turbine for the majority of the flow conditions.  The 
Nemo floats, Fig. 2, consist of a 4.5 m long streamlined body 
made from syntactic foam, with cutouts to house various 
instrument components: a turbulence sensor payload equipped 
with velocity shear probes and fast-response thermistors, a 
electromagnetic current sensor, a 600 kHz downward-looking 
acoustic Doppler current profiler (ADCP); and a acoustic 
Doppler velocimeter (ADV). The deployment is for a 
28-day lunar cycle, with an intermediate recovery and re-
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deployment to check the system’s integrity and sensor health, 
and to download data. Supporting the measurements with the 
Nemo, existing instrumentation assets at or surrounding the 
berth will be exploited to provide general oceanographic data 
sets, such as flow speed profiles in the water column (ADCP), 
as well as wave state, etc. 

 

 
Fig. 2. The instrumented platform, Nemo, carrying turbulence sensors (shown 
in in the inset) and flow sensors. Two Nemo floats are deployed 
simultaneously upstream and downstream of a turbine berth site at FORCE. 

 
Data from all test facilities are processed and analysed 

according to the best practice guidelines issued by the TiME 
project [7]. This involves a structural decomposition of the 
recorded flows, which is a robust method for deriving inputs 
for simulation and on-going analysis of turbine performance 
when operating within turbulent environments. The nature of 
turbulent motion (especially Reynolds Stresses) is expected to 
vary considerably between the experimental basin (FloWave) 
and the test sites.  

The characterisation at each site will be used to provide a 
‘translation’ between the effects of turbulence at model scale 
in FloWave and the effects likely to manifest at full scale. 
Furthermore, the extended time series data of high-resolution 
turbulence are used to refine statistical models of turbulence 
intermittency.  
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II. ABSTRACT 

As one of the most cost-effective renewable energy 
sources, wind energy has been growing fast in recent years, 
reaching a global installed capacity of 369,553 MW in 2014.  

Associated with this fast growth, some new requirements 
need to be fulfilled to ensure good quality of power supply. 
One of the most important requirements is arising from power 
transmission. Ideally, independent system operators (ISO) 
would preferably dispatch all the wind resource due to its low 
production cost and low carbon emission. However, at high 
penetration level, this dispatch may no longer be appropriate, 
because a huge amount of wind energy imposing high stress 
on transmission system would lead to congestion [1], [2]. In 
this circumstance, some wind energy has to be curtailed. For 
example, in ERCOT rich wind area, 16% of wind power was 
discarded in year 2009 [3]. In [1], analysis indicates that wind 
curtailment can considerably reduce the total production cost 
in a congested transmission system. These effects motivate 
ESS deployment to control intermittent energy injection and 
strengthen wind dispatch ability [4].  

As illustrated in Fig. 1, a small transmission system 
consists of a bus with wind generation, and two others with 
conventional generators (denoted by G1 and G2). Assume that 
the wind energy capacity is so high such that the not all of the 
wind power output can be delivered to the load at bus3 via 
transmission lines (connecting bus2 to bus1 and bus3) due to 
their limited capacities. Installing an ESS at the wind bus can 
help alleviate this challenge. The ESS can be used to store the 
excess wind energy during rich-wind hours and discharge it 
back to the grid later when transmission stress becomes less. 
As such, a higher percentage of wind energy, as a carbon-free 
resource, can be integrated.   

 
Fig. 1 An illustration of three-bus transmission system 

The similar problem of coupling ESS with wind 
generation has been quantitatively analyzed in some research 

[5]-[7]. However, the single-bus model used in [5]-[7] merely 
calculates an energy balance between supply and demand 
without characterizing power system network features. Due to 
the lack of incorporating power flows and transmission 
capacity constraints, the benefits of wind energy in an 
interconnected network would be overestimated since the 
transmission congestion, as an essential restriction for large 
scale integration of intermittent resource, is overlooked.  

This paper presents the operation strategy of a grid-
connected wind power plant coupled with energy storage 
system (ESS) in power transmission systems. The ESS is 
deployed to enhance the dispatch ability of wind generation 
from the viewpoint of system integration. The problem is 
formulated as an optimal generation dispatch model, with a 
particular emphasis on the interconnected network modeling 
and market regulation requirements. Specifically, the 
transmission system power flow and capacity constraints are 
explicitly incorporated in problem formulation and 
computation. It is demonstrated that for wind energy 
integration, appropriate ESS coordination can considerably 
reduce the overall energy production cost and meanwhile 
enhance the wind utilization, facilitating the low-carbon 
economy transition. In addition, through some sensitivity 
analysis, further insights are provided to reveal the numerical 
relationships between wind penetration level and total energy 
production cost under limited transmission capacity. This 
study will be very useful assisting in short-term operation as 
well as long-term planning for wind energy integration in a 
systematic manner.  
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II. ABSTRACT 

 
Tidal stream energy has the potential to make a significant 

contribution to the world’s supply of renewable energy. In 
particular, channels such as the Cook Strait in New Zealand, 
the Bay of Fundy in Canada, and the Pentland Firth in the 
United Kingdom can generate electricity in the order of 
gigawatts [1, 2, 3]. Realising power production of this scale 
requires large arrays of the order of hundreds of TEC (tidal 
energy conversion) devices [4, 5]. Arrays this large change the 
nature of the tidal resource itself, resulting in a non-linear 
relationship between the number of turbines in an array and the 
array’s output. 

 In recent literature, several generalised resource assessment 
studies have been completed on array design in tidal channels 
and can be broadly classified as macro scale or micro scale 
studies [8]. Macro scale studies focus primarily on the total 
number of turbines in the array, how these turbines are placed 
into rows, and the turbines’ “tuning” (or blade pitch) of these 

rows [6, 7]. Whereas micro scale design is focused more so with 
the relative positioning and spacing of turbines within rows and 
those in adjacent rows. This latter type of study may be 
concerned with effects such as staggering turbines in adjacent 
rows or packing turbines on one side of a channel [8].  

Macro scale resource assessment studies have been mostly 
limited to unconstricted channels with a uniform rectangular 

cross-section. Findings from these studies, however, may not 
necessarily hold in channels with variable cross-sectional area. 
In this paper we will test some aspects of this theory by 
allowing the channel width to vary according to a Gaussian 
shaped constriction (Figure 1). Specifically, we will look at the 
sensitivity of the array design to factors such as the number of 
rows, number of turbines in each row, the optimal tuning of 
these rows, and the position of these rows in both small and 
large channels with differing degrees of constriction. 

The majority of macro scale array studies are completed 
using one-dimensional (1D) modelling as this allows a wide 
range of channels and array configurations to be tested quickly. 
One-dimensional models are limited by their inability to 
resolve cross-flow effects such as eddying and wakes, and 
consequently, are prone to overestimate power output. Despite 
this, they are still suitable for observing the relationship. 

 Here we combine a one-dimensional shallow water model 
based on those of [10, 11, 12] with an actuator disc turbine 
model found in [13] (Figure 1). We use an analytical 
approximation to the shallow water model provided by [1] to 
rapidly calculate channel transport and array power output. For 
single row arrays, finding the optimal array output can be done 
using standard methods. However, for arrays made up of 
multiple rows, we adopt a Monte Carlo style search. 

  
Constricted channels have lower potentials 

 
In a previous work we demonstrated the upper limit for 

power production (channel potential) from a constricted 
channel connecting two large water bodies is always less than 
that of an unconstricted channels of equivalent dimensions. 

Figure 1: Diagram showing the application of the actuator disc model into the constricted channel model. Points in the 
zoomed in view of the row of turbines show the points of reference 0-4 referred to in the actuator disc equations  
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This is due to enhanced drag effects resulting from high 
velocities in the constricted region. In special circumstances, 
the potential of channels connected to an enclosed bay may 
increase with increased constriction due to feedback between 
the free surface of the terminal bay and the transport through 
the connecting channel. Channel potential is realised by totally 
blocking the channel’s cross-section with a row of turbines [13]. 
A more interesting question than focussing on the upper limit 
for production is; “If I have M turbines, how can I get the 
greatest power production?” This will be constrained by the 

need to allow for navigation of marine vessels and marine life 
along the channel. 

 
Constricted channels can produce more power using fewer 
turbines 

 
Despite the upper power limit being smaller, constricted 

channels are shown to be capable of producing greater amounts 
of power using fewer turbines. Predictably, this is achieved by 
placing a row of turbines in the most constricted part of the 
channel. M turbines placed in this smaller cross-section can 
achieve a higher blockage ratio than if placed outside of the 
constriction. Furthermore, a comparison of rows with equal 
blockage ratio placed inside and outside of the constricted 
region showed that there is a small, though significant, 
advantage in using the higher velocity speeds of the constricted 
zone.  

 
There is a diminishing return on adding rows to an array 

 
A diminishing return on power was observed when adding 

additional rows to an array. This result is consistent with 
findings in [6, 7] for unconstricted channels. If there is a 
constraint on how much of the channel’s cross section may be 
blocked by turbines, then multiple rows of turbines will be 
necessary to increase array output beyond a certain limit. In this 
paper we will demonstrate that this diminishing returns effect 
is more profound in small and constricted channels. 

 
The same amount of power can be generated outside of a 
constriction using a greater number of less robust turbines 

 
 Turbines placed in the fast flowing region of constricted 

channels must be capable of tolerating greater force loads and 
this will likely translate into greater capital investment costs. In 
some cases, it may be preferable to use a greater number of 
structurally weaker turbines in a less constricted part of the 
channel to generate the same amount of power. 

 
The power-to-force ratio is greater in constricted channels, and 
greatest in the constricted region 
 

While the issue of optimising power output is important, 
decisions regarding actual array design will be made on an 
economic basis. If all turbines have the same external 
dimensions (e.g. blade diameter, height, support structure 
geometry) then the shell thickness of the turbine components 

must be proportional to the load on the turbine and turbines that 
experience greater force will require thicker outer shells. Based 
on this assumption, the power to force ratio of the turbines can 
be used as a crude indication of array economics [8].  Note that 
actual economics of array design will depend on additional 
factors (such as cable lengths and channel depth) and that this 
ratio is merely being used as a rough indication. 

Based on this ratio, the most constricted cross-section of the 
channel is also the most economic part of the channel to 
develop and, in general, constricted channels appear to be more 
economically favourable than unconstricted channels of 
equivalent dimensions. The power to force ratio of large 
channels initially decreases as the row is filled but then 
increases to the same ratio when the cross-section is nearly 
totally blocked. For smaller channels this parameter increases 
to a maximum value and then decreases again suggesting that 
it is economically optimal to only partially block these channels. 
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II. ABSTRACT 

This paper presents the results from an investigation of 
wave energy resources derived from the analysis using the 
IOWAGA (Integrated Ocean Waves for Geophysical and 
Other Application) hindcast data ([1]).  IOWAGA is a 
Wavewatch III global hindcast model for which data are 
available for the 22-year period from January 1990 to 
December 2012 at 3-hourly intervals. The model 
resolution is 0.5° and is forced by the National Centers for 
Environmental Prediction (NCEP) Climate Forecast 
System Reanalysis (CFSR) atmospheric data. Wave flux is 
one of the output parameters from IOWAGA (see Figure 
1). 

Although there have been general studies for global wave 
energy resource assessment ([2],[3],[4]), detailed 
assessment on the regional level is limited, probably due to 
the interest confined by the political boundaries. The 
purpose of this preliminary study is to identify potential 
areas in Asia for wave energy development. The spatial 
and temporal variations in wave energy flux in the region 
are presented, and several parameters used to quantify the 
temporal variation in the wave energy flux are presented 
and discussed. Based on the spatial and temporal 
variations, the regions have been divided into sub-regions, 
with each of them presenting similar wave energy 
characteristics. The driving forces behinds the wave 
energy regime for each of these sub-regions are discussed.   

For the sub-regions identified as high potential for wave 
energy development, joint frequency distributions between 
energy flux and significant wave height, energy flux and 
peak period, energy flux and wave direction are examined. 
In addition, Extreme Value Analysis (EVA) using Peak 

Over Threshold (POT) technique has been conducted on 
the significant wave height for representative grid points in 
each of the sub-regions. The derived criteria would 
provide the baselines for further evaluation on the 
durability and integrity of the wave energy converters 
before being deployed in the sub-regions.  

 

 

Figure. 1  Mean wave energy flux (kW/m) for December 2012 
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II. ABSTRACT 

Unsteady flows in tidal streams can be caused by the 
presence of surface waves, turbulence and shear flows. Since 
unsteadiness can be present where Horizontal Axis Tidal 
Turbines (HATTs) are installed, it is important to understand 
the effect of such conditions on the performance and 
hydrodynamics of HATTs. 

This paper will present the effects of an idealised unsteady 
flow on the performance of a new three-bladed tidal turbine 
model designed at the University of Sheffield. The Sheffield 
HATT uses NACA 44xx series aerofoil with NACA 4424 at 
the root and NACA 4412 at the tip of each blade. It was 
designed to have a flatter Power Coefficient (Cp) vs Tip 
Speed Ratio (TSR) curve (power curve) but similar maximum 
Cp compared to the Southampton turbine as illustrated by 
Batten et al [1]. This will have advantages in unsteady flow 
where the turbine rotates at a constant RPM but the water 
velocity changes (and so TSR) the performance will remain 
higher on average. This of course depends on the rotational 
frequency of the turbine and the frequency of the unsteadiness 
in the water, i.e. the reduced frequency as well as the system 
response time.   

 

 

Fig.1 Power Coefficient vs TSR comparison between the Fluent simulation 
results and QBlade BEM solution together with experimental results from 
Batten et al [1] 

QBlade [2], an open-source Blade Element Momentum 
(BEM) simulator coupled with a turbine design function, was 
used for the preliminary design of the Sheffield HATT. 
Aerofoil profiles for 10 sections were loaded into the Qblade’s 

XFOIL module to capture lift and drag information. These 
were needed in the BEM module to produce the BEM power 
curve. An iterative process was used to determine the most 
suitable profiles, twist and taper required to achieve the design 
target. An investigation of the Sheffield HATT blade loading 
design was reported by Danao et al [3].  

A CFD model was then created of the resulting Sheffield 
HATT and was modelled using ANSYS FLUENT (version 
15.0) with a tidal stream velocity of 2 m/s over the TSR range 
from 2 to 10. The power coefficient for those TSRs was 
monitored. The mesh used included a boundary layer mesh 
using prism layers and unstructured elements created using 
ANSYS ICEM-CFD. Simulations were carried out using the 
Reynolds-Averaged Navier Stokes (RANS) method with 
standard k-ε as the turbulence model. The solution was 
deemed to have converged when residual values reached 
5x10-6. Periodic convergence was usually achieved after nine 
turbine revolutions.   

Figure 1 shows the comparison of the power curves from 
the CFD and BEM simulations together with the experimental 
performance of the Southampton HATT [1]. It can be seen 
that the Sheffield HATT has succeeded in its design aim of 
achieving a similarly high maximum Cp as the Batten [1] 
turbine, but over a wider range of operating conditions.  

The peak in the power curve at 0.445, or 44.5% at TSR=6, 
was chosen to be the point of comparison with an unsteady 
flow simulation since any turbine would generally be operated 
at the location of maximum performance.  

The idealized unsteady flow was set to have an amplitude 
of 25% of the mean velocity at a frequency equal to 1Hz. To 
achieve this, a UDF was created for use with ANSYS Fluent 
where the velocity at the inlet boundary to the computational 
domain was set to vary with time according to u(t) = 1.940061 
+ 0.49 sin(2πt), where t is the flow time. It is important to note 
that this equation was also set to have a cycle-average water 
power equal to the steady flow water power at 2 m/s.   

The numerical response of the HATT for one cycle is 
shown in Figure 2. Also superimposed on Figure 2 is the one 
cycle average of the Cp for the unsteady flow and the Cp from 
the steady simulation. 

While a lower cycle-averaged Cp was observed in the 
unsteady simulation, i.e. 38% as compared to the 44% from 
the steady flow simulation, the region between flow times of 
0.05s and 0.52s of the cycle has a higher Cp as compared to 
the steady flow. The maximum Cp for the unsteady case is 
59%.  
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Fig.2 Power Coefficient Response of the HATT to the unsteady flow over one 
cycle 

The shape of the Cp curve for the unsteady case cannot be 
easily described using both the plots of the power derived by 
the turbine and the water power available. As shown in Figure 
3, the available water power has larger amplitudes and even a 
higher mean as compared to power derived by the turbine. 
The interaction between these two factors results to the 
distinct shape of the power curve in Figure 2 which has a 
rapid rise corresponding to the increase of water speed (and 
power) from 38% to its maximum point of 59% at the 0.26s 
mark, a flattening decreasing curve between the 0.28s to 0.52s 
spot and an abrupt decrease from 0.52s to 0.76s before it 
returns to its original value by the end of the cycle.  

Figure 3 shows the cubic relation between the available 
water power and the water velocity. The correspondence of 
the power extracted by the turbine to the available power can 
also be observed. As might be expected, it is possible to see 
that the region where the velocity increases has a positive 
effect on the extracted power. However, it can also be affected 
by the reduced tip speed ratio which in turns gives a higher 
incident angle of attack. The power extracted by the turbine is 
dependent on two factors, the power of the water stream and 
the hydrodynamics concerning the turbine or the combination 
of both. 

 
Preliminary conclusions 

The response of the Sheffield HATT to unsteady flow has 
found that it has lower performance when subjected to 
unsteady inflow compared to steady flow with the same water 
power. It is also realised that this interaction is complex and 

little information was understood and hence requires further 
investigation.  

   

 

Fig.3 Power derived from the Turbine (from simulation) and Power available 
from water for one cycle 
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II. ABSTRACT 

The WaveRoller device shown in Fig. 1 is an oscillating 
wave surge converter (OWSC) developed by AW-Energy. 
The device is bottom-hinged and consists of either a fully 
submerged or surface piercing buoyant flap depending on the 
tidal conditions. It operates near-shore, at depths between 8 
and 20 meters, where the flap is driven back and forth by 
surge forces induced by shoaling waves to generate electrical 
power [1]. 

 
A numerical model is used to simulate the WaveRoller 

device using open source computational fluid dynamics (CFD) 
software, OpenFOAM which uses a finite volume technique 
for solving the discretised Reynolds Averaged Navier-Stokes 
(RANS) equations, coupled with the volume of fluid (VOF) 
method for free surface modelling.  

 

 
Fig. 1 Illustrative view of the WaveRoller device as deployed (aw-

energy.com) 
 

The purpose of this preliminary study is to investigate the 
dynamic behaviour of the WaveRoller device when connected 
to a power take-off (PTO) drive unit. The simulation is 
modelled at 1:24 scale under operational wave conditions for 
validating the numerical data with experiments carried out in 
the laboratory of CEDEX (Centro de Estudios y 
Experimentación de Obras Públicas) multidirectional wave 
basin in Madrid, Spain by AW-Energy [2]. Waves2Foam, a 
third party toolbox developed by Jacobson [3] within 
OpenFOAM is used in this study for wave generation and 

absorption in a numerical wave tank (NWT). The simulations 
of the device are carried out in a two-dimensional (2D) 
domain as shown in Fig. 2 and also a three-dimensional (3D) 
domain as shown in Fig. 3. The movement of the flap is 
modelled with a one degree of freedom (pitching), using a two 
phase (air and water) flow solver with a rotating mesh feature 
inspired by Schmitt [3] that handles the oscillating motion. 
The PTO is replicated empirically using a linear spring-
damper system, where the coefficients of the system are 
determined from a least square fit to experimental data. 

 
Numerical results for the measured variables such as the 

angular displacement and the torque produced by the flap 
motion are presented. Comparisons are made between 
numerical and experimental data. Future work will include 
modelling the WaveRoller device under extreme wave 
conditions.   

 

 

Fig. 2  2D simulation of the WaveRoller device in a numerical wave tank 
using OpenFOAM.  

 

Fig. 3  3D simulation of the WaveRoller device in a numerical wave tank 
using OpenFOAM.  
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II. ABSTRACT 

Mathematical models for wave energy converters (WECs) 
typically follow Cummins equation [1], using hydrodynamic 
parameters identified in most of the cases by software using 
Boundary Element Methods (BEM). Most of these models are 
linear, which are attractive due to their low computational 
requirements, but assumptions under which linear models are 
valid, in particular the assumption of small motion, are 
restrictive. This small motion assumption is challenged, since 
the aim of WECs, especially heaving point absorbers, is to 
exaggerate the amplitude of motion in order to maximise power 
absorption. As a consequence, significant differences can be 
observed when comparing linear models to experimental tests 
[2] or nonlinear models [3]. 

Numerical models are a crucial tool for wave energy device 
design and optimization, power production assessment and 
model-based controller design. Therefore, models are required 
to be accurate and computationally acceptable at the same time.   

Figure 1:  Power production estimations for linear and nonlinear models 
for different wave sizes. 

Different solutions to improve the linear potential flow 
model have already been suggested in the literature: nonlinear 
Froude-Krylov (FK) forces [3], nonlinear radiation and 

diffraction effects [4], or viscous effects [5]. [6] analyses the 
relevance of different nonlinear effects for different wave 
energy converters, where FK force nonlinearities appear to be 
the most important for point absorbers. In particular [3] 
demonstrates the value of including nonlinear FK forces in 
controlled heaving point absorbers with a non-uniform cross-
sectional area (CSA), as illustrated in Figure 1, which 
demonstrates the potentially misleading power production 
indicators from linear FK models. 

Most of the main heaving point absorbers currently under 
development are either cylindrical devices – with conical 
bottom [7] - or sphere-type devices [8, 9]. Nonlinear FK forces 
in cylinders are insignificant, due to the uniform CSA, so a 
sphere and a cone are compared in this paper. Both shapes have 
a non-uniform CSA and, moreover, the cone is geometrically 
asymmetric around the water plane equilibrium, so high 
nonlinear effects are to be expected. 

In order to highlight the impact of nonlinear FK forces, 
control will be implemented in the simulations. The selected 
strategy will be latching control, which is a popular WEC 
control strategy [10]. The latching strategy enhances the 
relative motion of the devices (in relation to the free-surface 
elevation), which magnifies the instantaneous wetted surface 
variations and, consequently, the relevance of nonlinear FK 
forces. 

Different methods will be used to include FK forces in the 
model:  

 Compute only nonlinear static FK forces (FKst) using 
the instantaneous hydrostatic stiffness (NLKH); 

 compute nonlinear (FKst) and dynamic FK forces (FKdy) 
using algebraic solutions (NLFKalgeb); 

 compute nonlinear FKst and FKdy using a re-meshing 
routine to determine the instantaneous wetted surface 
(NLFKremesh); 

 use a fully nonlinear CFD model. 

This paper will study these four different methods to 
compute nonlinear FK forces for two different geometries 
under latching control, using regular and irregular waves. Table 
I shows preliminary results - motion amplitude (Z), velocity 
amplitude (V), absorbed power (P) and computational cost 
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(tCPU) – of each nonlinear model in relation to the linear model. 
The paper also analyses the impact of the FK nonlinear effects 
on the control strategy, analysing differences in the optimal 
latching duration (TL) for each method. 

 

 
LINEAR 
MODEL 

NLKH 

(FKst) 

NLFKalgeb 

(FKst +FKdy) 

NLFKremesh 

(FKst +FKdy) 

CFD 
MODEL 

Z 100 94.4 95.3 95.1 - 

V 100 92.1 92.7 92.4 - 

TL 1.4 1.35 1.35 1.35 - 

P 100 87.5 87.5 87.5 - 

tCPU 100 100 150 515 >105 

Table I:  Comparing results and computational cost of the different FK force 
calculation  methods in the case of a 2.5 m radius sphere for a wave of 6s 
period and 1m height. 

Hence, the paper will discuss the value of increasing the 
model’s complexity in relation to accuracy and computational 
cost margins.  Referring to Table I, major considerations are: 

 The linear model overestimates the motion of the device, 
the power extraction and the optimal latching duration; 

 The main difference between linear and nonlinear 
models seems to be due to FKst, which is 
computationally cheap in NLKH; 

 FKdy is relevant and is computed by both NLFKalgeb 
and NLFKremesh, but with very different 
computational costs; 

 CFD computational time is prohibitive for design and 
control purposes, but its high accuracy can be used to 
evaluate the accuracy of partially nonlinear models, 
which compute only nonlinear FK forces. 
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II. ABSTRACT 

The main defining parameter to classify the wide range of 
oscillating wave energy converter (WEC) concepts is the 
operating principle, namely the mode in which the device 
oscillates due to the action of the waves. Two of the most 
common modes are heaving and surging, which are exploited 
respectively by heaving point absorbers (HPAs) and oscillating 
surge converters (OSCs). Notwithstanding major 
hydrodynamic differences [1], both types of devices are usually 
described by the same linear model structure, mainly for 
computational convenience. Nevertheless, the underlying 
assumption of small motion is usually invalid, since the aim of 
any wave energy device is to exaggerate the amplitude of 
motion in order to increase the power caption.  

The accuracy of mathematical models for wave energy 
converters is crucial to achieve reliable power production 
assessment and an effective design of model-based controllers. 
Nonlinear models are capable of producing more accurate 
results, typically at the price of an additional computational cost. 
Therefore, the objective of this paper is to include in the model 
only relevant nonlinearities in order to achieve a reasonable 
compromise between accuracy and computational effort. The 
essential differences between HPA and OSC may make them 
experience different nonlinear behaviour.  

Major candidate sources of nonlinearities are due to Froude-
Krylov (FK) forces and viscous forces, while radiation and 
diffraction are usually considered linear [2]. FK forces are 
defined as the integral of the pressure of the undisturbed 
incident wave field over the wetted surface of the device. 
Nonlinearities derive from the variation of the instantaneous 
wetted surface, resulting from a non-uniform cross sectional 
area (CSA) and from the relative difference between 
displacement and free surface. This paper adopts an algebraic 
solution to the nonlinear FK force integral, valid for 
axisymmetric heaving point absorbers of any profile of 
revolution and oscillating surge converters. Static and dynamic 
pressures are obtained from potential theory using Airy’s wave 

formulation. 

Viscous drag, which is neglected in linear models, depends 
on the velocity and on the geometry characteristics of the 
device, such as the presence of sharp edges. The viscous force 

is computed by a semi-empirical formulation based on the 
Morrison equation [3]: 

𝐹𝑣𝑖𝑠 = −
1

2
𝜌𝐴𝐶𝐷�̇�|�̇�| (1) 

where ρ is the water density, A the cross-sectional area, �̇� 
the velocity, and CD the viscous drag coefficient, which needs 
to be identified from either a fully nonlinear method [4] or 
experimental tests [5]. 

Apart from the geometry of the device, nonlinearities are 
enhanced by the system dynamics, i.e. the amplitude of velocity 
and the relative difference between displacement and surface 
elevation. Figure 1 shows such operational space for a HPA: 
without control the device behaves as a wave follower, so the 
relative displacement is minimal. As a consequence, the wetted 
surface is almost constant and FK forces are approximatively 
linear. On the other hand, under latching control conditions, the 
amplitudes of velocity and relative displacement are increased, 
with correspondingly increased impact of viscous drag and FK 
nonlinearities, respectively.   

 

Figure 1. Normalized velocity and relative displacement with respect 
to the free surface elevation for a heaving point absorber with and 
without latching control. 

The relevance of nonlinear FK forces and viscous drag is 
strongly dependent on the device operating principle. [6] shows 
that nonlinear Froude-Krylov forces are relevant for HPAs with 
non-uniform CSA only when the device is under controlled 
conditions. [5] and [7] study the reduction of absorbed power 
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production due to viscous forces: a little influence was found 
for HPA (3% reduction) while OSC performances deteriorated 
by 35%. 

Nonlinear FK and viscous drag force models will be 
implemented for HPA and OSC WECs in this paper in order to 
study which nonlinearity is relevant (and worth implementing) 
for each type of device. It is expected that viscous forces are 
negligible for HPA while FK nonlinearities will affect 
significantly the device motion and power production. 
Conversely, OSC dynamics are influenced mainly by viscous 
drag. 
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II. ABSTRACT 

There are numerous designs and concepts that have been 
offered to extract energy from ocean waves. A heaving buoy 
is distinguished as the most popular prototype which 
predominantly harnesses energy from the vertical motion in 
waves. In contrast to such devices, a three-tether wave energy 
converter (WEC) utilises heave, surge and pitch motion 
modes to increase the total power absorption of the system. 
The general concept of the three-tether WEC is shown on 
Figure 1, where a buoy is tied to three tethers attached to the 
power take-off systems at the sea floor. 

 

 
Fig. 1 Schematic representation of a three-tether WEC (adapted from [1]). 
 

The current paper will investigate the performance of the 
three-tether WEC under irregular wave conditions considering 
various criteria, such as the annual mean power, characteristic 
mass, wetted surface and significant PTO force. To provide a 
comprehensive analysis, buoys with different shapes, aspect 
ratios and masses will be included in the analysis. Several sea 
site locations throughout Australia and Europe with different 
wave conditions will be used in this study. Thus, the trade-off 
between different cost-related performance measures will give 
a clear comparison of this WEC against other existing 
prototypes. 
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ABSTRACT 

Flow perturbation due to the deployment of tidal current 
converter (TCT) has been vigorously studied and discussed as 
it is expected to have an influence on the power capture and 
may also alter the physical environment [1–3]. In the current 
literature, most of the three dimensional (3D) numerical study 
of wake characteristic have been executed using 
Computational Fluid Dynamics (CFD) models. In these 
models, TCT is represented either as a complete structure with 
blades [4], or as an actuator disc (AD) [5]. Nonetheless, most 
of these studies are conducted on a small scale domain. The 
output from the numerical models were usually compared 
with the flume experimental results, where porous discs are 
employed to simulate the effects of a turbine on a fluid flow. 
Although small scale models can give a detailed and accurate 
picture of the wake phenomena, they can only be applied to 
idealized cases using simple channel where the influence of 
complex geometries (e.g. islands and coastlines) and 
bathymetry are generally not taken into account.  
 
AD concept is the commonly used methodology in 
representing TCT and computing the wake decay for ocean 
circulation model due to computational efficiency and fair 
agreement with experimental data  [6-8]. Nonetheless, the use 
of AD for a regional scale model needs to be approached with 
caution. Although the AD concept has been useful in 
simulating the force exerted by turbine on the flow, the wake 
characteristic for Reynolds-averaged Navier– Stokes (RANS) 
model is yet to be fully comprehended [5]. In this study, the 
AD is implemented in an open source software - Telemac3D, 
where the effects of a 20m diameter turbine is modelled (and 
validated with literature) on an idealised channel. Key 
parameters that constitute the turbine source term (e.g. 
resistance coefficient and disc thickness) are investigated to 
observe their influence on the flow behind the disc. The 
effectiveness and validity of the AD implementation on the 
large scale finite element model will be discussed and 
elaborated in the full paper. Figure 1 illustrated the disc 
dimensions that are modelled using the AD method. 
 
 

 
 
 

 
Figure. 1 Turbine representation (position and size) for actuator disc 

concept in finite element model  
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II. INTRODUCTION 

Wave power is a renewable energy source that can 
significantly help reduce society’s dependence on fossil fuels 
due to its enormous scale. Nevertheless, the electricity 
generated by wave energy converters (WECs) is currently not 
competitive with fossil-fuel power stations. One of the areas 
that can contribute most towards addressing this problem is 
the design of an effective control strategy, which can result in 
considerable gains in absorbed energy with no additional 
hardware costs. 

Since the 1970s, different control strategies have been 
investigated for the maximization of energy extraction. At the 
moment, the most promising scheme is model predictive 
control, which selects the control force at each time instant 
such that it maximises power absorption over a future short 
time horizon, whilst keeping the motions and forces within 
safe limits [1]. However, the suitability of the control action 
and consequent device response is strongly dependent on the 
accuracy of the model representation of the machine dynamics 
and the prediction of the wave elevation in the future time 
horizon. Their precision is expected to drop dramatically in 
energetic sea states. For this reason, [2] have proposed an 
alternative on-line, model-free control scheme based on 
reinforcement learning (RL). With this technique, the 
controller selects the optimal action in each sea state for the 
maximization of the power absorption from the direct 
interaction with the wave environment. Hence, not only is the 
method unaffected by modelling errors, but RL control can 
autonomously adapt to changes in the hydrodynamics of the 
device over time, e.g. due to marine growth or even non-
critical subsystem failures. 

In this work, the capabilities of RL control for WECs are 
further extended. In [2], resistive control of a point absorber is 

considered as a proof of concept. Nevertheless, its power 
absorption can be greatly improved through some means of 
phase control [3].  Although reactive phase control would 
provide optimal power absorption, it can result in excessive 
loads and reactive power flow, which may damage the device 
and the generator [1]. Therefore, in this paper phase control is 
achieved through declutching control [4], which works by 
disconnecting the power take-off (PTO) system (i.e. applying 
no force) during part of the wave cycle. In this paper, RL will 
be applied for the first time to determine the optimal timing of 
the disconnection of the PTO force. 

III. SYSTEM DESCRIPTION 

A simple single-body point absorber is considered for 
simplicity, as shown in Fig. 1. The input variables to the 
controller are the device displacement, velocity and optimal 
PTO damping coefficient. The latter is a function of the sea 
state, as measured by an external wave buoy. Its value is 
either pre-computed through simulations or obtained on-line 
with the model-free RL approach described in [2]. At every 
time instant, the controller specifies either a resistive or no 
control force to the PTO. As described in Section IV, the 
action selection is based on the signs of the WEC vertical 
displacement and velocity. 
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Fig. 1: Diagram of the point absorber and its control. 
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IV. REINFORCEMENT LEARNING CONTROL 

In RL, the controller, or agent, interacts with the 
environment by taking an action in a specific state [5]. By 
observing the associated reward, an optimal policy, i.e. a 
mapping of actions to states, is learnt over time for the 
maximization of the total return. In resistive control, the PTO 
force is implemented as a damping term [2]. Hence, the RL 
action for this declutching control application is the PTO 
damping coefficient, which can be either 0 or equal to the 
optimal value for the current sea. The zero control force can 
be achieved in practice through a simple by-pass valve [4]. 
The choice of suitable RL states is particularly important, 
since it will determine the timing of the selection of particular 
actions. Although it would be interesting to use the device 
displacement and the wave elevation as RL state variables to 
look at the phase difference, the instantaneous wave elevation 
is in fact not known in practice. Hence, the vertical 
displacement and velocity of the point absorber are employed 
as state variables. The resulting four RL states are defined by 
the signs of the two variables, as shown in Fig. 2. Since the 
agent lands in the next RL state no matter what the control 
action is, an episodic RL algorithm, namely a first-visit 
Monte-Carlo scheme [5], is preferred in order to improve the 
convergence properties. For this control application, the 
episodic approach is applied in real time, with each episode 
lasting two wave periods, as shown in Fig. 2, for a total of 
eight RL states per episode. Thus, the return is set to the mean 
absorbed power over the episode duration. The policy is then 
assessed at the end of each episode and updated with an ε-
greedy exploration strategy. A penalty can be applied if the 
displacement exceeds predefined limits, although this is not 
treated within this work for simplicity. 

Monte-Carlo 
Control

PTO

WEC 
subject to 
sea waves

FPTO

Policy π(s,a):  select an action 
(0,BPTO) in each state

;0,0

;0,0

;0,0

;0,0









zz

zz

zz
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Environment
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Return: Pavg

States:

Episode Length: 2Te

Fig. 2: Block diagram of the RL declutching control of the WEC. 

V. RESULTS 

The control is tested for a vertical cylinder with a diameter 
of 10 m and a draught of 8 m, as used in [1], [2]. Simulations 
are performed with a linear, time-domain model in order to 
include a realistic constraint on the force exerted by the PTO 
system of 0.5 MN. Furthermore, an overall PTO and generator 
efficiency of 75% is assumed. For simplicity, the optimal PTO 
damping coefficient is pre-calculated in each sea state using a 
Nelder-Mead optimization, although in practice the on-line, 
model-free approach described in [2] can be adopted as an 
alternative.  

In regular waves of unit amplitude, a range of wave periods 
are analysed. For most sea states, the optimal policy is to 
apply resistive control for 0,0  zz   and 0,0  zz  , 

and no PTO force for the remaining states. For T=9, 7, 11 s, 
resistive control is always applied except for 0,0  zz  . 

Fig. 3 shows the gain in capture width ratio corresponding to 
the optimal RL policy for declutching control as compared 
with resistive control. 

 
Fig. 3: Variation in capture width ratio with wave period in regular waves for 

resistive and RL declutching control. 

Additionally, the RL control is tested in an irregular wave 
trace with a Bretschneider spectrum [3], a significant wave 
height of 2 m and a peak wave period of 9.25 s, which 
corresponds to an energy period of 8 s. Fig. 4 shows the gain 
in absorbed energy associated with the RL declutching control 
over the simpler resistive control for the latter portion of the 
wave trace, when convergence to the optimal policy has been 
achieved. 

 
Fig. 4: Variation in energy absorption with time in irregular waves for 

resistive and the RL declutching control. 

VI. CONCLUSIONS 

The described RL control is shown to learn the optimal 
policy in each sea state. In particular, the proposed 
declutching control implementation results in an increase in 
energy extraction over resistive control in both regular and 
irregular waves. This is achieved without incurring any 
reactive power flow at the generator. Furthermore, although a 
separate wave buoy is still providing the sea state information 
to the whole WEC array for the determination of the optimal 
PTO coefficient, the action selection is based purely on the 
information coming from on-board sensors. Therefore, the 
proposed adaptive optimal control scheme can contribute to 
the decrease in operational costs of WECs. 

REFERENCES 
[1] J. a M. Cretel, G. Lightbody, G. P. Thomas, and  a. W. Lewis, 

“Maximisation of energy capture by a wave-energy point absorber 
using model predictive control,” IFAC Proc. Vol., vol. 18, no. 
PART 1, pp. 3714–3721, 2011. 

[2] E. Anderlini, D. I. M. Forehand, P. Stansell, Q. Xiao, and M. 
Abusara, “Control of a Point Absorber using Reinforcement 
Learning,” Trans. Sustain. Energy, no. Under Review, 2015. 

[3] J. Falnes, Ocean waves and Oscillating systems, Paperback. 
Cambridge University Press, 2005. 

[4] A. Babarit, M. Guglielmi, and A. H. Clément, “Declutching control 
of a wave energy converter,” Ocean Eng., vol. 36, no. 12–13, pp. 
1015–1024, 2009. 

[5] R. S. Sutton and A. G. Barto, Reinforcement Learning, Hardcover. 
MIT Press, 1998. 

 

107



Optimal scaling of a generic point absorber WEC in 
a range of production sites 

Alain H. Clément#1, Brian Winship*2 
#LHEEA Lab, Ecole Centrale de Nantes 

1, Rue de la Noë, 44300 Nantes , FRANCE 
1alain.clement@ec-nantes.fr 

*Australian Maritime College, National Center for Maritime Engineering and Hydrodynamics 
 Locked Bag 1395, 7250 Launceston, Tasmania, Australia 

2brian.winship@utas.edu.au 

 

I. KEYWORDS 

Wave Energy Converter, point absorber, optimal scaling. 

II. ABSTRACT 

The aim of the study was to investigate the optimal scaling 
of a simple generic wave absorber for a range of operation 
sites characterized by their level of incoming wave power. 
The primary goal is to derive a methodology to answer the 
classical and recurring question posed to developers: “What is 

the optimal scale of my device when installed at a given 
site ?”. 

The methodology is sequenced as follow. First, the power 
response operator is derived in the frequency domain by the 
classical sequence: determination of hydrodynamic 
coefficients by a standard BEM solver (here NEMOH [4] is 
used), then derivation of the motions RAOs of the body, and 
finaly derivation of the power RAO from the later results. 
Here a heaving cylindrical buoy is used as a simple example. 

Once these operators are established at the reference scale 
chosen as 1/1, they can be straightforwardly expanded to any 
other geometrical scale by using the Froude similarity laws for 
all the physical variables implied: length, time, forces, 
velocities, power , … (see Fig.1) 

 

 
Fig. 1 Power response operator for a heaving cylinder at various scales  

 
Keeping in the usual linear framework and Fourier 

representation of irregular sea states, we can thus establish by 
simple algebra the production matrix of any device of the 
series deduced from the original (s=1) by length scaling. 

 
At that stage, in order to be able to further optimize the 

device scale for any kind of site characterized only by its 
yearly averaged power level (in kW/m), we implemented the 
model of bivariate probability density function (PDF) 

proposed by Ochi [1] and calibrated by Burger et al. [2] for 
the European Atlantic area. Thus a MATLAB tool was 
devised to establish this PDF of (Hs, Tp) for any value of the 
yearly averaged power level considered as a continuous 
variable input.  

 

Fig. 2  Annual energy production versus scaling of the WEC. The blue curve 
shows the locus of the maxima. 

 
With the two databases built from these models, we were 

able to define, for any power level between 10 and 70 kW/m, 
the annual power produced on each site as a function of the 
scale of the device. 

 
Site power 

level (kW/m) 
Dominant 

Peak Period  
(s) 

Natural 
period of the 

optimally 
scaled WEC 

10 8.0 20.9 
20 8.0 20.6 
30 8.0 20.3 
40 8.5 19.7 
50 8.5 19.4 
60 8.5 19.0 
70 8.5 18.4 

Table 1: Dominant peak period/natural period of the optimally scaled versus 
site power level 
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If we now consider the set of optimally scaled device for 
each value of site power level, we are led to a conclusion 
which appears to be in contradiction with common practise in 
WEC design. We can read in lot of papers and reports that, for 
floating devices with resonant productive motions, engineers 
generally try to tune the natural period of the device to the 
dominant period in the site wave climate statistics. Table 1 
above compare these two periods for a series of site power 
levels.  This clearly shows that this rule of thumb for device 
tuning is far to be justified by exact computations even on the 
very simple case of the heaving cylinder.  

 
It is evident that the design of such a WEC, and so the 

definition of its final scale is not only a question of 
hydrodynamic optimality, and that cost of manufacturing is 
indeed another criterion to be considered. Thus in a second 
stage, the choice of the final device scale will rely on 
optimizing under two constraints: maximizing annual energy 
production  while minimizing the cost of the device. 

In order to work towards this goal, a first attempt was made 
to define a generic CAPEX cost function as the weighted sum 
of three components: 

 one proportional to the surface of the WEC 
 one proportional to the displacement of the WEC 
 one proportional to the installed power 

As we know the behaviour of each term with the scale, and 
given a set of weights, we were able to evaluate the cost as 
a function of the scale, and finally to use this fuction  to 
find the optimal scaling of the WEC under the two 
constraints: production/cost over a large range of site power 
levels  [10-70 kW/m]. 
Results are shown in Fig.2 where the locus of maximum 

production scales is plotted as a black line. 
More detailed results will be given in the full length paper. 

 
Fig. 2 Energy production versus CAPEX for various site power levels. 
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II. ABSTRACT

Integrating a higher share of variable and intermittent re-
newable energy resources, like tidal current power, into the
existing power system, will alter the grid requirements. With
the aggregation of tidal power from a diversity of sites with
different tidal phase, a firm power output may be achieved.
It is therefore important to account for the tidal variability
and phasing (time lag) between tidal sites when performing
resource assessments.

In the United Kingdom, it was concluded that a firm
aggregated power output was not possible from sites with high
tidal current velocities, due to an insufficient phase diversity
[1]. However, when including also lower tidal stream sites, a
higher phase diversity was shown and thus a larger potential
for supplying firm power output [2]. The Norwegian coast
offers a large time lag (up to 10 hours) and numerous tidal
sites of different sizes (due to the large number of fjords)
and may thus be suitable to deliver smooth aggregated power
output.

Figure 1. Investigated sites along the coast of Norway.

In this paper, the tidal phasing between a number of sites
along the Norwegian coast has been investigated (Fig. 1).
Accurate measures of tidal currents are sparse, or non-existing
at most locations. Hence, information on tidal current strength
(interpreted as mean maximum peak speed) was extracted from
Norwegian pilot books, for example [3] .

Time series of sinusiodal tidal currents were then generated
(Fig. 3) with a model that considers the variation in current
strength due to the variability in the semi-diurnal tidal cycle
(spring to neap, flood to ebb, first to second daily tide etc.) [4],
[5]. From these, time series of available kinetic energy in the
natural flow was calculated with the flux method. A constant
conversion rate of 20% was applied to calculate time series of
tidal power output (Fig. 4) [6], [7].

In the paper, at least 114 sites will be covered from south
to north (as marked in Fig. 1) and the performance of the
modeled tidal currents will be evaluated with data from long-
term ADCP (acoustic Doppler current profiler) measurements
at the site Korsnesstraumen in the Folda Fjord [8]. The total
power output will be presented (Fig. 2) as well as measures
of the total variability in the power output. Different scenarios
will be investigated with aim on minimization the power
output variability.

Figure 2. Yearly power output at each site with a SIF of 20%.
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Figure 3. Example of modeled surface speed at different sites.

Figure 4. Example of modeled power output at different sites.
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Abstract— A robust understanding of the uncertainty in a yield 
estimate for a tidal energy project is a key investor requirement and a 
common barrier to the commercialisation of the nascent sector. The 
Root Sum Squared (RSS) method is commonly used to combine the 
uncertainty in site resource (i.e. velocity, m/s) with the uncertainty in 
plant performance and losses (i.e. energy, GWh). The validity of the 
assumptions underlying RSS has been questioned in literature, 
particularly for early stage projects. RSS assumes that all 
uncertainties are independent and normally distributed, that the 
relation between yield and velocity is linear for small variations and 
that the combined yield uncertainty is also normally distributed.  
Monte Carlo Analysis (MCA) is a competing method for uncertainty 
analysis which is not limited by the same assumptions. This study 
quantitatively compares the combined yield uncertainty for 4 realistic 
test cases derived using the two different methods with the same 
input uncertainty distributions. An excellent agreement is found for 
cases where the uncertainties are relatively small and where the site 
resource is low relative to the turbine rated velocity. Some 
divergence in results is shown for projects with higher uncertainties 
but it is noted that these projects are likely to be early stage with a 
higher tolerance for inaccuracy in the uncertainty estimate. RSS 
predicts a higher P90 yield than MCA but it is prudent to adopt the 
more conservative view. The point at which the divergence occurs is 
hard to define as it is a complex function of site resource, turbine 
rated velocity and project uncertainties. As such, the confidence in 
RSS results is somewhat compromised, particularly for early stage 
projects.               

Keywords— Tidal Energy, Uncertainty Analysis, Annual Energy 
Production, Root Sum Squared, Monte Carlo Analysis  

I. INTRODUCTION 

A key barrier to the commercialisation of the nascent tidal 
energy sector is the associated high investment risk. A 
significant risk component, affecting all tidal energy projects, 
is the uncertainty in the pre-construction resource and yield 
estimate. A robust understanding of those uncertainties will 
increase investor confidence [1].  

It is important for the investor to know not only the most 
likely (P50) value for a project’s yield (and therefore revenue) 
but also the conservative case (P90) in order to appraise the 
risk involved in the investment. A project with a lower P50 
yield may in fact be more financeable than a similar project 
with a higher P50 yield if the P90/P50 ratio is higher, i.e. 
smaller likelihood of large deviation from the P50 (Figure 1). 

 

 
Figure 1: Annual yield uncertainty distributions for example projects 

The distribution of annual yield uncertainty depends on: 

1) Characteristics of the underlying individual 
uncertainties (magnitude, distribution shape and 
correlation)   

2) Method used to combine the individual uncertainties 

A standardised framework for the categorisation and 
quantification of marine energy yield uncertainties is proposed  
in [2] and [3] respectively. As such, the focus of this paper is 
on the methods used to combine the uncertainties once their 
characteristics have been quantified. The uncertainty 
categories are summarised in Table 1 as well as the values for 
case study projects described in Section III.C. 

Reference [3] recommends using the Root Sum 
Squared (RSS) method for combining the individual 
uncertainties. However the validity of the assumptions 
implicit in such local methods when applied to the context of 
tidal energy has been questioned [1]. Section II discusses these 
assumptions and how a global method such as Monte Carlo 
Analysis (MCA) may be more suitable.       

Confidence in the process used to combine the yield 
uncertainties is as important as confidence in the individual 
uncertainties themselves. The aim of this paper is to 
quantitatively assess the two competing methods for 
combining uncertainties to identify their benefits and 
limitations.  
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II. ABSTRACT 

Huge waves are caused by water tongues plunging into a 
stilling basin when floods discharge through high dam 
spillways, leading to negative impacts on the structural 
reliability of the stilling basin and the performance of turbines  
[1]. In order to minimize this adverse effect, Chen et al. [2] 
introduced a twin-hinged raft wave energy dissipator (WED) 
to reduce waves in a finite water area, such as a stilling basin. 
The performance of such a WED, whose fore raft and aft raft 
are symmetric to the rotational axis, was investigated in an 
inviscid numerical wave tank (NWT) based on a finite volume 
method (FVM) to solve the Euler equations. The interaction 
between similar structures and waves are extensively studied 
[3-5].  

The aim of this paper is to investigate the performance of 
twin-hinged raft WEDs, whose fore and aft rafts are non-
symmetric to its rotational axis, focusing on the wave energy 
dissipation ratio (the ratio of the energy dissipated by a 
damping system to the incoming wave energy) and wave 
transmission coefficient (the ratio of the transmitted wave 
height to the incoming wave height) in a regular wave. The 
mathematical model, based on Reynolds-averaged Navier-
Stokes (RANS) equations, is utilized to calculate wave energy 
dissipation ratio and wave transmission for the same total 
length of the fore raft and the aft raft but different length ratios 
(Lf/La) of fore raft length Lf to aft raft length La.  

We consider a hinged twin-raft WED floating on water in 
NWT, as shown in Fig. 1. A regular wave with period of 2 s 
and height of 0.1 m is generated in the NWT. Wave-induced 
relatively rotation of the rafts around the hinge is resisted by a 
linear damping moment acts at the hinge. A wide combination 
of different fore and aft raft lengths is used to examine the 
performance of the WEDs, as shown in Table 1 together with 
other geometric parameters.  

 

 
Fig. 1  Schematic of the numerical wave tank (side view) 

 

Table 1 Main geometric parameters of the different WEDs 

Lf /La 1/3 1/2 1 2 3 
Fore raft length (m) 1.0 1.0 2.0 2.0 3.0 
Aft raft length (m) 3.0 2.0 2.0 1.0 1.0 
Raft width (m) 2.2 
Raft height (m) 0.2 
Raft draught (m) 0.1 
Raft spacing (m) 0.3 

 
Preliminary results of the variation of wave energy 

dissipation ratio and wave transmission coefficient with 
dimensionless damping coefficient for total length Lf+La=4 m 
or 3 m are shown in Fig. 2 and Fig. 3, respectively. It can be 
seen from Fig. 2a that the smaller the length ratio is, the larger 
the energy dissipation ratio. Fig. 2b shows that wave 
transmission coefficient for Lf/La=1 is smaller than one for 
Lf/La=1/3 or 3. In addition, the curves of wave transmission 
coefficient to dimensionless damping coefficient for Lf/La=1/3 
and 3 are almost coincident. It can be seen from Fig. 3a, for 
small total length (Lf+La=3 m), the curves of energy 
dissipation ratio to dimensionless damping coefficient for 
Lf/La=1/2 and 2 are almost coincident. Fig. 3b shows that for 
small total length (Lf +La=3 m), wave transmission coefficient 
for Lf/La=1/2 is smaller than one for Lf/La=2. Optimal 
dimensionless damping coefficient, which correspond to the 
maximum energy dissipation ratios and minimum wave 
transmission coefficient, varies with log10 (Lf/La) as shown in 
Fig. 4. It can be seen that optimal dimensionless damping 
coefficients for Lf/La=1/n and n (n=2 or 3) are almost identical, 
and smaller than one for symmetric WED, i.e. Lf/La=1. 
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Fig. 2  Variation of energy dissipation ratio and wave transmission coefficient 
with dimensionless damping coefficient for the same total length Lf +La=4 m 
but different length ratio Lf /La: (a) variation of energy dissipation ratio; (b) 
variation of wave transmission coefficient 

 

 
Fig. 3  Variation of energy dissipation ratio and wave transmission coefficient 
with dimensionless damping coefficient for the same total length Lf +La=3 m 
but different length ratio Lf /La: (a) variation of energy dissipation ratio; (b) 
variation of wave transmission coefficient 

 

 
Fig. 4  Variation of optimal dimensionless damping coefficient with  
Log10 (Lf /La) 
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II. ABSTRACT 

Recent results presented by Dr. Bjorn Elsaesser’s group 
from Queen’s University Belfast showed that the turbine 
maximum operating Cp is reduced by 24%, with a 
consequential reduction in power production of 30%, when 
comparing turbine operation in a real unsteady tidal flow to 
steady tests performed by pushing the turbine in still        
water [1].  This result has been found experimentally and begs 
for some numerical investigation.   

The heavy reliance of today’s turbine developers on steady-
flow testing (either experimental or numerical) combined with 
the findings of the Queen’s University group that testing of a 
turbine in steady-flow could lead to an energy generated over 
prediction points to the need for studies of unsteady effects; 
the large difference in the nature of the flow encountered by a 
turbine in a steady-flow test and a real-tidal unsteady flow are 
clearly illustrated Fig. 1 [2], and indicate the need for further 
studies of the unsteady-flow effects on turbine response. 

Researchers at Dalhousie University are well positioned to 
study this problem since in the last 3 years, a methodology for 
numerical modelling using CFD of turbulent flow over tidal 
turbine was established [3], and real tidal flow data from 
Grand Passage, at the mouth of the Bay of Fundy, was 
captured in-situ experimentally [4]. 

Using ANSYS CFX, with RANS-SST turbulence physics, 
fully transient simulations are performed (as opposed to using 
the “frozen-rotor” approximation) in order to capture time-
dependent flow physics on the turbine blade and in the wake.  
The transient simulations are performed with time steps of the 
order of a second.   

 
Fig. 1 Time series (4 minutes) of velocity seen by a turbine in a steady-flow 
test (pushing in this case) and unsteady tidal flow test [reproduced from [2]. 

 
Fig. 2 Velocity measurements at 4.5 m above bottom (1 MHz ADCP) in 
Grand Passage: a) Average horizontal flow speed during a flood tide;            
b) Normalized rms vertical velocity where the variance associated with the 
Doppler noise (0.01 m2s-2) has been removed; c) Raw (8 Hz) measurements of 
vertical velocity fluctuations during the 5-minute interval denoted by the red 
points in a) and b) [4]. 

For this study, a representative three-bladed turbine is used 
in the simulations, with meshes and steady-state performance 
already validated from previous work [3].  

  Coupled to the transient simulations must be transient, and 
representative, tidal flow velocities.  Figure 2 presents a 
sample of turbulence resolving tidal flow measurements made 
with a high sampling rate ADCP in Grand Passage, Nova 
Scotia, Canada.  Note the rapid fluctuations in vertical 
velocity in Fig. 2c) which in RMS terms – after removing the 
Doppler noise – is ca. 5% of the mean flow (Fig. 2b).  These 
data are used as inlet conditions in the simulations.  These 
rapid and significant velocity changes have a significant effect 
on the performance of the turbine, the stresses on the blades 
and the overall behaviour of the wake.   
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II. ABSTRACT 

Researchers at Dalhousie University and the University of 
Strathclyde are working towards the use of bend-twist blades 
for passive adaptation of tidal turbine rotational rate [1].  An 
NREL S814 blade profile is used by the researchers; with the 
first series of tow tank tests, at 1/20th scale, performed using 
rigid blades at Strathclyde’s Kelvin Hydrodynamics 
Laboratory tow tank [2]. 

This paper will present results of a CFD study of this 
Dalhousie-Strathclyde three-bladed horizontal axis turbine.  
The flow simulations around the 1/20th scale turbine and 
downstream to 20D incorporate the RANS SST turbulence 
model and cover a range of tip speed ratios, TSR = 3.5 – 6, 
and inlet velocities of 0.5, 0.8, 0.9 and 1 m/s. 

 
Fig. 1  Meshed geometry of the turbine rotor (left) and cross-sectional view of 
the NREL S814 blade profile, with an inflation layer (right). 

 
Fig. 2  Numerical CP as a function of TSR for four test velocity compared to 
experimental measurements [2]. 

 
Fig. 3  Numerical CT as a function of TSR for four test velocity compared to 
experimental measurements [2]. 

A complete sensitivity analysis looking at the impact of 
various mesh parameters was performed with the final turbine 
mesh and inflation layering around the blade shown in Fig. 1. 

The simulations were performed on ANSYS CFX using the 
frozen-rotor quasi-steady formulation [3]. Although 
converged values of power and thrust coefficients were 
obtained after a minimal amount of iterations for each 
simulation; those simulations were continued for 2500 
iterations in order to ensure full development of the wake.  
Flow and wake dynamics results will also be touched on in the 
final conference paper. 

Figures 2 and 3 present the numerical values of CP and CT 
obtained for the NREL S814 tidal turbine overlaid with the 
tow tank experimental results [2].  The turbine did not 
perform well with a 0.5 m/s velocity and nothing is gained by 
comparing the experimental and numerical results in that case.  
But for the other three velocities, the numerical values are in 
very good agreement with the experimental measurements for 
TSR between 3.5 and 5 at the maximum of CP and TSR 
between 3.5 and 5.5 for CT.    
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II. ABSTRACT 

There is a large number of concepts for wave energy 
conversion and over 1000 wave energy conversion techniques 
have been patented in Europe, North America and East Asia 
[1]. Among all kinds of devices proposed so far, raft-type 
wave energy converters (WECs) consisting of two or more 
floating pontoons hinged at each pontoon end have been 
proved to have the highest wave energy conversion efficiency 
and high robustness for a given volume of machine without 
having to rely on fixed frames of reference [2], whereas 
pendulum-type WECs consisting of a pendulum or an inverted 
pendulum hinged to a foundation, have been proven to have 
advantages of wide frequency response and high energy 
conversion efficiency under normal sea conditions [3]. The 
former, which uses wave curvatures as the source of reaction 
and power absorption, is unable to capture wave kinetic 
energy sufficiently, whereas the latter, which converts wave 
kinetic energy to useful energy [4], is unable to capture wave 
potential energy. In view of their respective limitations, we 
combine the advantages of raft WECs and pendulum WECs 
and propose a novel device (hereinafter called Wave LoongTM) 
which can capture both wave kinetic energy and wave 
potential energy, as shown in Fig. 1. The Wave LoongTM 
under investigation mainly consists of two floating hinged 
rafts, a hung pendulum and two hydraulic cylinders. The two 
cuboid rafts are connected by a hinged joint and one hydraulic 
cylinder is installed at the joint between the two rafts. The 
pendulum is hung at the joint and another hydraulic cylinder is 
installed between the pendulum and the aft raft. A 
mathematical model, based on the linear wave theory, is used 
to investigate the effect of power take-off system on the wave 
energy capture width ratio of the Wave LoongTM WEC in 
regular waves in the frequency domain.  

 

Fig. 1  Schematic of the Wave LoongTM WEC 
 

Fig. 2 shows the variation of wave energy capture width 

ratio ƞ with dimensionless damping coefficient d,2c  of the 

hydraulic cylinder system between the pendulum and the aft 
raft for the dimensionless damping coefficient of the hydraulic 

cylinder system between the two rafts, d,1=0.005c , the 

dimensionless pendulum length, p =0.10L , and the 

dimensionless stiffness coefficient of the hydraulic cylinder 
system between the pendulum and the aft raft, 0k   and 

0.001. It can be seen that for 0k  , the capture width ratio ƞ 

increases rapidly with increasing d,2c , and then decreases 

relatively slowly after reaching a maximum value, whereas for 

0.001k  , the capture width ratio ƞ just increases a little 

with increasing d,2c , then decreases after reaching a 

maximum value. 

 

Fig. 2  Variation of capture width ratio ƞ with d,2c  for p =0.10L  

 
Fig. 3 shows the variation of wave energy capture width 

ratio ƞ with dimensionless stiffness coefficient k  for 

d,1=0.005c  and p =0.10L . It can be seen that for d,2 =0c , 

the capture width ratio ƞ decreases with increasing k , then 
increases after reaching a minimum value, and eventually 
decreases relatively slowly after reaching a maximum value, 

whereas for d,2 =0.001c , the capture width ratio ƞ increases 

slowly with increasing k , and then decreases slowly after 
reaching a maximum value. 
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Fig. 3  Variation of capture width ratio ƞ with k  ( p =0.10L ) 

 
Figs. 4 and 5 show the variations of capture width ratio ƞ 

with dimensionless damping coefficient d,2c  and 

dimensionless stiffness coefficient k  for d,1=0.005c  and 

p =0.10L  and 0.51, respectively. It can be seen that for 

p =0.10L  the optimal dimensionless damping coefficient and 

the optimal dimensionless stiffness coefficient k , which all 

correspond to the maximum capture width ratio, are d,2 =0c  

and 0.00012k  , respectively, under which the maximum 

capture width ratio ƞ=191.5% is obtained. For p =0.51L  

there are the optimal dimensionless damping coefficient 

( d,2 =0c ) and the optimal dimensionless stiffness coefficient 

( 0k  ) under which the maximum capture width ratio 
ƞ=236.1% is obtained. It should be pointed out that when the 
dimensionless pendulum length increases from 0.10 to 0.51 by 
410%, the capture width ratio increases from 191.5% to 
236.1% by 23.3%.  

 
Fig. 4  Variation of capture width ratio ƞ with d,2c  and k  for p =0.10L  

 

 
Fig. 5  Variation of capture width ratio ƞ with d,2c  and k  for p =0.51L  
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II. ABSTRACT 

It is understood by the wave-power community and by 
governments and investors, that once proven by an individual 
deployment, Wave Energy Converters (WECs) would not be 
installed in isolation in the ocean. Like wind turbines, they 
would be grouped into arrays (‘farms’) with a common 

connection to the electricity grid. This raises two significant 
issues.  

The first issue arises from the scattering and radiation effects 
within farms of WECs. Optimisation of multiple devices has to 
include positioning as scattering effects can induce constructive 
or destructive interactions (see [1], [2] and [3]). It also needs to 
develop algorithms for the PTO parameters due to the coupling 
induced by the radiated wave (see [4] and Fig. 1).  

By absorbing wave energy, farms might also impact on the 
hydrodynamic environment of the site which can lead to 
changes in current and sediment transport of the coast at 
proximity (see [5]).  

 
Fig. 1: Amplitude around an array of 4 oscillating water column WECs of 

the radiated wave induced by the oscillating pressure inside the chamber of 
one of the device. 

 
This paper presents an overview of a new collaborative 

project between the University of Tasmania’s Australian 

Maritime College (AMC) and Swinburne University of 
Technology (SUT)’s Centre for Ocean Engineering, Science 

and Technology. The project is supported by four Australian 
wave-power companies. The aim is to address a critical 
knowledge gap: understanding the performance of ocean wave-

energy arrays in Australia and to develop a software tool to 
accurately model the performance and environmental impact of 
arrays of WECs. The tool will consider different WECs which 
have been already developed or under development. 

 The project would comprise both theoretical and laboratory 
modelling, the latter utilising Australia’s most technically 
advanced wave basin at AMC (Fig. 2). The objectives are: 

1. to develop a capability to estimate the performance of 
arrays and to embody that capability in estimator software 
readily usable by industry, governments and the public; 

2. to determine the pattern of local currents created by a wave 
energy converter. 

 

 

Fig. 2: Example of the set-up of an oscillating water column WEC model 
tested at the AMC wave basin.  
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Abstract 
The recent trend is that diesel power generation in islands where prime cost is high for power generation is 
being replaced by new and renewable energy. Therefore, island areas in south-western coast of Korea is 
progressing the construction project that power is supplied through eco-friendly energy source using new and 
renewable energy like tidal current energy.  
 
Tidal current energy is one of the important alternative energies among various ocean energy resources. Tidal 
power generation can be of great help in many fishing nurseries and nearby islands. Also Tidal power 
generation is a necessary renewable energy for promoting energy independent islands.  
This study investigates about floating-bridge type small tidal current turbine. While developing a floating-bridge 
type 15kW class tidal current turbine, as part of the research for the hydrofoil selection and reduced model test, 
50W class tidal current turbine model study was conducted by design and analysis. The design of blades was 
carried out by blade momentum theory with two different hydrofoils (MNU26, NACA63421). Performances 
were investigated by using CFD analysis and experimental methods. Among the two blades, NACA63421 blade 
by a commercial code showed higher power and power coefficient.  
 
Keywords 
HATCT (Horizontal Axis Tidal Current Turbine), Energy independent island, Floating bridge type, Numerical 
analysis, Experiment  
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II. ABSTRACT 

A series of tidal turbine tests were conducted in a tidal 
estuary (the Sea Schelde, Belgium) as a part of activities of 
the European project Pro-Tide (Interreg IVB NW Europe). 
Two prototypes of in-stream vertical axis tidal turbines were 
tested in real conditions during several months from winter 
2014 to autumn 2015.  

Tidal current velocity variations were continuously 
recorded at the test site by a downward-looking acoustic 
Doppler current profiler (ADCP), operating at 1 Hz. Turbulent 
properties of the tidal flow were estimated from two Acoustic 
Doppler Velocimeters (ADV), recording 3 components of the 
flow velocity at 16 and 32 Hz, 1 m below the surface. The 
measurements covered different tidal current regimes: strong 
ebb and flood flow with velocity above 1.5 m/s and also a 
flow reversal (Fig. 1). Using the output power generated by 
turbines and the tidal flow velocity time series, we search to 
quantify the performance of the turbines and the impact of 
turbulence on power production.  

 

Fig. 1  A sample of tidal current velocity (streamwise U component) recorded 
by ADV at turbine test site in the Sea Schelde 1 m below the surface 

 
The Taylor based Reynolds number was found to be 530 

and the turbulence intensity in the surface layer was not 
exceeding 13%. The intermittency is studied using traditional 
scaling approach [1] and also cummulants approach [2] during 
the flow reversal period and during stationary flow in both 
directions. The results show that, in high frequency band, 

fluctuations of the output power are driven by turbulence in 
the tidal flow (Fig. 2).  

The coherence spectrum shows tight correlations in both 
high (inertial) and low frequency bands separated by a large 
interval. The scale invariant moment functions obtained are 
compared to laboratory experiments.  

The overall performance of two Darrieus type turbines was 
assessed by evaluating the power coefficient, Cp. A low 
variation of Cp around the mean value of 0.22 and 0.28 was 
observed for a large range of flow velocities. 
 

 

Fig. 2  The turbine output power spectrum for two testing runs on 8 Nov 2014 
(before and after noon). A -5/3 slope is shown in blue. Two pronounced peaks 
around 0.5 Hz and 2 Hz correspond to rotor frequency (f0) and forth 
harmonic (4f0).  
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Abstract 

The development of viable technologies to generate power from low velocity tidal flows will 

greatly increase the global potential of tidal power generation. Currently it is deemed unfeasible to 

generate power from tidal currents with a peak flow velocity less than 2 m/s due to the reduction in 

the available power in the free stream. One method of generating power from low velocity flows 

addresses this problem by using reduced diameter turbines mounted in a vertical array [1]. Smaller 

diameter turbines are implemented to reduce the cut-in velocity through reduced powertrain load 

and losses. Additionally, the modular design reduces the cost of manufacture and maintenance 

through economies of scale. 

Prior research suggests that the channelling effect created by adjacent turbines can be used to 

improve the performance of turbines located downstream, e.g. [2,3]. This work has been conducted 

for single rows of turbines in conventional array configurations but not for vertical arrays or for flow 

conditions less than 2 m/s. 

The aim of this paper is to investigate the effect of the relative positioning of individual turbines 

on the total power generation of a vertical array in low flow conditions. This is done using 

computational fluid dynamics, modelling each turbine within the array as an actuator disk. Two 

different configurations are investigated, with the relative positioning of the turbines being varied 

laterally and axially in each case. The total power of the array is then calculated with the aim of 

generating an optimum configuration. Upstream flow conditions are set at 1.2 m/s, using the peak 

flow conditions measured at the tidal energy test site in Hong Kong as a case study [1]. 
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Abstract 

The ability to predict the potential energy resource is crucial in the early stages of marine renewable 

energy projects. In practice, specific site data is essential, however the ability to create localised 

models of sufficient accuracy to predict the local resource can aid initial device development and 

project feasibility assessment. 

In this paper, the tidal-stream resource at a designated site in the Gold Coast area of Hong Kong is 

evaluated using a 3D hydrodynamic numerical model of the South China Sea region. Using a refined, 

localised, computational fluid dynamic (CFD) model, the tidal current velocity through narrow 

channels was estimated from regional tidal range data. 

The field test data of a ducted horizontal axis turbine that was subsequently deployed at the site have 

been compared with the predicted conditions to assess the accuracy of the method at predicting tidal 

current velocity in narrow channels. 

This paper sets an example to develop local resource characterisation techniques using regional tidal 

data. Additionally, the work characterises the tidal-stream potential in a location where the tidal range 

is considered low by international levels.  The results demonstrate potential for developing devices to 

generate power from low velocity tidal flows.  
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II. ABSTRACT 

A methodology for assessing the tidal flow resource at two 
sites along the French coast is presented. The first site, located 
in the Iroise sea, western Brittany coast, is selected for 
demonstration of tidal current conversion technology by 
Sabella company. The second site is located in the eastern 
English Channel (Strait of Dover) and till now has been 
considered as promising. The resource assessment at both 
sites is performed using surface velocity time series recorded 
by High Frequency radars (HFR) and ADCP velocity 
measurements in the radar coverage zone. Results 
from .numerical modelling are also considered. Following a 
guideline proposed by EMEC [1], the major parameters of 
tidal flow conventionally used for tidal energy site screening 
are estimated and mapped. The combination of two sources of 
data allowed to characterize the current velocity variation in 
three spatial dimensions and in time which increased 
confidence in hydrokinetic resource assessment from the radar 
data. A method is presented to find the optimal location for 
energy conversion devices and to optimize the power 
generation by moving devices in space.  

 

 
Fig. 1  Maximum surface velocity (color shading) and spring tide average 
velocity (black contours) around the Ushant Island off the W. Brittany coast. 
 

A year-long current velocity time series recorded by HF 
radars in the Iroise sea in 2007-2008 were used to study tidal 
dynamics and hydrokinetic resource with particular emphasis 
on circulation around the Ushant Island. The analysis revealed 
current velocities up to 4 m/s in two locations: west of the 
island and in the Fromveur passage (Fig. 1), with 1 m/s 
velocity value exceeded 70% of time there. A pronounced 
asymmetry in current magnitude between the flood and ebb 
flow was found in the Fromveur passage. The asymmetry 
coefficient varies from 0.5 to 2.5 over a distance of 8 km there. 
This high range of asymmetry variation is caused by a rapid 
change of phase of the principal (M2) and higher order (forth- 
and sixth-diurnal) tidal current harmonics occurring in the 
passage. Asymmetry in current direction was also quantified.  

Radar derived velocities in the surface layer are compared 
with velocity profiles recorded by ADCP in the radar 
coverage zone. The results revealed a very good overall 
agreement: 0.86 correlation and zero phase lag. The ratio of 
depth average to surface velocity was found equal to 0.8 and 
the ratio of bottom (15 m thick layer) to surface velocity equal 
to 0.7. This ensures that monitoring of surface currents by HF 
radars can be successfully used for quantifying spatial and 
temporal variability of current velocity in the water column. 
This also enables an estimation of power density variation in 
time and space. In particular, in two locations around the 
Ushant Island, the power density in the surface layer attains 6 
kW/m². It is three times lower in the bottom layer (Fig. 2).  

 

 

 
Fig. 2  Cumulative occurrence of power density in the surface (grey) and 

bottom (black) layers, west of the Ushant Island (A) and in the Fromveur 
passage (B). 

 
Finally, it is demonstrated that in the region of opposed 

flood- versus ebb-dominated asymmetries, occurring in the 
Fromveur passage, it is possible to provide balanced power 
generation by aggregating devices and moving devices in 
space and to a different altitude above the bottom. This may 

124



help in searching solutions for turbine array configuration and 
optimizing power production by tidal power convertors.  

 
Resource characterisation along the north-eastern coast of 

France was performed in a similar way. Two Very High 
Frequency radars were deployed on the Opal coast of France 
during 35 days-long period for monitoring circulation in the 
surface layer [2]. The recorded velocities show strong spatial 
variation (Fig. 3) and fortnightly modulation. The most 
energetic area is located west of Cape Gris Nez with the peak 
velocity of 2.5 m/s, mean velocity of 1 m/s, and spring tide 
average velocity of 1.2 m/s (Fig. 3). Velocities exceeding 1 
m/s are observed more than 50% of time there.  

 

 
 

Fig. 3  Mean surface velocity during the study period (colour shading) and 
spring tide average velocity (white contours) derived from radar 
measurements in the Strait of Dover.  

 
The current asymmetry is found higher than 1 in the whole 

study domain, evidencing the flood flow dominance. The 
maximum current asymmetry (1.6) is located westward of the 
Cape Gris Nez, indicating the effect of cape on spatial 
distribution of phases of the major astronomical tidal 
constituents and overtides.  

Current velocity time series recorded by the radars were 
supplemented by velocity profiles from two bottom mounted 
ADCP and also by velocity profiles from a regional numerical 
model [3].  

Mean profiles, derived from one hour averaged ADCP data 
were obtained for different stages of the tidal cycle (Fig. 4) 
and then approximated by a power law function (V(z)=V0 

(z/d)1/α), which is routinely used in oceanographic studies [4]. 
Here, V0 is velocity in the surface layer, z/d is normalized 
vertical coordinate. The power coefficient α of velocity profile 
approximation is found to vary from 6 to 7.5 for ebb and from 
5.5 to 6.5 for flood flow respectively. In each case, the lower 
value of α is achieved one hour before the peak current 
occurred and the bigger value is reached one hour after the 

peak current occurred. The relative error of the real velocity 
profiles' approximation by a power law is less than 1%. The 
discrepancy between observed and modeled velocity profiles 
is less than 7%. On average, the model overestimates the 
observed velocities on flood tide and overestimates on ebb 
tide (Fig. 4).  

 
 

 
Fig. 4  Current velocity profiles for different stages of tidal flow during flood 
and ebb tide. Time step between each tidal stage is one hour. Typical profile 
for one hour long period when peak current velocity is observed (red), for 
period one hour before peak current (green) and one hour after peak current 
(blue). Solid lines represent velocity profiles derived from ADCP 
measurements in June 2009, dashed lines represent velocity profiles from 
regional numerical model. Extrapolation of measured velocities until sea 
surface is given in grey.  
 

Using velocity time series provided by the radars, the 
power law expression for velocity profiles derived from 
moored ADCP data, and the layer extension, the power 
density time series in the surface and bottom layers were 
produced. The time averaged quantities were mapped. The 
results show that the highest value of power density attains 1 
kW/m² in the surface layer west of the Cape Gris Nez, with a 
peak value of 5 kW/m². In the rest of the domain, the mean 
power density varies from 0.1 to 0.6 kW/m². This resource 
appears too low for any reasonable project of tidal-stream 
energy conversion.   
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II. ABSTRACT 

With an extensive coastline and close proximity of the 
Kuroshio current, Japan is an ideal candidate for wave and 
ocean current energy extraction. As part of NEDO marine 
renewable energy project, The University of Tokyo and 
JAMSTEC have conducted state-of-the-art wave and ocean 
current resource assessments to assist with generator site 
identification and construction in Japan. These publicly-
available assessments are now accessible via a GIS web server 
designed by WebBrain and maintained by The University of 
Tokyo. 

The wave resource assessment (University of Tokyo) is 
based on a 21-year, large-scale NOAA WAVEWATCH III 
(version 4.18) simulation that includes several key 
components to improve model skill, such as a four-nested-

layer approach to resolve a 1 km coastline and the addition of 
current effects in all wave power density calculations. The 
ocean current resource assessment (JAMSTEC) is based on a 
12-year, high-resolution simulation using JCOPE-T — a 
regional, 1/36 degree tide-resolving model nested within the 
data-assimilating, 1/12 degree non-tidal JCOPE2 model. And 
finally, the GIS web server utilizes THREDDS Data Server 
and GeoServer web server software with Leaflet libraries to 
host the dataset. 

Here, we will highlight results from the assessments, give 
an overview of the dataset, and provide details on the GIS 
web server and online access. 
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Fig. 2:  Screenshot of an interactive session exploring offshore currents.

Fig. 1:  Screenshot of an interactive session exploring wave period (energy) 
near the Tohoku coast.
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Abstract— A wave energy converter (WEC) should be controlled 
in order to increase the average output power and protect the sys-
tem from damage. In this paper, different, linear and non-linear, 
control strategies are tested for a direct driven WEC with a linear 
generator (LG) power take-off (PTO). Four different control 
strategies are simulated for the sea state of the test sites at Lysekil, 
Sweden, and at Wave Hub, UK. The linear wave theory is used in 
a hydro-mechanical two-body simulation model. It has been 
shown that the average output power increases with the use of a 
suitable damping at both locations. The damping force control 
should be chosen to increase of the average output power while 
protecting the WEC. 
 
Keywords—linear generator, point absorbing WEC, linear and 
non-linear damping, PTO force control, wave power 

I. INTRODUCTION 

Uppsala University [1] has developed a wave power solution 
consisting of a point absorbing buoy connected via a stiff wire 
to a LG, as shown in Fig. 1. This technology has also been de-
veloped further by the Swedish company Seabased Industry AB 
[2].  The linear generator consists of a stator with windings and 
a movable translator mounted with permanent magnets. Current 
is induced in the windings as the translator moves relative to 
the stator. A similar wave energy conversion concept (a point 
absorber with a LG) is used in several other projects [3], [4] and 
the direct driven solution enables a robust design [5]. 

The WEC design has being tested experimentally at Lysekil, 
by the Swedish west coast [6]. In January 2016, the wave power 
project was the first ever to generate wave power to the Nordic 
grid [2].  

The absorbed power of a LG depends on the active area of 
the stator and translator, the velocity of the translator and the 
damping force. In order to increase the power output from the 
WEC and to protect it from damage, the system should be 

damped in a suitable way. The WEC control can be electrical, 
mechanical or hydraulic [7], [8]. 

The aim of the present paper is to investigate various non-
linear (suboptimal) damping controls for the WEC and compare 
them against the conventional linear damping for two different 
test sites.  

The study is theoretical and is based on a hybrid frequency-
time domain hydro-mechanical model presented in [9]. The 
motion of a buoy was determined in the program WAMIT [10] 
and the WEC system was simulated in MATLAB [11]. The 
simulations are performed for regular linear waves varying in 
wave height and period. The force from the power take-off 
(PTO) was used to calculate the instantaneous output power, 
and finally the average output power and the annual energy 

 
Fig. 1 The WEC system consisting of a floating buoy connected via a 

wire to a linear generator 
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II. ABSTRACT 

Salter’s Duck is the most efficient wave energy converter 
(WEC) so far, reaching at most 90% in regular wave tests [1, 2]. 
In most Duck wave energy farm scenarios, Ducks are 
combined in series under a spline like structure [3]. This 
structure is very complex both in combination and anchor 
system, and will reduce the reliability of the whole structure. 
In this paper, a solo Duck WEC is proposed to be installed 
like a point-absorbing WEC, as shown in Fig. 1. Only one 
anchor point is used in the structure instead of both anchor 
points on both sides of the Duck. 

As there is a drift force [4] in the direction of the incoming 
wave, using the stability analysis method in [5] revealed that 
solo Duck WEC’s pitch axis is easy to rotate to the direction 
of incoming wave under very small asymmetric yaw moment 
disturbance. So, a tail vane is used to adjust the pitch axis of 
the WEC. 

 
Fig. 1 Schematic of the solo Duck WEC 

The tail vane is divided into two parts: the horizontal vane 
and the vertical vane. The horizontal vane is used to prevent 
Duck’s pitch axis from pitch motion, so that the wave’s pitch 
moment load acts against the pitch axis without much power 
loss. The vertical vane is used to adjust the direction of the 
pitch axis, so that the pitch axis orientates perpendicular to 
direction of the incoming wave, and then the incoming wave 
power reaches maximum. 

In order to study the performance of tail vane in regular and 
irregular waves, a BEM method [6] is used to calculate the 
flow field around the WEC. Calculated results in frequency 
domain and time domain is compared to the results of Mynett 
[7] and Lucas [8], and showed good agreement. Time interval 
from initial yaw angle to zero has been calculated and results 
are shown in Fig. 2 and Fig. 3 (α0 is initial yaw angle, h is 
wave amplitude, and T is wave period). It can be seen that no 
matter how large the initial yaw angle is, the time for the 
WEC to rotate to zero yaw angle is almost the same. However, 
the rotating time is longer when the wave amplitude is smaller. 
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Fig. 2 Yaw angle vs. flow time at h=0.24m, T=2.1s 
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Fig. 3 Yaw angle vs. flow time at α0=-30°, T=2.1s 

Different parameters are investigated non-dimensionally, 
such as wave period, wave length, wave amplitude, shape of 
the tale (triangular or rectangular), to find the appropriate 
dimensions for the tail vane in specific wave conditions. 
Finally, the performance of the tail vane is studied in 
JONSWAP spectrum wave. 
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II. ABSTRACT 

Wave energy is gaining increased attention and is being 
studied as source of renewable energy. Energy assessment has 
been performed for the Eastern Mediterranean sea basin by 
means of simulation coupled with measurements from various 
sources like buoys and satellites [1]. It was found that the 
Lebanese shore has relatively low [2], but still considerable 
amount of energy that worth to be harnessed [3]. The mean 
monthly wave power is relatively low but stable in summer 
season and peeks in winter. In general the variations of wave 
period is low. Zodiatis et al. in [3] found significant kurtosis 
values in the Eastern Mediterranean region, which indicates 
sharpness of the peak in the probability distribution and higher 
impact of possible extreme values. This triggers the need for 
higher resolution studies. Launching the CANA project 
provided an access to an updated high-resolution bathymetry 
of the Lebanese coastal area that allows such a study. Fig.  1 
shows the location of Beirut on the eastern coast of the 
Mediterranean. Fig.  2 shows High-resolution features of the 
Beirut shore like canyons, which are not detectable in coarse 
grids. 

In this study, one directional wave buoy and two pressure 
sensors are deployed in Beirut coastal water providing wave 
data, collected over a period of two months. In addition, a 
wave simulation is performed with the SWAN third-
generation wave model with high-resolution nested grid 
applied. Simulation results are compared and validated with 
measurement data. Important features in this study are the 
wave height, period, and direction. Due to the limited period 
of available data, statistical analysis is not performed. 

High-resolution wave field is assessed for Beirut area. The 
results show good match between simulation and buoy data, 
which validates the used model, and allows its application on 
other regions of the Lebanese shore. The project will help 
selecting the sites for wave energy converters, and it will have 
an impact on the wave forecast in Lebanon. 

 
Fig.  1 Study domain, eastern coast of the Mediterranean Sea 

 
Fig.  2 High-resolution bathymetry for the shore of Beirut [4], yellow circle 

denotes the wave buoy, and red squares denote the pressure sensors 
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II. ABSTRACT

Tidal stream current has become one of the alternatives to
fossil resources or nuclear fission, whose drawbacks are well
known.  One of  the factors  this technology has  to take into
account  is  the  flow  turbulence  intensity,  since  it  strongly
influences the converter devices behaviour.

In this paper, data measured by an AD2CP set at 8 Hz in
Kobe Strait in Goto archipelago (Nagasaki Prefecture), which
energy potential has already been studied, are presented and
processed  to  evaluate  the  turbulence  conditions  at  the
measuring point.

As  a  summary,  Fig.  1  shows  the  relation  between
turbulence intensity and streamwise mean velocity for every
20  minutes  period.  It  can  be  clearly  seen  that  turbulence
becomes more important with the depth.

Fig. 1  Turbulence intensity dependence on streamwise velocity at surface,
middle depth and bottom layers

On the other hand, a FVCOM numerical model simulating
the  area  hydrodynamics  was  validated  with  sea  level  and
velocity data mentioned above. Using this model, vorticity is
calculated for the whole area of interest.

In  this  paper,  a  new  formula  relating  vorticity  and
turbulence intensity which, as noted above, is one of the key
aspects when designing tidal current turbines, is proposed and
used to estimate the turbulence conditions of the whole Kobe
Strait.

This  formula  was  found to be  a  suitable  tool  except  for
velocities under 0.5 m/s,  when the impact  on the converter
devices is not relevant.

Using  this  new equation,  various  Kobe  Strait  turbulence
intensity  maps  have  been  created.  Fig.  2  shows  turbulence
intensity at a depth of 8 meters for the moment of maximum
velocity during flood tide.

Fig. 2  Turbulence intensity estimation maps for maximum velocity
moments during spring flood tide at 8 meters from the surface.
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II. ABSTRACT 

1. Introduction 
The OWC-type wave energy converter has been developed 

in Japan since 1970s.  Every devices of this system could 
successfully prove to generate electricity with the Wells-type 
turbine. 1,2  But, the generation cost was as expensive as 100-
130yen/kWh. In this study, a projecting-wall and an impulse 
turbine were newly installed to the OWC system to improve 
the conversion efficiency.  The new OWC device will be 
placed on the top of an existing coastal facility to reduce 
construction cost.  The conceptual figure3,4,5) is shown in Fig.-
1.  The goal of the generation cost was set as 40yen/kWh, here.    

 
2. TRL application 

For the development of this facility designing, Technology 
Readiness Level (TRL) was applied. 

OWC converter is a complex system dealing with both 
water waves and air flow simultaneously.  Hydraulic 
experiments and air flow experiments have some scale effects.  
Driving force in the field of the system is irregular waves.  
The response of the system to the exerting force becomes 
quite complex.  Actual system response might be different 
from the simple prediction by summing up the effects of 
component sinusoidal waves.  Accordingly, from the 
conceptual plan to the prototype field example, several stages 

were set to examine and give practical solutions for specific 
problems of that level at each stage.   

   Our TRL step-flow is set as shown in Fig.2, considering 
TRL of NASA and the EU document.  This method is 
expected to help comprehensive development and designing 
of a practical device of OWC-type wave energy converter. 

 

 
3. Development flow 

At each stage, examinations through experiments and/or 
calculations were conducted for different questions. Obtained 
results are mainly as follows; 

 
a) STAGE 1: After literature review, the PW and the 

impulse turbine were selected to introduce to our new 
OWC-system. Also, unit device style was decided placing 
on the top of the existing breakwater/seawall at coast. The 
target cost, then, estimated possible after rough calculation. 

b) STAGE 2: Effect of the PW to the improvement of the 
primary conversion was examined by small hydraulic 
experiments (scale: 1/33 – 1/25).  Characteristics of 
impulse turbine were examined by small scale model-
experiments using an air flow tank.  Owing to the PW, 
primary conversion was expected to improve by 1.5 
comparing to the non-PW facility, and owing to the 
impulse turbine, secondary conversion was expected to 
increase by 1.2 comparing to the conventional Wells-
turbine.  Also, wave force estimation was conducted using 
a wave tank (scale: 1/33).  The unit OWC-facility, which 
will be placed on the top of the breakwater, was proved 
safe under the wave force by the designing waves.  

Fig. 1  Example of an image for PW-OWC wave energy convertor 
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Fig.2 Design Method by Stage-Gate Technique 
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c) STAGE 3: Effect of the combined system of the PW, 
OWC-air-chamber, impulse-turbine and generator was 
examined by large scale model (scale:1/6.7) using regular 
waves. Smooth response under small pressure difference 
was checked of the impulse turbine. 

d) STAGE 4: Prototype field experiment was conducted at 
Sakata Port (scale: 1/1). Electricity was successfully 
generated by the incident irregular waves. This system was 
controlled automatically to maintain effective and safe 
generation.  Total conversion was found improved by the 
factor of 2. 

 
Detailed results of STAGE1-STAGE3 are reported and 

discussed in the previous papers. 4,5) 
 

4.  Field experiment 
For STAGE 4, the prototype facility (Photo-1) was 

manufactured and placed on the seawalls in Sakata Port, 
Yamagata-Prefecture in December, 2014.  Installation of the 
facility was conducted using a crane from land side after the 
arrival of the facility parts. The cost of manufacturing, 
transportation and installation can be saved cheaper due to the 
land work (not the offshore work).    

 
The generation experiment was conducted since January, 

2015.  Incident waves, wave amplitude in the air-chamber, 
turbine torque/rpm, and electricity generated were monitored.  
Fig.3 shows the relationship between turbine torque and 
incident waves. X-axis expresses time (hours: minutes: sec.) 
on the same date of January 31, 2015. All data were sampled 
every 0.1sec (10Hz). Both aspirating and inspiriting phases, 
positive values of torque were monitored (blue line in upper 
figure in Fig.3). When looking at Fig.3  closely, we found that 
zero-torque (very weak torque) was observed. Blue arrows in 
fig.3 indicate the occurrence of torque-zero (upper figure in 
Fig.3), when the change of water level was slow in OWC 
(lower figure in Fig.3). 

Under the natural irregular waves, the system shows good 
response to the incident power.  Applying TRL, the total 
system of the OWC was developed in good balance. This 
OWC system was estimated possible to achieve the goal cost 
of 40yen/kWh. 

 

 
5. Conclusion 

1) A PW-OWC type WEC was installed on the existing 
seawall in Sakata Port. Field experiment of generation was 
started since January 2015. 

2) Applying TRL, the total system of the OWC was developed 
in good balance. This OWC system was estimated possible 
to achieve the goal cost of 40yen/kWh. 

3) Under the natural irregular waves, SAKATA system showed 
good response to the incident power. 
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Phot.１ PW-OWC Wave Power Device at SAKATA PORT 

Fig.3 A time change (from 16 to 18 minute at 14 o’clock on Jan.31) 
of the wave height and outbreak turbine torque and turbine 
number of revolutions 
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II. ABSTRACT

The use of a wave energy converter (WEC) as a renewable
source of energy is becoming a reality with many prototype
designs  currently  being  tested  in  real  wave  environments
around  the  world.  Mathematical  modelling  has  been  used
extensively to investigate the performance of  these devices.
Linear  theory  has  been  utilised  widely  to  study  the
performance  of  various  WEC  designs.  Analytical
representations  of  submerged  objects  in  finite  and  infinite
depth water [1], give accurate first order representations of the
diffracted and radiated waves and can been extended to non-
spherical shapes [2]. The work in [3] applies this approach to
WECs and analyses the effects design characteristics have on
device  performance.  These  methods  separate  the  diffracted
and radiated waves which are then treated individually in the
solution.

Increases in the WEC design complexity require the use of
iterative finite and boundary element method solvers to obtain
the diffracted  and radiated  waves  [4,5].  These  studies  have
been  used  to  improve  WEC  efficiencies  and  have  been
implemented in the study of WEC array interactions [6]. The
impact of viscosity on both the diffracted and radiated waves
however, has yet to be quantified in great detail.

The  goal  for  this  study  is  to  analyse  the  importance  of
viscosity on the linear theory results of WEC diffraction and
radiation.  Focus  here  is  placed  on  a  submerged  sphere
oscillating  in  both  heave  and  surge.  The  diffracted  and
radiated waves on the free surface are modelled in a viscous,
non-linear  volume  of  fluid  numerical  wave  tank  and  are

analysed against linear inviscid and irrotational results. This
follows the linear solution method by modelling the diffracted
and  radiated  waves  separately  and  applying  superposition
principles  to  obtain  the  full  wave  field.  An  example  of
radiated wave free surface results are shown in Fig. 1.

This  study  utilises  the  commercial  package  CD-Adapco
StarCCM+  as  a  platform  for  CFD  simulations.  The  free
surface capturing is accomplished using the volume of fluid
method  with  linear  wave  inlet  boundary  conditions.  The
model-scale submerged sphere has a diameter of 250 mm and
located 475 mm above the tank bed and 205 mm below the
mean water level. Incident wave frequencies are 0.8, 1.0 and
1.2 Hz with amplitudes of 20 and 40 mm. The incident wave
amplitudes and frequencies are mirrored by the sphere when
simulating the radiated waves.  Simulations of the oscillating
sphere  will  make  use  of   overset  meshing  available  in
StarCCM+. Meshes in all simulations are refined on the free
surface  in  order  to  minimise  non-physical  amplitude  and
phase  alterations.  The  solvers  used  include  a  laminar  flow
model with second-order time descritization and mixing layer
convection.  The  high  resolution  surface  capturing  is  also
employed to model the alpha value propagation.  An example
of the stationary sphere mesh is shown in Fig.  2.

   
This  work  offers  an  indication  of  the  viscous impact  on

linear theory results. The variations in the wave heights and
forces appearing on the sphere are shown with the addition of
viscous effects.  Preliminary  results for  the heave  and surge
forcing on a still cylinder are given in Fig. 3 & 4. Normalizing
forces  by the incident wave height show a reduction in the
apparent  heave  force  on  the  sphere.  The  final  outcomes
provide more insight into the applicability of linear  models
when  analysing  WEC  performance.  This  method  of
modelling the  interaction  between  submerged  spheres  using
CFD will later be extended to modelling arrays of submerged
spheres.    

Fig. 1: The radiated wave from a heaving submerged sphere.

Fig. 2: Free surface and near sphere mesh used in simulations.
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Fig. 4: Surge forcing on a still cylinder in 80 and 40 mm incident
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Fig. 3: Heave forcing on a still cylinder in 80 and 40 mm incident
waves.
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II. ABSTRACT 

The dynamic response of pivoted rigid circular cylinders 
with a single degree of freedom undergoing flow-induced 
vibration has been investigated through physical laboratory 
scale experiments. The cylinders were constrained to pivot 
about one end with freedom to swing through a plane 
perpendicular to the direction of the incident crossflow. 

Two different cylinder configurations were studied and for 
each case over a range of applied damping the cylinder 
angular and frequency response was recorded and the 
efficiency of energy extraction from the crossflow measured. 
In the first case a plain circular cylinder cross-section was 
employed, and in the second, rigid non-rotating splitter-plates 
aligned with the crossflow direction were attached along the 
full length of the cylinder axis. 

Nondimensional parameters have been formulated defining 
some of the cylinder structural properties and the cylinder 
response behaviour and together with the experiment data 
these parameters have been employed to formulate general 
equations, respectively, for the average peak oscillation angle 
and frequency response. Each of these equations contain terms 
for all the relevant structural properties of the system. 
Through inspection of these equations it is apparent that the 
magnitudes of the angle and frequency responses are the 
outcome of the combined effects of the set of structural 
properties that define the system.  

The input- and output-power terms in the analytic 
expression for efficiency have been cast in the 
nondimensional parameters of the pivoted cylinder system. 
The resulting equation provides predictions of efficiency that 
are highly consistent with the experiment data. Just as for the 

angle and frequency equations the efficiency equation 
accounts for all the relevant structural property terms. 

The formulated nondimensional parameters and equations 
provide additional insight into the flow-induced vibration 
response of pivoted rigid cylinders. Furthermore, they are 
useful analytical tools for the optimisation of such a system 
for extracting energy from an incident tidal (or steady-current) 
crossflow. 

 
 
 
 
 
 
 

 
 A B C 

 
Fig. 1  Configurations of cylinder cross-section: A. Plain cylinder; B. 

Cylinder with 1-sided splitter-plate; and C. Cylinder with 2-sided splitter-
plate. 

 
 

 
Fig. 2  Schematic of experiment apparatus. Items SP and LS denote, 

respectively, the spring-sets used to control the system stiffness and the laser 
displacement sensors for measurement of the cylinder angular motion. 

Carriage carrying cylinder travels in the x-direction. Tank filled with water. 
Note: Cylinder with 1-sided splitter-plate depicted. 
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Abstract — In this study, the characteristics of the flow speed including the maximum and the average 
values of tidal current speed and the characteristics of tidal currents by layer were analyzed. For this 
purpose, speed of the tidal currents around Yeosu Dolsan Bridge, Incheon Bridge, and Yeongjong Bridge 
were observed for a period longer than a month; the flow speed around these bridges, among the major 
domestic offshore bridges, are known to be high. The observations were intended for the development of 
a small-scale tidal current power generation system using the piers that are substructures of the offshore 
bridges that connect land with an island or an island with an island. In addition, a regional operational 
modeling system (ROMS), a numerical model of coastal hydrodynamics, was established for Yeosu and 
Incheon waters and was corrected using observation data; then, a long-term simulation was carried out to 
calculate the highest annual flow speed. The data obtained by analyzing the speed of the current 
approaching the offshore bridges were used for analyzing the tidal currents around the bridges as an open 
boundary condition of the numerical analysis model. The data obtained by observing the surroundings of 
the bridges were used for verifying the result produced by the numerical analysis model. The results of 
this study may be used in the development of a small-scale tidal current power generation system as 
mentioned earlier based on the distribution of annual flow speed calculated in the coastal numerical 
model. 
Keywords — Operational Ocean Modeling System, Tidal Current Power Generation System, Flow Speed 
Observation, Numerical Simulation. 
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II. ABSTRACT 

 The Tsugaru Strait lying between Hakodate and Honshu 
islands of Japan is one of the most powerful site for tidal and 
ocean energy. The potential for tidal-ocean power of the 
Tsugaru Strait has been estimated at 3.4GW that will generate 
493GWh/year electricity (NEDO, 2011). There have been 
great discussions for utilizing the tidal and ocean currents in 
the strait over the past few years. In this study, vertical 
structure and seasonal variation of the tidal-ocean currents are 
explained based on field observations conducted at off the 
coast of Cape Shiokubi as well as three-dimensional 
numerical computations of the flow in the strait. 
 Numerical modelling by a three-dimensional non-hydrostatic 
circulation model, MITgcm (e.g. Marshall et al., 1997), 
revealed fundamental features of the current in the Tsugaru 
Strait. The current is mainly formed by an ocean current 
running towards the Pacific Ocean (the Tsugaru Warm 
Current) and a tidal current dominated by the diurnal 
constituents (K1, O1) rather than semi-diurnal ones (M2, S2). 
As the ocean current cancels out the westward tidal current, 
the flow of the strait basically oriented into Eastwards, which 
may bring advantages in designing tidal devices for this 
location. 
 Off the coast of Cape Shiokubi, Hakodate city, where the 
flow converges to form a strong current at the narrow neck of 
the strait found to be one of the potential site to harness the 
tidal and ocean energy. Field observations were performed at 
the location P1 where the water depth is 25m and 800m away 
from the nearest coast line (see Fig.1) to see the details of the 
flow features by installing an acoustic Doppler current profiler 
(ADCP) through 2013 March 18 to 2014 January 20. Peak 
velocity at a spring tide ranged between 1.2ms-1 that may be 
harness with a tidal device such as diffuser turbine system. 

Since the tidal component of the velocity is driven by a water 
level difference between East and West sides of the strait, the 
observed velocity highly correlated with the water difference 
at a lag of three hours (R~0.8). The ocean-current component 
of the velocity shows seasonal variations in the range of 0.51-
0.64 ms-1 and was strengthened in summer. The effects of the 
interaction between the tidal and ocean currents were 
relatively intensified in summer. Coexisting tidal and ocean 
currents formed more complex flow field in summer rather 
than simple cancellation of each other out when the major axis 
of tidal ellipses oriented into slightly different direction with 
the ocean current (Fig.2). 
 External factors such as wind, density difference and surface 
waves causes variation in the velocity field of the tidal-ocean 
currents. Velocity oscillation shorter than the tidal component 
quantified by Fourier analysis increased during summer 
compared with winter. Vertical profile of the fluctuation of the 
energy potential was estimated by residual velocity from the 
tidal-ocean velocity synthesized from the harmonic constants 
estimated by the present observed data. The energy fluctuation 
gradually strengthened towards the water surface, and sharply 
increased within 1 m beneath the surface (Fig.3). Features of 
the velocity fluctuation should be investigated in more details 
in the future works.	 

	 

2 / /

2
/
/

/
/

2
  

2

/

2 //

/ 2 2

2 2

2
2 2

	 
 Fig. 1 Depth average tidal and ocean energy potential distribution.  
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Fig.2 Tidal ellipse 

Fig. 3 Fluctuation Component except tide and ocean current in Each Layer 
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II. ABSTRACT 

Wave energy converter (WEC) is a device that exploits the 
power available in the wave to generate electricity. This form 
of energy is clean and renewable. There have been many new 
technologies of WEC being developed recently, which gives 
us motivation to study it further to make it fully 
commercialized. 

Wave power is distinct from the diurnal flux of tidal power 
and the steady gyre of ocean currents. Wave-power generation 
is not currently a widely employed commercial technology, 
although there have been attempts to use it since at least 1890 
[1]. In 2008, the first experimental wave farm was opened in 
Portugal, at the Aguçadoura Wave Park [2].  

The major competitor of wave power is offshore wind 
power. However, companies should not think about wave 
power as competition but as a bonus with offshore wind 
technology as both can be used at the same time from the 
same location. So we suggest that renewable energy such as 
wind and ocean technologies could be combined and used 
hand in hand, rather competing between them. 

A previous study was conducted on this project, which was 
the foundation study conducted to develop the structural 
components of a miniature scaled model of a 20W class WEC. 
The current study however, is focused on designing the full 
scale model, 15kW class. As the floater is the key component, 
we have focused on designing it by reducing its material 
without exceeding the stress concentrations.  

The previous study was a simple design using a semi-
hemisphere made of fiber reinforced plastic (FRP) and 
supported on its center by a wood support as shown in Figure 
1.The final floater is made of urethane foam and FRP 
thickness of 9 mm with a 0.3 m diameter PVC cylinder in the 
center providing added support as shown in Figure 2. 

  

Fig. 1  3D Model of initial model floater design 

 

 

Fig. 2  Schematic diagram of final floater design 
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II. ABSTRACT 

Ocean renewable energy is a fast developing market that in 
the future can make an impact on supplying the worlds 
demand for cleaner energy. Wave energy converters (WEC) 
are part of this innovative technology yet still require 
substantial amount of testing to validate not only their 
concepts but their ability to successfully survive in the harsh 
ocean environment.  

 
Established sites are highly recommended by Holmes and 

Nielsen [4] particularly for large scale devices as to reduce the 
unnecessary technical and financial difficulties associated 
with the development of such an area. The European Marine 
Energy Centre (EMEC) and the Atlantic Marine Energy test 
site (AMETS) are just an example of the highly recognised 
sites across Europe and America that further promote the 
development of WEC’s [5]. 

 
The focus of this paper is to investigate and determine 

potential sites for the testing of large scale wave energy 
converters in Tasmania, Australia. A device must therefore be 
successful in functioning in mild to extreme conditions in an 
open environment while demonstrating its reliability and 
survivability. A selection criteria was established based on the 
recommended qualities of test sites, the development of other 
sites such as Belmullet [1] and the French Wave Energy test 
site (SEM-REV) [6] and in particular the Australian devices.  

 
The most imperative aspect of a site is the wave energy 

resource available and its consistency as it relates directly to 
how a device captures energy. The western coast of Tasmania 
and King Island are part of the southern Australian region that 
have been identified as an area of sufficient world class wave 
energy resources as represented in Fig. 1 with areas up to 
150kw/m [2, 3, 8]. Other important factors that were 
considered in the site selection process included connection to 
the grid, minimal environmental or societal impact, 
accessibility and general suitability for Australian device 
testing.  

 
 

 
Fig. 1 90th percentile wave energy (kW/m) for September in Southern 

Australia. [3] 
 

Five initial locations, (blue circles) in Fig. 2, were primarily 
evaluated and determined based on their proximity to 
established substations in Tasmania represented by (red 
circles), and their bathymetry. It can be noted that King Island 
does not include a substation as it has a standalone power 
system that is designed to incorporate fluctuations of power 
input from renewable energy devices that a test site could be 
connected to.  

 

 
Fig. 2 Substation locations (red) and subsequent refined site location 

(blue).  
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The wave climate is one of the most influential factors in 
determining a test site and a devices ability to maximise 
energy capture [7]. The significant wave height and peak 
wave period are highly important factors when considering the 
suitability of a device at a specific location. These parameters 
vary depending on design, scaling and configuration of the 
device. Fig. 3 represents the scatter plot for Cape Grim 
(location 3) demonstrating the significant wave height  in 
meters and peak wave period and seconds. 

 

 
Fig. 3  Significant wave height (m) and peak wave period (s) for location 3 
 
Further analysis into these sites indicated that Surprise 

Point on King Island and Cape Grim in Tasmania were the 
more suitable locations to operate a large scale test site for 
wave energy converters. 

 
Cape Grim is located in the northern region on the west 

coast with proximity to Woolnorth Bluff Point/ Cape Grim 
wind farm with accessibility by established roads. The site has 
bathymetry and a range of depths, similar to that of large scale 
test sites allowing for a greater operation of device type and 

scaling all within 13km from shore. The wave power was 
found to be the greatest around September and October when 
the local demand for electricity is high.  

 
Located on the southern west coast of King Island, Surprise 

Point has an uninterrupted wave climate and would have little 
impact on local coastal activities. The water depth at this site 
ranges from 40 to 70m depth, between 3 and 5km from shore. 
King Island also has the established power system that would 
allow for the integration into the grid.  

 
Both Surprise Point and Cape Grim are considered 

potential locations for the development of a large scale wave 
energy converter test sites in Tasmania. The sites would 
provide for additional studies into WEC efficiency, 
installation, mooring and environmental impact studies 
necessary for the advancement and commercialisation of the 
ocean renewable sector.  
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II. ABSTRACT 

Recently, needs for utilization of wave energy around Japan 
for providing electricity power are increasing because wave 
energy is not only clean energy not to use the fossil fuel for it, 
but also domestic energy not depending on import from other 
countries. Wave energy potential is generally estimated by its 
power density, which is calculated form wave height and 
wave period. The wave power density is a fundamental factor 
and information for selecting a site that could be suitable for 
power production of Wave Energy Converter (WEC). The 
factor, however, does not usually take into account any power 
matrixes, which characterizes power production performance 
and operational limits for WECs. The power matrix is made 
based on sea trials or simulation results under specific 
environmental conditions. Then it is not appropriate for wave 
energy potential estimation to apply the power matrix, not to 
be optimized to the site condition, to subjected sites. 

This paper presents the way of wave energy potential 
estimation easily with some validity and the result of the 
potential with normalized power matrix and standardized joint 
probability distribution of wave height and period to be able to 
use wave energy assessment in the stage without firm 
development plans and assumptions. 

The normalized power matrix is constructed by averaging 
five kinds of WEC power matrixes[1etc.] which are 
normalized optimum operation condition of each WECs. Fig. 
1 shows the normalized power matrix obtained from this 
analysis. 

In order to make the Standardized Joint Probability 
Distribution (SJPD)[2], the significant wave height (HS) and 
the average wave period (T01) are analysed along the line 
which is about 30km distant from Japanese coast shown in Fig. 
2. The 21 years numerical hind cast dataset of waves 
estimated by Waseda et.al[3] are used in the analysis. Based 
on the change ratio of HS and T01 along the line, seven regions 
having different HS and T01 trends are proposed for 
constructing SJPD. Fig. 2 also shows the each region where 
SJPD are constructed named as Regions 1 ~7. 
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Fig. 1 Normalized power matrix of WEC 
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Fig. 2 Regions where SJPDs are constructed 

 
Using the normalized power matrix and SJPD, wave energy 

potentials are estimated for each region and each EWC. The 
results are shown in Fig. 3. The Region 2 is indicated as the 
most promising region around Japan due to high average HS. 
It is also founded that the most suitable WEC type for the 
Regions 1 and 2 is a translation motion type as new 
information. In case of the Regions 3 to 7, the overtopping 
type WEC is the most suitable.  

The energy potential assessment approach based on the 
normalized power matrix and the regional SJPD represented 
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in this paper are useful for volume estimation of electricity 
power production at a candidate sea site. 
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Fig. 3 Estimated results of regional wave energy potential around Japan. 
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II. ABSTRACT  

The development of marine energy technology has 
increased rapidly in recent years. However, to date, only  
single turbine prototypes have been deployed [1]. One reason 
for this is the complex loading conditions in the field that 
result from unsteadiness in the flow. The majority of existing 
projects have been developed in areas no deeper than 40 m, 
and depending on the site, the geometry of the turbine and 
type of support structure used (e.g. floating or rigid  
foundation), the turbine rotor will be affected part ially or fu lly  
by wave-current interactions.  
 

The computational study of Tatum, et al. (2015) [2] 
indicated that the variation of bending moments on the blades 
due to the oscillatory motion of waves  will translate into 
forces directly applied to s mall areas of the drivetrain, which  
will affect components such as bearings and seals. 
Nevalainen, et al. (2015) [3] also showed numerically that the 
turbine shaft is highly affected by wave motion.  Thus, the 
sinusoidal variations of wave-current velocities have the 
potential to  reduce significantly the life of the drivetrain  
components and the rotor blades. 

 
While a small number of experimental studies have 

investigated the effects of wave-current interaction on turbines 
[4-6], few have studied in detail the temporal variation of 
loading and considered the impact this will have on the 
performance of turbine components, particularly under larger 
amplitude waves representing more extreme conditions. 
Therefore, an experimental programme to study the effects of 
wave-current flows on a tidal turbine was undertaken. A  
scaled horizontal axis turbine of 0.5 m in diameter was 
equipped with a torque transducer, a thrust gauge and an 
encoder to obtain power and thrust coefficients. Two flow 
regimes of 0.5 and 1.0 m/s were set during the experiments, 
with variat ions of wave height of 0.2 to 0.4 m and a period of 

2 s. The tests were carried out at the 3.5 x 9 x 220 m CNR-
INSEAN towing tank. Figure 1 shows the turbine installed in  
the facility. 

 

 
Fig. 1:  Turbine set-up in the CNR-INSEAN tow tank. 

 

 
Fig. 2 Power coefficient of the turbine working during extreme wave-current 

events (red) and during normal conditions (black).  
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A comparative analysis of the performance characteristics 

of the turbine is presented in this paper as Cp-TSR and Ct-TSR 
curves, comparing the power capture and thrust loading under 
wave and no wave conditions, as depicted in Figure 2 and 3. 
The temporal variations of power and thrust were also 
investigated to improve understanding of the impact that the 
blade position in the water column relat ive to the wave phase 
has on loading, and analysis of the peak power and thrust 
coefficients enabled quantification of the extreme loads.  

 

 
Fig. 3 Thrust coefficient for wave-current (magenta) and current (blue) at 

1m/s tow speed. 
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I. KEYWORDS 

Tidal Turbine, Blade Loading, CFD, Blade Element 

Momentum Theory, Model Comparison. 

II. ABSTRACT 

The accurate estimation of loads on tidal turbine blades is 

essential for generating a suitable structural design and 

selecting materials that can resist the rough marine 

environment imposed on them. Blade loads can be obtained 

by empirical or theoretical methods. Although experimental 

testing can provide more realistic blade loading data, both 

laboratory and field tests are limited by the associated costs 

and practical constraints. Moreover, even if such methods are 

employed, the instrumentation on the blades is often restricted 

to the root section to avoid effects on the blade performance 

[1].  

Alternatively, there are a range of theoretical approaches 

that can be solved numerically to predict loading on the 

turbine blades, and computational fluid dynamics (CFD) is a 

commonly employed tool [2, 3]. In theory 3D-CFD models 

can provide a detailed representation of the fluid flow over the 

blades and in the wake region of the turbine and hence the 

pressure distribution across the blade surface is computed.  

However, the implementation of existing CFD models quickly 

becomes very computationally expensive [3].  

For this reason, other simpler theoretical approaches such 

as blade element momentum theory (BEMT) are widely 

applied in the preliminary design stages [3-6]. Only one pair 

of point loads per blade section are calculated in the BEMT 

method, so a high resolution map of load distribution over the 

blade surface is not obtained. Consequently detailed analysis 

of the loading characteristics in sensitive areas of the blade 

(e.g. leading or trailing edge) is not possible, and thus, any 

structural analysis based on this approach will be affected by 

these limitations.  

The aim of the work described in this paper is to formulate 

a simplified numerical modelling approach which outputs 

detailed calculations of the pressure distribution over the 

surface of a tidal turbine blade during operation. To reduce 

considerably the computational effort involved compared to 

full CFD models, this approach uses a combination of BEMT 

and 2D-CFD, where the magnitudes of the inflow vectors and 

angles of attack from the first approach are used as inputs to 

the second method to calculate the pressure distribution 

around a number of 2D blade sections. An interpolation 

function is then used to estimate the 3D pressure distribution 

over the full blade surface based on the series of 2D sections. 

The resulting pressure distribution on the blade surface of this 

combined 2D-CFD-BEMT approach is depicted in Figure 1.  

The validity of this method has been assessed through 

comparison with both a full 3D-CFD model of the blade using 

ANSYS Fluent, and the BEMT approach [6]. In general, very 

good agreement was found between the methods, as shown in 

Figures 2 and 3. However, greater differences between the 

3D-CFD and 2D-CFD-BEMT models occurred near the blade 

tip along the leading edge (Figure 2a) and on the lower 

surface of the blade at the widest point of the cross-section 

(Figure 2b). These differences between the 3D-CFD, 2D-

CFD-BEMT and BEMT approaches are discussed in detail in 

the paper through comparison of the results for three different 

blade profiles: NACA 63-8xx, NREL S814 and Wortmann FX 

63-137, over a range of Reynolds numbers.  

Finally the approaches are evaluated in terms of resolution, 

accuracy and computational time, and an indication of the 

practical implications of employing these methods for 

material selection and blade structural design is given.  

 
a) 

 
 
b) 

 
 

Fig. 1 Pressure distribution on a) upper surface and b) lower surface of 

NREL S814 blade generated from a combination of BEMT and 2D-CFD 
modelling. Red dots mark computed points from 2D sections in CFD models, 

black lines mark the blade elements used in the BEMT model. 
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a) 

 
b) 

 
 

Fig. 2 Percentage pressure difference between 2D-CFD-BEMT and 3D-CFD 

models a) upper surface b) lower surface of NREL S814 blade. 
 

 
 

Fig. 3 Comparison of pressure data generated across NREL S814 blade from 

2D-CFD-BEMT model and full 3D-CFD model. Line indicates perfect 

agreement. 
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II. ABSTRACT 

Tidal current energy is one of the promising renewable 
energy resources in Korea and it has several advantages such 
as regularity and predictability. And various types of tidal 
current turbines have been developed for the economically 
and technically feasible development of tidal current power 
plant especially in southwest coastal area such as Uldolmok 
Strait, Jangjuk Channel, Maenggol Channel. 

In this study, a tidal current turbine is optimally designed 
using hydrofoil FFA 301 series for 5 m long blades (Fig. 1) to 
extract 200 kW based on the optimal design software code, 
HARP_Opt (Horizontal Axis Rotor Performance Optimizer) 
developed by NREL (National Renewable Energy Laboratory) 
which is developed based on the BEMT (Blade Element 
Momentum Theory) and GA (Genetic Algorithm). The 
optimal design of shape and performance evaluation of the 
horizontal axis rotor for a 200 kW-class tidal current turbines 
was carried out considering the number of blades (two or three 
bladed), the method of pitch control system (variable pitch or 
fixed pitch), and so on. 

 

 
Fig. 1. Blade design parameters 

 

The fundamental information for optimal design are as 
followed: (1) the probability density of tidal current speed 
observed in Uldolmok tidal current pilot power plant which is 
specific site in this study (see Fig. 2), (2) the efficiency of 
whole system of about 40% for the most advanced available 
tidal current turbines. Based on these information, the optimal 
rated power was decided as 200 kW and it has the lowest 
LCOE ($ 0.68 / kWh). 

 

 
Fig. 2 Tidal current distribution of Uldolmok 

  
Fig. 3 shows the shape of blade with parameters, wherein 

the horizontal axis is a dimensionless as radial distance ratio. 
And the result of performance evaluation of the blade is 
shown in Fig. 4.  

 

 
(a) Pre-Twist                                    (b) Chord length 

 
(c) Thickness                                (d) Thickness ratio 

Fig. 3 Blade geometry with radial distance ratio 
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(a) Rotor speed & pitch angle 

 
(b) Power coefficient & power 

Fig. 4 Blade performance with flow speed 
 

As a result, the 200 kW class horizontal axis tidal current 
turbines is designed and the rated tidal current speed is set as 
2.3 m/s, and the VSFP type turbines with 3-blades shows the 
best performance (Table 1).  
 

Table 1 Summary of parametric study results 

Control type 
VS-FP  

(2-blades) 
VS-FP  

(3-blades) 
VS-VP  

(2-blades) 
VS-VP  

(3-blades) 

ratedV  (m/s) 2.3 

AEP 
(kW-hr/yr) 

984,473 1,017,369 981,928 1,013,617 

C.F. (%) 51.1 52.8 51.0 52.6 
Max Power 
[kW] 

224.68 225.32 220.59 220.77 

Max PC (%) 45.7 48 46.1 49 

Ω  opt/min 

(rpm) 
18.62 / 5 17.76 / 5 20 / 5 20 / 5 

Max Root 
Flap (kN-m) 

199.44 129.23 199.23 124.42 

Max Torque 
[kN-m] 

112.81 119.47 105.52 105.41 

Max Thrust 
[kN] 

153.96 150.97 155.13 146.59 

 
However, the performance of the four different kinds of 

tidal current turbines looks very similar, hence it is very 
important to take into account of economic feasibility 
according to the number of blades, the time and cost for 
installation and also O&M cost. For example, new rotor 
concepts have a tendency to avoid pitching because pitching 
devices are one of main issue in maintenance as reported from 
the RELIAWIND project (2008-2011) and operators 
(Wilkinson et al., 2011). It is also preliminary judged that 
using only RPM control without pitch control could be an 
alternative to alleviate layout and wake problem.  

Finally, BEMT method applied to the optimal design and 
performance evaluation in this study is known to bring similar 

results with performance evaluation by a computational fluid 
analysis. However, the efficiency may be estimated largely 
under the actual condition having fluctuating flow rates 
because BEMT method has been developed basically in the 
flow conditions with a constant flow rate. Therefore, even 
though the optimal design can be conducted using the BEMT, 
it is necessary to carry out the computational fluid dynamics-
based numerical simulation and field demonstration test for 
the final performance evaluation to reflect the vibration 
characteristic associated with actual irregular flow rates taking 
into account of fluid-structure interaction. 
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Abstract 
This paper discusses the basic method of calculation of an optimum layout of array units of Horizontal 
Axis Marine Turbine (HAMT). The author considered wake recovery in short device interval for the array 
simulation with using HAMT. For the calculation, the author used CFD calculation for investigating the 
model. However, CFD takes time to calculate in the flow field analysis especially in moving objects. We 
have considered not only the actual but also introducing numerical model such as fan and porous media to 
attenuate energy which causes artificially to be able to reduce numerical efforts. The author adjusted 
pressure and wake differential across the fan and porous model to the situation of the actual turbine to 
intend to reproduce the surrounding flow field. Although, fan model increases flow rates so that porous 
media is set on this study to reduce flow velocity artificially. As a result, around 98% of inlet velocity 
recovered in downstream by 20D with longitudinally space. The staggered spacing with 7 fans and porous 
medias is presented with two different layouts. The results suggested that more than 2.0Dlateral spacing is 
necessary for tidal array. 
 
Keywords: tidal turbine, fan model, porous media, horizontal axis marine turbine (HAMT), array 
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II. ABSTRACT 

A linear model for flow kinematics under combined wave and 
current conditions is compared against field measurements 
from UK tidal site data, recorded using Acoustic Doppler 
technology. The dataset contains simultaneous measurements 
of sea surface elevation and subsurface orbital velocities 
throughout the water column for a range of wave conditions 
and current speeds. The theoretical model for water particle 
kinematics is compared to the observed kinematics in terms of 
velocity spectra at a range of depths. Fully characterizing the 
resource is of particular importance in terms of structural 
loading and in optimising energy production, and the location 
of prospective sites in extremely energetic waters makes this a 
challenge that will require collaboration across a range of 
marine industries. This work is targeted for applications in 
Tidal energy, but it is hoped that it will also find a place in 
developments for the wider marine and maritime sectors.  
 
The study can be broken down into five interdependent 
iterative stages: a) Simulation of tidal flows inclusive of 
waves, and turbulence. b) Measurement of flows using a 
Virtual Acoustic Doppler Current Profiler (ADCP). c) 
Analysis of tidal site data recorded using a 5 beam ADCP. d) 
Comparison of real and modelled data using Virtual ADCP. e) 
Effective breakdown and characterisation of the components 
of real tidal flows. This paper focuses on the final two stages 
of the study and discusses the integration of the developed 
kinematics model into loads calculation tools for tidal turbines. 
 
Velocities measured below the sea surface result from 
combinations of different components. These components 
may include tidal currents, wave orbital velocities and 
turbulence, as well as other influences. In the recording of 
data there is also likely to be measurement error and noise. 
Separating and characterising these individual components 
can be challenging, as they are rarely independent, however as 
technology and survey methods improve it is increasingly 
possible. A virtual ADCP is defined such that records can be 
taken at multiple, specified points with variable heading, pitch, 
roll, beam angle, pulse frequency and averaging interval as 
well as other parameters to be specified. Using this system it 
is possible to determine the accuracy of parameters returned 
by an ADCP for particular wave, current and turbulent 
scenarios, and to more accurately distinguish and separate 

turbulent and wave induced components of the flow on 
comparison with real site data.  

 
Figure 1: Example comparison of measured and simulated vertical velocity 
spectra at a range of depths. Sea conditions: Mean current velocity: 1.9ms-1, 
Significant wave height 2m, Mean period 8s, Wave direction (relative to 
current direction) 40 degrees. Dotted coloured lines are simulated vertical 
velocities measured by the virtual ADCP. The solid coloured lines are real 
vertical velocity spectra as measured by the TRDI ADCP.  Colour bar 
indicates depth of velocity measurement. 

Flow data containing simultaneous measures of subsurface 
velocity and surface elevation from a UK tidal site for 
development was measured with 5 beam TRDI deployed from 
December 2014 to March 2015. The configuration of the 
TRDI ADCP setup and its positioning at the site is input into 
the Virtual ADCP. Specific sea conditions are selected from 
the data and fed to the flow model which simulates subsurface 
velocities based on the current, wave and turbulent conditions. 
Velocities are recorded by the Virtual ADCP and compared 
with real subsurface velocities measured at the site. This has 
allowed for significant conclusions to be drawn on the 
effectiveness of a linear model for simulating combined wave-
current flows. 
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II. ABSTRACT 

In this article, oscillating water column (OWC) wave 
energy device, which uses induction generator to produce 
power through Wells turbine or impulse turbine, is studied 
through numerical modelling. The turbines are coupled with a 
doubly fed induction generator (DFIG). Mathematical 
modelling of each stage is done and their performance curves 
are compared. The Wells turbine, which operates at a high 
speed, has a poor performance because of aerodynamic losses. 
While, the impulse turbine, which operates at low speed, has a 
broad operating range, but the peak power is low. This paper 
considers the operating range and power generated by the 
turbines in an open loop condition for regular wave criteria. 
As DFIG is a variable rotational speed generator, it is an 
effective way of widening the response of turbine to the 
varying power levels of waves. The result shows that Wells 
turbine coupled with DFIG delivers higher power compared to 
impulse turbine. 

 

III. INTRODUCTION 

There is a significant growth of research and development 
in the field of alternative energy. One of the reasons is the 
change in energy policy due to global climate change and 
growing energy demand. Renewable market is growing, so 
advanced technical routines need to be applied to increase the 
performance and efficiency of the energy harvesting devices. 

Among the available renewable energy sources, the ocean 
has vast amount of energy in various forms such as waves, 
tidal currents, temperature difference etc. It is estimated that 
the total power of waves breaking in the coastline around the 
world is 2-3 million megawatts [1]. The kinetic and potential 
energy contained in the oscillatory motion of ocean waves can 
be converted into electricity. There are more than 1000 patents 
for harnessing this energy. But very few have reached the 
development stage; one among them is oscillating water 
column. 

OWC consists of an air chamber, and a power take-off 
(PTO) system, which includes air driven turbine and electrical 
generator with other auxiliary devices. The air chamber is the 
only module, which contacts directly with the waves. The 

PTO is only driven with the pressure variations created inside 
the capture chamber. The free surface elevation of water 
creates a reciprocating airflow inside the chamber. This 
airflow is converted into mechanical energy with the help of 
Wells turbine or impulse turbine. Figure 1 and 2 shows the 
outline of Wells turbine and impulse turbine. The turbine 
rotates in single direction for bidirectional airflow [2].  

The conventional technique of operating turbine at a 
multiple of grid frequency via gearbox reduces the efficiency 
of turbine. To maximize the efficiency and to operate at 
relatively low frequency of wave spectrum, there is a special 
type of generator called doubly fed induction generator [3], 
which has winding on both the stator and the rotor. The grid is 
connected to the stator and another excitation circuitry is 
provided to the rotor. This setup creates a rotating magnetic 
field from a circuit which is already rotating to start. For all 
range of wave frequencies, the stator supplies a constant grid 
frequency.  

This paper presents a comparative performance of both 
Wells and impulse turbine when coupled with DFIG. 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 1 Schematic of Wells Turbine 
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Fig. 2 Schematic of Impulse Turbine 
 

 

Fig. 3 Equivalent circuit of DFIG [3] 

IV. MATHEMATICAL MODELLING 

Mathematical modelling of DFIG, Wells turbine and 
impulse turbine is done in MATLAB-SIMULINK 2014. From 
the equivalent circuit of DFIG shown in Figure 3, state space 
equations are derived and it is modelled in space vector 
representation [4].  

The stator winding of DFIG is connected to the grid with a 
constant supply of 420V and 50Hz. External windings 
provided on the rotor to apply a controlled voltage to it. For 
the uncontrolled case, the rotor excitation is given through a 
converter with an input DC voltage of 10V. When DFIG starts, 
an initial transient and high starting current is observed. This 
high starting current can be reduced when generator operates 
in a closed loop. Tables 1 and 2 show the design parameters of 
the turbines and the generator. 

 
TABLE 1  

Wells and Impulse Turbine Parameters 
Parameters Wells turbine Impulse turbine 
No. of blades (n) 8 30 
Radius (r) 0.7825m 0.85m 
Area 1.1763m2 2.269m2 
 

TABLE 2  
DFIG parameters 

Parameters Values 
Stator Resistance (Rs) 3.480 Ω 
Rotor Resistance (Rr) 3.880 Ω 
Stator Inductance (Ls) 0.324 H 
Rotor Inductance (Lr) 0.324 H 
Mutual Inductance (Lm) 0.317 H 
No. of poles (p) 2 
Moment of inertia (J) 50 kg.m2 

V. RESULTS AND DISCUSSION 

The input differential pressure for Wells turbine and 
impulse turbine is given as |7000sin (0.1πt)| Pa, this value of 
pressure is obtained by analysing the spectrum of wave 
climate and experimental modelling [5]. Characteristic curves 
of turbine are power coefficient versus flow coefficient and 
torque coefficient versus flow coefficient. 

It can be seen that impulse turbine operates at low speed [6], 
and its flow rate is around 35m3/sec. The performance curves 
shows that Wells turbine has stalled condition, when the flow 
coefficient reaches around 0.3, comparing Wells turbine 
curves with impulse turbine is seen that later has a broad 

range of operation. But less power output compared to Wells 
turbine. Table 3 can show the performance of two turbines 
with DFIG for regular wave. The generated active power is 
nearly 20kW for both the turbine, and reactive power of 9kVA. 
 

TABLE 3 
Performance of Wells and impulse turbine with DFIG 

Performance Wells turbine Impulse turbine 

Input pressure drop (∆P) |7000sin (0.1πt)| Pa |7000sin 
(0.1πt)| Pa 

Turbine output power 30 kW 90 kW 

Turbine torque 870 Nm 660 Nm 

Flow rate 100 m3/s 35 m3/s 

Generated active power 22.6 kW 15.2 kW 

Generated reactive power 9.8 kVA 2 kVA 

Stator current 50 A 30 A 
 

VI. CONCLUSION 

This paper deals with the comparison of Wells Turbine and 
Impulse Turbine. A DFIG based system is modelled 
numerically and the performance curves are obtained. The 
comparative study of both the turbines with DFIG shows that 
the operating range of Wells turbine is less than that of 
Impulse turbine because of stalling, but the output obtained 
using Wells turbine has higher peak values than impulse 
turbine. There is a linear relationship of pressure drop and 
flow rate in Wells turbine. Its power output is proportional to 
cube of rotational speed. It can be concluded that Wells 
turbine can be efficiently used to deliver high power by 
delaying stall, with the help of variable speed generator and 
speed control techniques. The performance shown is an open 
loop performance, future work can be done on controlling the 
power for irregular sea conditions. 
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II. ABSTRACT 

Most of floating WECs (wave energy converters) generate 
power by following fluid-induced motions. However, those 
devices must be connected with the seabed using the mooring 
lines for avoiding drift away. In engineering, some researchers 
have developed numerical tools with empirical formulae for 
easily predicting on mooring line tensions. For the 
developments of the WECs, the kinematic behaviors of those 
with mooring lines in time domain are the key points for 
steady motions without holding in. Hence, the SPH model 
with the mooring line module was firstly developed in this 
paper, and then further estimated the whole motions of the 
floating WEC with the mooring line system under the wave 
actions. 

According to the Hall and Goupee (2015) and Ikari and 
Gotoh (2009), the mooring line module with lumped-mass 
method to predict the cable tensions for each clump weight on 
the cable, and with the particle method to obtain the 
hydrodynamic forces by searching the neighbour fluid 
velocities of the each cable nodes, respectively. With particle 
spacing of 2 cm, the initial setting of the model includes 
assigned moving particles of 26 on a floating body, 20 
particles on a mooring line, and about 5,000 fluid particles, as 
shown in Fig. 1. Comparisons of the motions of a floating 
body and the tensions of a mooring line with between the 
experiments by Shigemura et al. (1987) and simulations by 
Ikari and Gotoh (2009) under wave height (H) of 13 cm and 
wave period (T) of 1 s during a wave cycle are shown in Fig. 2 
and Fig. 3. The simulations for tracking motions of a floating 
body were well correlated with high correlation coefficients of 
0.95-0.99, and the simulated tensions were also seen to be in 
good agreements with experiments and simulations by the 
MPS method, confirming the applicability of the present 
numerical model.  
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Fig. 1 Model settings for the initial conditions. 
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Fig. 2  Tracking the displacements of floating body. 
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Fig. 3  Comparing the tensions of a mooring line with measurements and 

simulations by MPS model. 

 
The floating body with two mooring lines has been further 

simulated under the wave actions, the hydrodynamic 
behaviors shall in more details be discussed in the full paper. 

REFERENCES 
[1] Hall, M.,A. Goupee, “Validation of a lumped-mass mooring line model 

with DeepCwind semisubmersible model test data,” Ocean 
Engineering, vol. 104, pp. 590-603, 2015. 

[2] Hiroyuki Ikari, Hitoshi Gotoh, “Lagrangian Particle Method for 
Tracking of Buoy Moored by Chain,” Proceedings of the Nineteenth 
(2009) International Offshore and Polar Engineering Conference, pp. 
371-375, 2009. 

[3] Shigemura, T., Hayashi, K. and Kouzaki, T., “Dynamic Behavior of a 
Mooring Buoy Subject to Rough Seas,” Proceedings on the 26th 
Japanese Confereuce on Coastal Engineering, vol.34, pp. 621-625, 
1987. (in Japanese)  

 

156



The Variation of Artificial Discharge-Induced 
Current in the World’s Largest Tidal Power 
Plant According to the Construction of Flow 

Reduction Facilities 
Jeong Sik Park#1, Seung-Buhm Woo#2 †, Jin Il Song#2, Jong Wook Kim#2, Chang Joon Park*3, Hyo 

Keun Kwon *3 
#Department of Ocean Science College of Natural Science, Inha University Incheon, South Korea 

1kkang30416@gmail.com 
2 †sbwoo@inha.ac.kr (corresponding author) 

*K – Water, 1053, Daebuhwanggeum-ro, Danwon-gu, Ansan-si, Gyeonggi-do, South Korea 
3hkkwon@kwater.or.kr 

 
1. Keywords 

Tidal power plant, Sihwa, Current velocity, RCM9, Artificial discharge 
 

2. Abstract 
To investigate the variation of artificial discharge-induced current according to the 

construction of flow reduction facilities (i.e., submerged dike), the mooring deployment for 
tidal current were conducted in front of the Sihwa tidal power plant (TPP), South Korea. The 
strong currents, formed by artificial discharge of Sihwa TPP, affected to coastal oceanic 
environment surrounding Sihwa TPP such as transportation and resuspension of sediment. The 
K-water (Korea Water Resource Corporation) constructed the flow reduction facilities (FRF) 
to prevent these environmental changes and reduce magnitude of the tidal current. To research 
the effect of FRF and the velocity change induced by construction of FRF, compared and 
analysed the change of all depth velocity. Before the FRF construction, the current direction of 
most vertical layer showed the northwest. Due to operation of sluice gate, the maximum 
velocities were about  250 cm s-1 After the FRF construction, the current direction of most 
vertical layer presented similar aspect as before the construction. The maximum velocities were 
considerably reduced compare with before the FRF (i.e., About 30% reduction at the surface 
layer). However, it may cause new unexpected changes such as distraction of direction of tide 
and creation of tide with strong current at a peak rather than completely reducing current 
velocities. Thus, the additional research such as observation and numerical modelling to 
increase the effect of FRF and minimize the environmental change 
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Abstract — This paper presents results obtained in experimental tests for the development of a 20 kW 
Power Take-Off unit for wave energy conversion. The system is made up of a ballscrew integrated with a 
permanent magnet generator. The performance of the generator was measured and analysed under 
different speed profiles. The input motion profiles are related to WEC dynamics and location wave 
climate where the PTO is going to operate; for the wet test the considered application is a point pivoted 
buoy. Several tests have been carried out connecting different purely resistive loads to the generator. For 
both dry and wet test, the behaviour and performances of the PTO are presented and compared. 
 
Keywords  —  Ballscrew,  direct  drive,  energy  conversion,  permanent  magnet,  PTO,  PTO  testing, 
reciprocating linear alternator, tidal, wave. 
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II. ABSTRACT 

If wave energy is to become an economically viable source 
of renewable energy it is essential that the levelised cost of 
energy produced is reduced such that it is competitive in the 
overall energy marketplace. Redundancy in design must 
therefore be minimised and so the various loading mechanisms 
experienced by Wave Energy Converters (WECs) must be well 
understood. This is particularly true for loads experienced in 
extreme sea states where loads might ultimately drive the 
design of devices yet do not contribute to the overall energy 
yield. 

Research into the extreme wave loading on offshore and 
near-shore structures has been ongoing for many years and 
structures susceptible to either water wave impact or slamming 
are designed according to semi-empirical safety standards 
produced as a result of many years’ experience and a wealth of 

full and small scale data. Whilst much of the learning obtained 
is transferable, the problem is more complex for the design of 
WECs where the cost per Megawatt installed is the driving 
factor in design and devices are specifically required to interact 
heavily with the incident sea states.  

Previous work carried out on the extreme loading of WECs 
has identified a unique form of slamming as one of the primary 
extreme loading mechanisms experienced by surface piercing 
Oscillating Wave Surge Converter (OWSC) due to its unusual 
position within the design space. An OWSC is a large buoyant 
flap, hinged at the sea-bed so that it is free to oscillate in the 
pitch mode of motion [1]. All other six degrees of freedom are 
fully constrained and the particular OWSC considered in this 
previous work is similar to that of the Oyster prototype 
developed by Aquamarine Power Ltd.  

In a slamming event the flap moves through its seaward 
stroke acting as a blockage to the otherwise freely flowing fluid 
body of the wave trough, during which time a significant 
depression in the free water surface forms on the seaward side 
of the device. Thus there is a significant difference in water 
level between the front and back face of the device. This 
pressure differential then accelerates the flap seaward into the 
now heavily modified free water surface resulting in slamming 
of the OWSC and the formation of very large impulsive and 
pulsating local and global load components. 

As a result of the complex nature in which this extreme 
loading mechanism manifests, visualisation of the process is 
crucial to its understanding and quantification, particularly 
during load reduction studies. Early work on quantification of 
slamming on an OWSC was therefore undertaken in a 2-
Dimensional domain [2] due to the ease with which the fluid 
structure interaction could be visualised and high-speed 
imagery acquired. This in turn provided a significantly 
improved understanding of the hydrodynamic processes 
involved and image analysis allowed for further quantitative 
assessments of the influence of various design parameters on 
the extreme loads experienced. However, the system 
hydrodynamics are altered significantly in the 2-Dimensional 
domain and so it is preferable to undertake testing using a more 
appropriate 3-Dimensional test set-up. Unfortunately this 
significantly limits observation of the problem and so a 
common ground between the two would be ideal. 

This paper lays out a pseudo 3-Dimensional testing method 
which aims to provide results in line with those experienced 
during 3-Dimensional testing along with the improved 
visualisation obtained through 2-Dimensional testing.  

Results show the similarities and differences between the 
Psuedo-3D technique and the 3-Dimensional testing, 
concluding that although the technique is not a perfect 
representation of a 3-Dimensional case it is still a useful tool to 
further develop. 

 

 
 

Fig. 1 Image captured during a slamming event in the Pseudo 3-
Dimensional case 
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II. ABSTRACT 

In this paper, the design of floating type Kuroshio turbine 
blade geometries is presented. In this paper, a design 
procedure similar to the propeller designs ([1])~[8]) is first 
developed and presented. A lifting line method and a lifting 
surface method for marine current turbines are used to design 
the blade geometries, and this blade geometry is then 
computed by a boundary element method (BEM) [9] to verify 
if the performance reaches the design goal. An iteration 
process is then carried out among the lifting line method, the 
lifting surface method and the BEM until the design goal is 
reached. A design procedure based on the Genetic Algorithm 
and BEM [10] is then developed, and the objective is to find a 
geometry which can provide more torque based on the 
geometry designed by the first procedure. Because the Genetic 
Algorithm method requires computations of hundreds 
different geometries, BEM has its advantage due to its 
computational efficiency. It is found that by combining two 
design procedures, we can successfully design turbine blade 
geometries.  

 
Although the viscous flow RANS method is widely used 

now, the BEM is still much more computationally efficient 
than RANS method. The BEM used here is a self-developed, 
perturbation potential based boundary element method, and a 
wake alignment numerical scheme is established for the 
current turbine [9]. It can predict the performance of a 
horizontal axis marine current turbine including the torques, 
axial forces and powers. In this paper, the computational 
results of the presented BEM is first verified by the viscous 
flow RANS method, and the computational axial force 
coefficients, torque coefficient and power coefficients of two 
methods are compared to each other at different Tip Speed 
Ratios (TSR). The pressure distributions from two methods 
are also compared to each other. In general, the discrepancies 
of the computational results between the BEM and RANS are 
acceptable, and the trends predicted by two methods are the 
same. The BEM results are then validated by the experimental 
data [11], and the computational results are close to the 
experimental data near the design point. From both 

verification and validation, they show that the presented BEM 
is a reliable computational tool for blade geometry designs. 

 
Fig. 1  The comparisons of computational results and the experimental 

data of the torque coefficients 
 
In this paper, we have demonstrated the design of a 20kw 

Floating Kuroshio Turbine, and several geometric parameters 
including number of blades, pitch distribution, camber 
distribution and chord length distribution are designed. For 
this design case, we have set the design goal to be the 
maximum power since we can have larger axial forces for the 
floating type current turbine. Therefore, the first procedure 
will be used for an initial design, and the GA method will then 
be used for the final designs. Fig. 2 shows the force and power 
coefficients of the designed geometry for different number of 
blades computed by the BEM and RANS methods. The BEM 
is the computational method used in two design procedures, 
and the RANS method is the method to double check the 
design. Since the predicted power by RANS method is larger 
than the BEM, it means that both computational methods 
predict this design reaches the design goal. Overall, the three 
blade geometry showed a promising and balanced 
performance. Fig. 3 shows the power curve computed by the 
RANS method. In Fig. 3, the line with circles is the rated 
power of the electricity generator at different inflow speeds. 
Both Fig. 2 and Fig. 3 are important in the operation of the 
current turbine.  

 
In this paper, we will also discuss the effects of variations 

of the blade geometries, for example, blade tip with end-plate 
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effect geometries. The performances of designed current 
turbine blades in oblique inflows are also evaluated to 
understand the power decrease due to inflow directions. After 
these investigations, the presented current turbine design 
procedure is proved to be feasible.   

 
Fig. 2  the force and power coefficients of the designed geometry for 
different number of blades computed by the BEM and RANS methods 

 

 
Fig. 3 The power curve computed by the RANS method 
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Tidal turbine platforms experience complex loading due to the combination of several 

environmental effects, such as bi-directional tidal flows, multi-directional waves and differing 

wave heights and periods. Analysis is required to determine the effect of these complex 

environmental loadings on taut moored platforms' motions, and mooring and anchoring loads. 

A model of Sustainable Marine Energy’s (SME) device PLAT-O#2, with SCHOTTEL Instream 

Turbines (SITs) installed, has been modelled in Dynamic Systems Analysis (DSA) software 

package ProteusDS. The software makes use of finite element line and 6 degree of freedom 

platform models to compute the coupled dynamic behaviour of moored marine structures, 

under the effect of current, waves, and wind.  The hydrodynamic model of the platform includes 

calculation of Froude-Krylov, added mass and drag induced forces using a computational mesh. 

The loading from the turbine on the platform, including time-dependent and gyroscopic effects, 

and dependence on tidal current profile are modelled.   

The model has been used to simulate the PLATO#2 platform with 4 counter-rotating SIT250s 

with 4m rotor diameter. The conditions expected from the anticipated deployment at SME’s 

berth at EMEC were implemented into the model, to determine the platform performance 

expected at site. The motion of the platform, resultant line loading and effect of different 

environmental conditions on platform operation were analysed. The platform was tested in 

axial conditions from 0 to 6m/s flow speed and 0 to 5m significant wave height. For example, 

analysis of the platform motion shows that the platform pitch varies by less than 5 degrees 

within the operational envelope of the turbines, and 10 degrees in extreme seas. The roll and 

yaw of the platform are less than 1 degree, showing very high levels of stability, even in severe 

sea conditions. The line loads exerted on the platform and on the anchors was also assessed. 

The results of these are used to assess the level of operability of the platform.  

This paper assesses the application of the software to simulate taut moored platforms in 

different conditions. Example results are shown below. 
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Figure 1 - Maximum pitch angle of PLAT-O platform as simulated using ProteusDS (example) 
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II. ABSTRACT 

Introduction 
 
The oscillating water column (OWC) is a well-known form 

of wave energy converter (WEC). There is significant 
experience in deployment on the shoreline, e.g. the LIMPET 
OWC (e.g. Boake, et al., 2002) and integrated into a 
breakwater such as at Mutriku (Torre-Enciso, et al., 2009). 
These projects have drawn upon a substantial literature 
including the results of detailed, small-scale physical 
modelling (e.g. Takahashi, 1988; Morris-Thomas, et al., 2007). 
These studies have, however, focussed more upon the design 
of the OWC for optimisation of its performance, and less upon 
the wave and other loadings experienced by the structure. The 
literature includes proposed methods to adjust the Goda 
formulae (for plain vertical walls) for the case of an OWC 
breakwater, e.g. Patterson et al. (2009), there is no generic 
design guidance yet established. 

It is recognised that the OWC’s function of converting 
wave energy means that a lower proportion of the incident 
wave energy should be reflected, which in turn should result 
in somewhat lowered landward loads on the OWC structure as 
compared to the same-sized plain vertical structure. This 
condition will effected the stability of the breakwater which 
could lead to sliding and over turning of the breakwater due to 
the wave loads experienced on the front face. However, it is 
also can be observed that having a caisson chamber inside the 
breakwater will influence this front face loads. This 
observation leads to the question “to what extent does the 
‘tuning’ of the power take off (PTO) of an OWC influence the 
wave loading on the front face of the structure?” This paper 
reports results from an exploration of this effect using a small-
scale physical model study. 

 
Methodology 
 
To have further understanding of the wave load uncertainty 

of OWC installed breakwater, a campaign of 2-dimensional 
experimental measurements have been done in the University 
of Edinburgh’s fluid labs. These experiments aimed to explore 
the effect of the power take off (modelled here by a simple 
orifice in the chamber ceiling) upon the wave load 
experienced by the front wall of an OWC installed in a 
vertical breakwater. This WEC model is chosen due to the 
simplicity and the constructability of the design. While the 

literature shows that more complex geometries, e.g. sloping 
curtain and rear walls (Kirkgoz, 1990; Richert, 1968; 
Whillock, 1987), extended entry channels, can yield higher 
efficiencies, but these will add complication to the 
construction of the device thus add more cost. Furthermore the 
vertical breakwater is already widely used so likely to be 
favoured as a basis for the integration of an OWC WEC over a 
more complex and unfamiliar structure. 

  

 
Figure 1 UoE small scale physical model. Dimension shown in mm, T1 to T8 

represent the location of pressure transducers. 

 
The model is loosely based upon an operational breakwater 

OWC at Mutriku, Spain (Torre-Enciso, et al., 2009) and one 
formerly proposed at Siadar, off the North West of Scotland  
(Patterson, et al., 2009). It is thus intended that the model be 
representative of a simple structure that would be designed for 
an energetic, exposed site. Experiments were carried out with 
a (notional) 1: 80 scale model shown in Figure 1. Pressure and 
wave height were measured by pressure transducers (PTs) and 
wave gauges (WGs) respectively. A 20 m length, 0.4 m width, 
and 0.7 m depth flume wave was utilised to produce regular 
and irregular seas. For the regular wave experiments reported 
here, wave heights ranged from 0.03 m to 0.12 m. Wave 
periods were in the range 1 s to 2 s.  

The range of PTO settings were modelled by orifice 
opening diameters from fully closed closed (0 mm), 30 mm, 
45 mm, 60 mm, and 75 mm. All of the experiments were 
recorded using a digital video camera in order to qualitatively 
see the phenomena that happened during the experiment. In 
addition, because the model was constructed from clear 
Perspex, the water movement inside the chamber was also 
captured by the video.  

 
Results 
 
Qualitative observations 
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It was found that for the large opening diameters of 60 mm 
and 75 mm, the water level inside the caisson can reached the 
ceiling leaving the front wall to be surrounded by water from 
both sides. In contrast, for the case of the fully closed chamber, 
the  air trapped inside the caisson prevents all but the very 
smallest excursions (of a few mm) of the water elevation in 
the chamber. Figure 2 shows an example of image captured 
during the experiment. 

 
Quantitative measurements 
 
The analysis calculates the flow rate of air coming in and 

out the chamber and also the air pressure inside the chamber. 
This is used to determine the performance of each PTO setting.  

 
Figure 2 A single wave hitting the front wall during the test. 

Figure 3 shows the air pressure and the flowrate change 
against the orifice opening diameter. The water movement 
inside the chamber combined with the pressure developed 
enabled the power take off of the small scale model to be 
calculated as shown in Figure 4. By measuring the wave load 
pressure on the front wall, the influence of PTO settings to the 
wave loads on the front wall be able to be quantified.  

 

 
Figure 3 Double Y-axis graph showing the pressure inside the chamber and 

the flowrate change against the orifice diameter. 

 

  
 

 
Figure 5 Pressure measurement of front face in various PTO settings of (a) 

closed (b) 30mm (c) 45mm (d) 60mm and (e) 75mm. 

Figure 5 shows the pressure measured on the front face of 
the model with the same wave height and wave period. It can 
be seen that the highest pressure occurred for the closed 
orifice setting and decreased when the orifice is opened.  
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Abstract 
 
 A pre-competitive, query-able and openly available spatio-temporal atlas of Australia’s wind-
wave energy resource and marine management uses is being delivered. To provide the best 
representation of wave energy resource information, accounting for both spatial and temporal 
characteristics of the resource, a 34+yr numerical hindcast of wave conditions in the Australian 
region has been developed. Considerable in situ and remotely sensed data have been collected to 
support calibration and validation of the hindcast, resulting in a high-quality characterisation of 
the available wave resource in the Australian domain. Planning for wave energy projects is also 
subject to other spatial constraints. Spatial information on alternative uses of the marine domain 
including, for example, fisheries and aquaculture, oil and gas, shipping, navigation and ports, 
marine parks and reserves, sub-sea cables and infrastructure, shipwrecks and sites of cultural 
significance, have been compiled to complement the spatial characterisation of resource and 
support spatial planning of future wave energy projects. Both resource and spatial constraint 
information are being disseminated via a state-of-the-art web-based portal, designed to meet the 
needs of all industry stakeholders. Limited evidence-base of impacts of wave energy extraction 
on adjacent marine and coastal environments also impedes the industy. To build this evidence 
base, a network of in situ wave measurement devices has been deployed surrounding the 3 wave 
energy converters of Carnegie Wave Energy Limited’s Perth Wave Energy Project. This data is 
being used to calibrate and validate numerical simulations of the project site. Early stage results 
will be presented. 
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II. ABSTRACT 

Indonesia is a country that has 3.257.483 km2 of ocean. 
Indonesia ranks 18th in terms of oil production and ranked 
21st of oil reserves in the world. The problem is the fossil 
energy reserves will continue to decline, due to the 
exploitation and energy requirements are very high [11]. The 
solution of this problem is identify the potential location for 
developing renewable energy. One of the renewable energy 
technology is OWC (Oscillating Water Column) which using 
wave energy [2]. Sungai Suci is a beach which located in the 
northern of Bengkulu Indonesia that has a potential wave 
because directly facing Indian Ocean. The data which used in 
this study is the significant wave height in 2011-2015, the 
tides data in January 2015, and the Sea Level Rise data. The 
significant wave height data, obtained through ecmwf.int and 
processed by using Ocean Data View. Tide data obtained 
through Hydrographic and Oceanographic Department in 
Indonesia. Meanwhile, Sea Level Rise data obtained by using 
interpolation charts. This data is used for get the value of 
Design Water Level, as building design of OWC. Based on 
the analysis, the electrical energy can be harvested from this 
technology in the Sungai Suci Beach is 7703 MW/year. This 
energy can be used by 5900 inhabitants/generator/year. Based 
on the analysis of tidal and sea level rise data, the upper part 
of the OWC building that will be implemented should have a 
minimum height 1.9476 m from MWL (Mean Water Level) 
and the lowest side of the building should have a minimum 
height 0.4476 m from MWL, so OWC can still operate when 
the condition of the highest tide and the lowest tide. Through 
this analysis, it can be seen that the OWC technology is very 
potential to be developed as an effort to provide electricity in 
remote areas Indonesia. 

Significant wave height data result which has been 
extracting by ODV software shown in figure 1. The maximum 
wave height from 2011-2015 shown in table 1.  
 

 
Fig. 1 Significant wave height (Hs) data from 2011-2015 

 
Table 1: Maximum Significant Wave Height in Sungai Suci Beach 

Bengkulu  
Year Height (meters) 
2011 3 
2012 3,7 
2013 3,1 
2014 3,25 
2015 2,75 

 
OWC chamber assumed has 2.4 meters width. Through these 
data, others can be carried out calculations of potential energy, 
kinetic energy, total energy, energy density, power electricity, 
power density, wind power, mechanical power turbines, total, 
and power efficiency of the OWC implemented in Sungai 
Suci Beach Bengkulu. Others data which are used for 
calculation, shown in Table 2.  
 

Table 2. The data which used in the calculation  
Data Symbol Value 

W Wide chamber 2,4 meters2 
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 Wave mass 1025 kg/m3 

P Density of water 1025 kg/m2 
H maximum Maximum wave 

height (2011-
2015) 

3,7 meters 

 Wavelength 186,5476 meters 

 
The result of calculation can be presented as shown in Figure 
2.  

 

Fig. 2 Power electricity based on Significant Wave Height 

Mean of using electricity for each resident in Bengkulu, is 
1300 VA. Power electricity output of OWC is 7,703 MW, 
means that the energy of each OWC can be use for 5900 
resident/generator/year. 

OWC technology will be implementing in coordinates of S 
3,715215 E 102,232750. Based on the tides data in January 
2015, the kind of tidal in Sungai Suci Beach Bengkulu is 
mixed prevailing daily semidiurnal tides. 

 
Table 3. Tidal parameters 

Parameter Value (meters) 
MHWL 1,4 
MSL 0,69 
MLWL 0,1 
 

The OWC assumed can be implemented minimum until 
2050. Based on the interpolation of SLR chart in Triatmodjo 
(1999), the value of the SLR in 2050 is 0,2 m. From the 
calculation, the top side OWC must have at least 1.9476 m 
height from MSL and the lowest side must be lower than 
0.4476 m from MSL. Based on a survey in January 2015, 
Sungai Suci Beach Bengkulu has steep topography 
characteristics (such as a cliff), big waves, and the hard 
ground as shown in Figure 3.  
 

 

Fig. 3 Topography characteristic of Sungai Suci Beach Bengkulu (survey 
January, 2015) 

 

 
(a) 
 

 
(b) 

 

Fig. 4 (a&b) The planning of OWC design in Sungai Suci Beach Bengkulu. (a) 
From the right side. (b) From the left side  

 
Figure 4 present the future OWC design for implementation in 
Sungai Suci Beach Bengkulu.  
 Our study was focused on the OWC front wall chamber, in 
particular its immersion depth and orientation versus the flow 
direction. All cases are studied for a same progressive 
monochromatic wave that has constant height and wavelength. 
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loads acting on a tidal turbine 
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Abstract — Turbine reliability will be a key factor in the success of the tidal energy industry. Tidal flows 
are highly energetic and dynamic with a broad range of turbulence characteristics that are site specific. It 
is therefore important that the effect of highly turbulent flows on turbine performance and fatigue loads 
are understood to aid turbine design and optimisation for high reliability. This will be important to 
achieve economic viability for the tidal turbine industry, and for de-risking the technology to attract 
further financial backing. In this paper, the development of a small-scale tidal test site in the river Itchen, 
Southampton, UK is described. An instrumented 0.8m diameter tidal turbine was deployed on two 
occasions in July and August 2015. Fatigue Damage Equivalent Load’s (FDEL) were calculated for the 
blade root bending moment and rotor thrust to allow direct comparison between different measurements. 
The fatigue loads were compared to experiments performed under typical low turbulence conditions. It is 
found that there is a 5-fold increase in fatigue load operating in the test site compared to the typical 
laboratory conditions. This highlights the need to consider dynamic loads in turbine design to improve 
reliability and performance. In doing so the financial risk can be reduced helping the industry move closer 
towards commercialization. 
 
Keywords — MARINE CURRENT TURBINES, TIDAL ENERGY, TURBULENCE, FATIGUE, BLADE LOADS, 
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II. ABSTRACT 

In previous study, resource assessment of tidal current 
energy was conducted only based on observation data. 
However, as these observation data is reliable but can’t show 

the detailed distribution, numerical simulation is necessary to 
explore the energy distribution. This paper describes the 
characteristics of tidal current energy distribution in Korea 
based on tidal current observation data and numerical 
simulation result. The observation data is from 1,934 
measuring points offered by KHOA (Korea Hydrographic and 
Oceanographic Agency) and the target of numerical 
simulation is Incheon-Gyeonggi and Jeollanam-do regions 
that are very promising for tidal current energy in Korea. 
Theoretical tidal current potential was calculated using API 
(Averaged Power Intercepted) which was applied in wind 

power potential calculation. The results shows that the results 
based on both observation data and numerical simulation 
result offers more realistic and reasonable tidal current energy 
potential estimation. 
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II. ABSTRACT 

 Ocean currents are a promising source of sustainable 
energy because the flow of water provides regular and 
predictable energy. Japan is in a suitable location for 
harnessing the power of ocean currents because the Kuroshio 
ocean current runs steadily along the coast. The Kuroshio 
Current is an energy resource with only a small fluctuation in 
flow, regardless of the time of day or the season. The current 
flow is approximately 500 m deep and 100 km wide with a 
flow speed of 1-1.5 m/s [1].  

 In order to harness the kinetic energy of marine currents, 
we propose a novel ocean-current turbine. The turbines are 
moored to the seabed and function like kites in the water flow. 
To operate such turbines in the middle layer of a marine 
current, it is necessary to cancel the resulting rotor torque. 
Therefore, our turbine is designed with a float at its top and a 
counterweight at its bottom. Owing to buoyancy and 
gravitational force, the turbine body maintains stability by 
canceling the rotor torque. In other words, buoyancy and 
gravity act together as a righting moment. A further advantage 
of working far from the sea surface is the lack of influence of 
waves and wind, in particular during a typhoon. 

Thus far, we have constructed a prototype turbine and 
conducted towing experiments to confirm the float and 
counterweight configuration. The turbine has a 2-m-diameter 
three-blade rotor and a 1 kW electric generator [2]. In addition, 
scale-model mooring experiments have been conducted in a 
circulating water channel [3]. The experimental results 
demonstrate that our ocean-current turbine has a high 
hydrostatic stability and achieves stable power generation.  

As the next step, we are planning to construct a 10 kW 
prototype turbine for a feasibility study. Fig. 1 shows a 3D 
drawing of the turbine. The 5-m diameter rotor generates 10 
kW at a current speed of 1.5 m/s. An electric generator, 
gearbox, and drive train are placed in the nacelle. The design 
parameters are listed in Table 1.  The power coefficient of the 
blade is 0.43. However, the total efficiency of the turbine 
system is degraded by gearing losses, imperfect electric 
generator efficiency, and electric transmission losses. 
Therefore, we assumed the net efficiency to be approximately 
0.3. In this paper, we report on the blade performance and 
mechanical design of the 10 kW ocean-current turbine. 
 

Fig. 1 3D drawing of the 10 kW ocean-current turbine 
 

TABLE I 
DESIGN PARAMETERS OF THE 10 KW OCEAN-CURRENT TURBINE 

Rotor diameter 5 m 
Current speed 1.5 m/s 
Output power 10 kW 
Number of blades 3 
Total efficiency 0.3 
  

Blade parameters 
Tip speed ratio 4 
Power coefficient (CP) 0.43 
Thrust coefficient (CT) 0.65 
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The CHARGEOL project, performed in the frame of the French technological research institute “EMC2” 
led by STX FRANCE and supported by the region Pays de la Loire, aims to reduce risks in the design of 
foundations for offshore wind turbines. To this end, one of the work packages in which HydrOcean is 
involved is to provide a better understanding of the hydrodynamic forces acting on offshore structures 
and in particular loads due to waves on jackets. Most of the time in industrial applications, these loads 
are calculated with an analytical expression that gives a rough estimation of the reality thus a quite 
high safety factor is then necessary to use this solution. Jacket structures are widely used in offshore 
industry and become newly used in the marine renewable energy sector. Hence, refining 
hydrodynamic loads calculations will help these industries to reduce their safety factor or adapt the 
shape of their jacket to better suit the site conditions. 
 
The analytical expression commonly used in the industry is the Morison equation which provides an 
estimation of the forces acting on the structure through the incident velocity and two hydrodynamics 
coefficients (inertia and drag coefficients, respectively 𝐶𝑚 and 𝐶𝑑). Usually, the velocity field is 
calculated via a wave model (for example the fifth order Stokes theory) and the coefficients are taken 
constants whatever the component of the jacket or the wave characteristics. Consequently, the 
hydrodynamic loads solution does not take into consideration non linearity due to complex waves, 
masking or wake effects on the structure, or the difference induced by flow regime. 
 
As the objective of this article is to study the reliability of the Morison equation for industrial 
applications, analytical solutions of ANSYS Structural are compared to numerical solutions obtained by 
CFD software STAR-CCM+. First, the forces acting on a fixed cylinder in oscillating water are calculated 
with both software, these simple validation cases are simulated in 2 and 3 dimensions and for several 
oscillating motions (Figure 1a). This first step shows a high dependency between the flow regime and 
the hydrodynamic coefficients and thus on the hydrodynamic force magnitude. 
 

  
a. b. 

Figure 1: a. Side view of the vorticity field along a cylinder; the three dimensions effects are visible. - 
b. Wave loads on cylinders situated at different depth; in particular, this figure highlights non 

linearities of the force. 
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Due to this observation, a list of factor that may impact the flow regime or the incident velocity on the 
components of a jacket is first determined. Then, the influence of each factor is analysed separately. 
The process was to make the basic simulation described above (fixed cylinder in an oscillating water) 
more and more complex by adding elements successively, ranging from a free surface to a jacket 
structure for masking effect analysis, through vertical velocity gradient. At each step, the parameters 
are adapted so that a comparison can be made between the different cases. Finally in the last 
simulations, the forces acting on a full jacket due to linear and non-linear waves are calculated. With 
these simulations in particular, the masking effect of one cylinder in a wake of another and the effect 
of the bypassing fluid around the jacket are studied (see Figure 2). 
 
The forces, obtained with CFD for each case are compared between one and another and with the 
corresponding analytical solutions. These comparisons aim to reveal some limitations of the Morison 
equation and to propose new methods that can improve the accuracy of analytical results.  
 

 
 

a. b. 
Figure 2: a. Image of the CFD computations of a jacket subjected to a wave for a masquing effect 
analysis. - b. Velocity field in an horizontal plane of a jacket; the interactions between the wake 

cylinders can be observed. 
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Optical system for underwater positioning of Observation Class Remotely 
Operated Vehicle. 

F. Remouit, J. Engström 

Abstract 

To make wave power a viable energy source, large clusters of wave energy converters (WECs) 
will be deployed into large farms. For most of these farms, the output power of the WECs will 
be aggregated in a marine substation and then transmitted to the grid. The need for cost effective 
underwater connection operations is one of the main challenges with this kind of offshore 
installation. Our research is related to underwater connection with help of Observation Class 
Remotely Operated Vehicles (OC ROVs). The main idea is to use a docking system in order 
for the small and light ROV to perform the connection, using the reaction force from its docking 
point instead of the motors propulsion, the latter being too low. This docking operation has to 
be very accurate and needs both an autopilot and a good positioning tool. 

The goal of this paper is to study an optical positioning system made of green lasers and using 
the ROV’s camera to measure distances to the docking point. This is obtained by tracking the 
laser beams on the images captured from the camera and using triangulation of the points 
extracted. The tool has been implemented into an OC ROV and tested at sea. 
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ABSTRACT 

The status of marine current tidal energy technology is still in 
the research and development phase, with few deployments 
and prototype testing underway in several locations around the 
world. Since the technology is still in infancy, variety of 
research questions have been raised which lead to further 
complication in the feasibility of the implementation of tidal 
energy converter. This is reflected in the number of research 
studies being conducted on Computational Fluid Dynamics 
(CFD) and laboratory experimental modelling studies of 
turbine design, performance, wake interaction etc (e.g. [1–4]). 
The analytical and computational studies are often validated 
by small scale experiment, which is vital for testing research 
concepts in a larger scale prior to implementation. The use of 
actuator disc (AD) theory as a representation of the turbine 
has been explored and tested both analytically [5-6], and 
numerically [7–9], and the AD concept was found to compare 
well with the results from the small scale experiments [1]. 
Nonetheless, since most of these studies were conducted on 
very small scale domain, some of the input parameters applied 
to the models’ domain may not be feasible to be implemented 
for a more realistic application, such as modelling a real size 
tidal turbine using the AD concept. 
 
In this study, the AD method is implemented in an open 
source software - Telemac3D, where the effects of a 20m 
diameter turbine is modelled (and validated with literature) on 
an idealised channel. Detailed methodology on the 
implementation of the AD will be presented, and critical 
differences between a small and full scale AD modelling will 
be highlighted. In addition, the influence of turbulence 
intensity on the model will be discussed, along with other 
parameters such as thrust coefficient, turbine positioning, disc 
thickness, cell size etc. Several observations will be presented 
to illustrate good overall comparison against the experimental 
data. As a sample, the result for the flow perturbation caused 
by three 20m diameter turbines in a simple channel using the 
AD concept is shown in Figure 1. Further results and detailed 
discussions will be presented in the full paper. 
 

 
 
 
 
 
 
Flow perturbation due to the deployment of tidal  

 
Figure. 1 Flow perturbation due to the present of three 20m diameter 

turbines using the actuator disc concept in Telemac3D 
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Abstract — At present, more and more attention was paid on the research on the wake field of tidal 
turbines. The influence factors of tidal turbine wake field include inflow velocity, turbulence intensity, 
rotor diameter, geography, installation height and so on. Among all these factors, rotor diameter is an 
important parameter which influent the wake field of tidal turbines. In the process of the tidal farm 
construction, tidal turbines with different rotor diameters will be arranged in the sea. Maybe they can 
effect on each other and reduce the energy acquiring efficiency. Because of the scale effects of the rotors, 
tidal turbines with different rotor diameters will have different domains of influence. Therefore, it is 
meaningful to study on the scale effects of the rotors to explore the optimizing layout of the tidal turbines 
in the tidal farm. The purpose of this paper is to explore the influence rule that the scale effect of different 
rotors affect on the wake field of tidal turbines. In this paper, the CFD software Fluent is used to calculate 
and simulate the wake field of different rotor diameters of tidal turbines. And the comparison and analysis 
between the numerical results by using Fluent and the model test results were carried on. For the distance 
of the velocity recovering as an example, the comparison results show that scale effect has great influence 
on the tidal turbine wake field. In the wake field of tidal turbine, the velocity recovering distance to the 
inflow velocity is relevant to the rotor diameters. The study in this paper provides an important reference 
when verifying physical prototypes by using small scale model test in the future. 
 
Keywords — Tidal turbine; Wake field; Scale effect; Rotor diameter; CFD 
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II. ABSTRACT 

Over recent years the tidal energy sector has seen a turn 
towards smaller turbines, often combined with a floating 
platform, with the aim of producing a commercial device that 
is less capital intensive than megawatt size turbines.  Instream 
Energy Systems have taken this a step further by focusing on 
a low cost tidal turbine technology suitable for community 
scale and shallow water resources of 5 to 25 metres water 
depth. 

 
Under support from the National Research Council of 

Canada Industrial Research Assistance Program, IT Power 
and Instream Energy have been developing a floating platform 
to support Instream’s proprietary vertical axis rotor which has 
been designed with the assistance of BAE Systems. The 
vertical-axis rotor technology makes efficient use of the 
limited space in the water column by utilising a square swept 
area, and the rotor’s combination with a floating platform 
opens up vast market potential in the UK and further afield. 
The design of the floating platform has been undertaken using 
a systems engineering approach, in addition to the use of 
DNV GL standards for load combinations and tidal turbine 
design.  

 

 

Fig. 1  Concept evaluation results, showing CAPEX/MW against the number 
of rotors for various concept designs. 

 
 
This paper outlines the design process undertaken by the 

project team and details the design work including concept 
engineering, load case combinations and hydrodynamic 
analysis. The project has focused on the arrangement of 
multiple turbines on a single platform taking into 
consideration performance, cost benefit, and operation and 
maintenance. This paper presents an initial look at the project 
results and discusses the world wide potential for shallow 
water, small scale tidal turbine technology. The project has 
been awarded the EUREKA label; EUREKA is an 
international network for market-driven industrial R&D and 
innovation. 
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II. ABSTRACT 

This paper details a Blade Element Momentum Theory 
(BEMT) model for a 3 bladed, horizontal axis Tidal Stream 
Turbine (TST). Turbine performance and cyclic thrust loads 
are presented, with validations against two sets of 1/20th scale 
model experiments carried out in a cavitation tunnel. The 
model shows improved agreement compared to a study using 
commercial standard software “Tidal Bladed”. Over-
predictions at optimal rotational velocity of 30% in power and 
20% in thrust are seen when comparing with measurements of 
1/30th scale model experiments in a flume, where the turbine 
is in proximity of a free surface. Two Computational Fluid 
Dynamics (CFD) studies applying volume of fluid boundary 
conditions to the open surface show much better agreement, 
suggesting impact from free surface effects. A methodology to 
approximate free surface deformation is currently under 
adaptation for use within the BEMT model. 

III. INTRODUCTION 

TST technology is currently at commercial scale array 
deployment phase, with EDF involved in the installation and 
grid connection of two 2MW rated OpenHydro devices in 
Brittany, Northern France in 2016. 

Improvements in numerical modelling techniques have 
enabled the analysis of TSTs using complex CFD simulations. 
The modelling capabilities include performing detailed 
assessments of performance, dynamic loading, fluid/structure 
interactions and wake formation to a high degree of accuracy, 
however this comes at the price of high computational cost 
and long processing times.  

BEMT is a simple but effective and well understood 
method of modelling turbine performance and loading, 
commonly used in the wind industry and has been more 
recently adapted for tidal applications with commercial [1] 
and academic [2] models. Benefits include significantly 
reduced running times and low computational intensity, which 
makes the BEMT models more suited to applications 
requiring multiple assessments. 

The aim of this paper is to present a validated BEMT model 
developed for TSTs, and assess the impact of free surface 
effects on the accuracy of model predictions. 

IV. METHODOLOGY 

BEMT is a combination of two theories: momentum, 
taking the rotor as an actuator disc bounded by a stream tube; 

and blade element, splitting the blade into discrete aerofoils 
sections and analysing each individually. Bernoulli’s 

equations are used to express changes in axial and tangential 
momentum as a function of induction factors, which are then 
equated to the sum of aerodynamic forces at each of the blade 
elements. A model written in Python programming language 
is developed, which incorporates an iterative loop to solve the 
force and momentum equations with respect to inflow angle.  

A semi-empirical correction factor devised by Buhl [3] 
based on experiments by Glauert is applied to account for 
higher thrusts seen by the rotor in highly loaded conditions, 
where the code breaks down. 

The reduction in hydrodynamic efficiency at the blade tips 
and root due to radial flow are not modelled due to 2D flow 
assumptions. A correction factor is therefore introduced as 
devised by Glauert, taking Prandtl’s approximation of a 
helical wake as a succession of discs travelling at a velocity 
between the wake and free stream [1].  

Lift and drag coefficients are generated using XFOIL [4], 
a linear vorticity function panel method with viscous 
boundary layer and wake model. The delayed stall effects of a 
rotating aerofoil are accounted for by applying a Du-Selig and 
Eggers adjustment, with post stall values generated using a 
Viterna extrapolation function [5].  

V. MODEL INPUTS 

A non-uniform inflow profile to account for seabed 
friction effects is incorporated into the model. An 
approximation using a 1/7th power law is used, which shows 
good agreement with experimental data [7]. 

A sample of coefficients of lift (CL) and drag (CD) with 
angle of attack (α) is shown in Figure 1, for a NACA638xx 
profile where xx is the thickness to chord ratio varying from 
15-24% as specified in the experimental turbine geometry [6]. 

 

 
Figure 1: Blade local lift (dashed lines) and drag (solid lines) curves 
for a NACA638(15-24) at Reynolds number = 3.0E+05 
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VI. RESULTS AND VALIDATION 

Figure 1 shows the power (CP) and thrust (CT) coefficient 
variation with tip speed ratio (TSR) for two inflow velocities 
and blade pitch angles. BEMT shows good agreement to 
1/20th scale model experiments carried out in a cavitation 
tunnel [6], with less disparity than data using Tidal Bladed. CP 
is slightly over predicted at 1.73m/s at TSRs above 7. This is 
due to the large blockage correction applied to the 
experimental data by [6], converting the constrained flow of a 
channel to ‘equivalent open water’ values.  

 

 
Figure 2: Power (top) and thrust (bottom) curves generated with 
BEMT, compared with blockage corrected 1/20th scale experiments 
in a cavitation tunnel and DNV-GL Tidal Bladed data 
 

Figure 3 shows the cyclic thrust loading of each blade 
through with azimuth, as it passes through the shear profile 
inflow. Results from the peak power TSR = 5 for 3 different 
inflow velocities show thrust variations of between 18-29%, 
indicating the extent non-uniform flow has on the loading 
conditions of the blades which will be used in fatigue analyses. 

 

 
Figure 3: Blade average (Tav) and cyclic (dT) variations of thrust 
with azimuth, at three inflow velocities (Vin) at optimal TSR=5 

VII. FREE SURFACE IMPACTS 

Other, more recent, experiments include a 1/30th scale 
model tested in a flume [7] which now includes the presence 
of a free surface. Figure 4 shows over predictions from the 
BEMT model compared with the measurements, by up to 30% 
in power and 20% in thrust at the optimal TSR of 4. CFD 
studies from [8] use a volume of fluid boundary condition for 
the free surface and shows much better agreement. Although 
results are influenced by the inherent higher accuracy of CFD, 
it strongly suggests a need to consider free surface effects.  

The RANS-BEM and fully resolved studies required 12 
and 100 CPU-hours per rotation respectively, whereas BEMT 
requires 0.05 CPU-hours to generate all CP and CT curves.  

 

 
Figure 4: Power (top) and thrust (bottom) curves generated with 
BEMT, compared with blockage corrected 1/30th scale experiments 
in a flume and RANS CFD studies  
 

A methodology developed by [9] is used to predict the 
effect on pressure due to free surface height drop as a result of 
the turbine presence. Current research is focussed on 
adaptation of this deformed surface method to be applied to 
the momentum equations within the BEMT model. 

VIII. CONCLUSION 

A BEMT model to analyse performance and cyclic thrust 
loads on a TST is presented, validated with experimental data 
from a cavitation tunnel. Comparison with flume experiments 
and CFD studies strongly suggest that effect of the free 
surface should be considered for the presented BEMT model.  
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Abstract — Safe and economic design of any wave energy converter (WEC) requires an accurate 
estimation of extreme loads and motions of the device. The aim of this paper is to understand the 
characteristics of the wave groups which lead to an extreme response of a point absorber WEC. To do 
so, initially several long–duration experiments in extreme random seas were carried out in the Ocean 
Wave Basin within the COAST laboratory at Plymouth University, UK. The results were then processed to 
find the incident wave groups which resulted in the maximum power take‐off (PTO) extensions. Across 
all of the maximum extension events a similar (scaled) shape of these incident wave groups was found. 
Motivated by this finding, the focused wave group (or design wave) was then reproduced in isolation 
both in the tank and in a numerical simulation, and the resulting PTO extension compared against the 
measured maximum extensions in the long–duration random tests. The comparison was favourable, 
indicating that the extreme PTO extension of the WEC can be reproduced using deterministic short–
duration focused wave groups. Interestingly, the design wave group was not a crest focused event. 
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II. ABSTRACT 

A branch of Kuroshio is passing through east coast of 
Taiwan. with an average speed up to 1.25 m/s. Based on the 
characteristic of Kuroshio current passing through Green 
Island, Taiwan, an interdisciplinary research team from 
several universities was formed and chose Penghu water as 
their field deployment site. The NSYSU-I system was 
deployed in August, 2013 and power take off (PTO) was 
successfully monitored up to 5 kW/h. 

 
In this study, a modified system NSYSU-II was developed 

based on the previous field test experiences. Fig. 1 shows the 
basic geometry of a shrouded nozzle-diffuser horizontal 
turbine for NSYSU-II system. Five geometric parameters are 
determined to have an optimal PTO from the ocean current. 
The ANSYS-Fluent code and a Harmony Search algorithm 
were used to determine the optimal geometry of NSYSU-II 
(Fig. 2). Besides, the turbine blade NACA 6409 was chosen to 
replace the NACA 63621 of NSYSU-I and the much better 
PTO was obtained in this study. 

 
The Harmony Search algorithm greatly reduced the 

computation time in the design process. The simulated results 
show the proper nozzle-diffuser design can effectively 
increase the power take off (PTO) and PTO coefficient can be 
as large as 0.48 which is beyond the reported average values. 

 

 
Fig. 1  Example of an image with acceptable resolution 

 
To improve the stability of the shrouded nozzle-diffuser 

duct, horizontal and vertical stabilizer are installed on the 
system. The ANSYS Fluent with UDF code were used to 
simulate the vertical motion of the NSYSU-II system. The 

experimental procedure is also under planning. A concept of 
the experimental configuration with a 35 m  1 m  1.5 m 
water current tank is  illustrated in Fig. 3.  

 
The preliminary geometry configuration was determined by 

Harmony Search algorithm. In the next stage, both 
experimental and numerical stability test will be carried out. 
Once the stability test is done, the NSYSU-I system will be 
deployed onsite in the near future. 

 

 

Fig. 2  The top three PTO cases searched by Harmony search 

 

 

Fig. 3  The experimental configuration for the stability test. 

 

REFERENCES 
[1] Yuji Ohya and Takashi Karasudani, A Shrouded Wind Turbine 

Generating High Output Power with Wind-lens Technology,3,634-649. 
2010. 

[2] Toshio Matsushima*, Shinya Takagi and Seiichi Muroyama, 
Characteristics of a highly efficient propeller type small wind turbine 
with a diffuser,1343-1354. 2005. 

[3] Patrick Mark Singh and Young-Do Choi, Shape design and numerical 
analysis on a 1 MW tidal current turbine for the south-western coast of 
Korea,485-493.2014. 

[4] Chul hee Jo, Jin young Yim, Kang hee Lee and Yu ho Rho, 
Performance of horizontal axis tidal current turbine by blade 
configuration,195-206.2011. 

 

186

mailto:1chenbf@mail.nsysu.edu.tw


Numerical Study on the Application of Multiple 
Vertical-Axis Tidal Turbine System 

Beom-Soo Hyun#1 & Jeong-Ki Lee#2 
#1,2 Division of Naval Architecture and Ocean Systems Engineering, Korea Maritime & Ocean University 

 Busan 49112, Korea 
#1bshyun@kmou.ac.kr 
#2isjcrew@naver.com 

 

I. KEYWORDS 

Vertical-axis tidal turbine, Tidal farm, Multi-arrayed 
turbines, Direction of rotation 

II. ABSTRACT 

This paper deals with the conceptual layout of tidal farm 
using the multi-arrayed vertical-axis turbine system for 
utilizing tidal stream energy. It is important that each unit has 
to be deployed by considering the hydrodynamic interference 
among turbines. For horizontal-axis turbine(HAT) farm, the 
European Marine Energy Centre(EMEC) proposed the turbine 
configurations, but there are no regulation and suggestion for 
vertical-axis turbine(VAT) system. Moreover the efficiencies 
of adjacent turbines are varied largely depending on the 
parameters such as turbine arrangement and gaps. Interaction 
between adjacent VAT systems, called sets of a dual VAT, is 
therefore studied using CFD method. Numerical calculations 
were performed to investigate the performance variations in 
terms of rotational direction, distance between turbine system 
and so on..  

 

 
Fig. 1 An arrangement of dual VAT  

 
Fig. 1(a) shows a typical arrangement of dual VAT. For 

this case, unsteady numerical calculations were performed to 
investigate the performance variation with respect to 
rotational direction. It is denoted in abbreviation such as CRI 
(turbine rotates CCW-CW), CR (CCW-CCW) and CRO (CW-
CCW). Table 1 shows the calculation conditions. 

 
Table 1 Calculation conditions of dual VAT 

 
Symbol 

 
Each turbine diameter(m) DV 5.0 

Free stream velocity(m/s) 
 

2 

Tip speed ratio 
 

3.0 

Rotational speed(rad/s) 
 

2.4 

Turbulence model 
 

k-  SST 

Gap ratio of y-axis direction between turbines Gy/DV 2.0 

 
As results, it was obtained that that power coefficient was 

higher about 9.2% for CCW-CW combination than two-single 
turbine case without mutual interaction. Such improvement 
was attributed to the increase of velocity field between 
turbines, as we might expect.  

 
Table 2 CPmean of adjacent turbine cases (Gy/DV=2.0) 

Gy/DV=2.0 
CPmean 

Total *CPn 
T-1 T-2 

Single 0.382 0.764 - 

CRI case 0.417 0.417 0.834 1.092 

CR case 0.409 0.412 0.821 1.075 

CRO case 0.407 0.408 0.815 1.067 

*CPn=CPn(CPT-1+CPT-2/2CPSingle) 
 
Fig. 2 shows the turbine efficiencies with respect to 

rotational directions and gap ratio. For CRI case, the 
advantage of interactions between turbines almost disappeared 
when they are compared with turbines spaced above fifteen 
times of turbine diameter apart. Mean power coefficients 
reaches about 4% higher than the without-interaction case for 
all circumstances at gap ratio=6.0. 

 

 

Fig. 2 CPn with respect to Gy/DV  

 
It is expected that the present results can be utilized to 

design the conceptual design of tidal farm using sets of 
optimum arrangement of multiple VATs for harnessing the 
tidal stream energy. Various arrangements using the multiple 
VAT systems are tested and being calculated, and those 
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results should be available well before the final submission of 
full manuscript. 
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Abstract —  A novel concept catamaran was designed and developed. The cabin is suspended upon the 
hulls by four units of suspension systems, which comprise of springs and support frames that mounted 
between the cabin and the hulls. Motor/Generators (M/G) are set on the upside of the cabin, racks are 
vertically settled on the hulls, while one pinion gear is used to connect one M/G and one rack. Through 
this rack‐pinion design, the relative displacement between the hulls and the cabin could be transformed 
into the rotation of the M/G, hereby generates electricity. Tank experiments were carried out to 
investigate the potential of the proposed energy harvesting system. Maximum Power Point Tracking 
method was adopted for determining an optimal damper at a given wave condition. The production of 
electricity at each experiment was evaluated by the index named Wave Energy Harvesting Width Ratio, 
which is the ratio of the extracted wave energy against the incident wave energy carried in the crest 
length that equals to the width of the hulls.  
 
Keywords—Catamaran; Motion Control; Suspension System; Wave Energy Harvesting; MPPT. 
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II. ABSTRACT 

The Floating Metocean Data Measurement 
System(FMDMS) is the important offshore structure to 
acquire the metocean data as a part of pre-feasibility survey 
for installation of the offshore wind farm. These metocean 
data such as wind speed, wind direction, waves, currents are 
utilized for design of wind turbine and mooring systems. 
Generally, the fixed-type offshore structure for metocean data 
is difficult to be installed at sea sites with larger water depth. 
Herein we proposed a moored FMDMS regardless of water 
depth at installation site. The LIDAR(Light Detection and 
Ranging) system is fitted on the deck of a FMDMS, which can 
measure the speed and direction of wind at high altitude. 

The 3D CAD design sheet and experimental model of a 
FMDMS under consideration are shown at Fig.1. As shown in 
Fig.1, a FMDMS is shape of a semi-submersible type hull 
with four surface-piercing columns standing on three circular-
cylinder-type damping plates and a supporting deck, which 
are connected with several braces. 

In this study, numerical and experimental studies were 
carried out to investigate the heave and pitch motion response 
of a FMDMS according to the characteristics of several design 
parameters. The numerical solutions using ANSYS AQWA 
commercial code were obtained in the context of linear 
potential theory. To confirm the numerical solutions, a series 
of experiments for heave and pitch motion responses were 
conducted in a two-dimensional wave tank in regular waves 
with varying wave periods. 

To reduce the measurement error of LIDAR device caused 
by large motion of a FMDMS, the motion responses of 
FMDMS in waves have to be minimized, especially pitch 
motion. That is why the damping plates are installed at bottom 
of outer columns. The viscous damping for the experimental 
model(1/25 scale ratio) was estimated from free decay test by 
determining the ratio between successive amplitudes obtained 
from the decaying oscillation in still water. The significant 
increase of the viscous damping was found by attaching the 
damping plates underneath three outer columns. These 
damping plates lead to a considerable reduction of the heave 
and pitch motion amplitude and a shift of the resonant 
frequency to the low frequency region due to the increase in 
the added mass.  

 
 

 
 

Fig. 1 3D CAD drawing(lift) sheet and experimental model of 
FMDMS(right) 

 
 

 

Fig. 2  A numerical model of FMDMS in ANSYS AQWA commercial code 
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II. ABSTRACT 

Singapore’s steadily increasing peak electricity demand and 

need to ensure security and stability for such energy demands 
in the future, calls for a suitable energy storage technology. 
Energy Storage fundamentally improves the way we generate, 
deliver and consume electricity, however, the most significant 
feature of energy storage comes out of their ability to balance 
power supply and demand instantaneously and make power 
networks more resilient, efficient and cleaner.  Energy storage 
can be implemented as a buffer to match the available 
generation to the variable user demand. 

Pumped Hydroelectricity Storage (PHS) is a proven and 
practical energy storage method that involves the pumping of 
water from a lower reservoir to an upper reservoir during off-
peak period using low cost power and releasing of the water 
from the upper reservoir to produce electricity during peak 
load period.  

However, in regions like Singapore where stored energy is 
needed, but no suitable sites are available for conventional 
PHS, Underground Pumped Hydroelectricity Storage (UPHS) 
arises as a retort. This paper constitutes an early attempt to 
discuss utility and significance of the UPHS for the Singapore 
in term of its potential to address existing energy storage 
challenges of the nation and technical and economic viability 
of such UPHS systems in Singapore. In addition, technology 
readiness, review of similar global best practices, unique 
features and other significant advantages too are discussed 
briefly.  First, topic is examined from technical perspective, 
which is followed by economic analysis.  In the technical 
assessment, an analysis to remark suitable sites available in 
Singapore for housing lower reservoir underground and 
develop entire UPHS infrastructure is done, while suitable 
system design is assessed in detail. Based on this technical 
evaluation, it is concluded that Singapore has quite a few 
potential site to develop UPHS system, Pandan, Tuas, the 
NTU campus and Labrador Park under Jurong formations, 
Bukit Timah granite to name a few. However, their 
availability to offer required depth is further subjected to in-
depth geological studies. A head range of 500 -1500 m has 

been considered in this paper for techno-economic analysis, 
with various suitable combinations of rated power capacity 
and storage volume. In view of un-availability of existing site 
investigation to confirm rock mass quality at higher depth and 
their ability to hold underground cavern at such depth, a 
UPHS system with 500m depth, 800 MW capacity and 5.530 
Million cubic meter of storage volume could be an ideal 
design combination for UPHS system in Singapore.  In the 
economic feasibility analysis, an estimated cost of developing 
UPHS systems is computed, warily computing both capacity 
dependent cost and storage volume dependent cost separately. 
As a significant share of entire capital cost of UPHS system is 
made by excavation cost for underground cavern, develop a 
UPHS system in already existed underground caverns offers 
further cost benefits and becomes more cost attractive.  

A wide range of financial analysis parameters are computed 
including cost added for storage to electricity generation cost, 
Levalized cost of Energy/Storage, Net Present Value, Simple 
Pay Back period and discounted pay-back period. A 2000 
MW system with 1500 m head and 4.610 million cubic meter 
storage volume makes most cost effective and financially 
feasible system. Nonetheless, the financial feasibility of 
UPHS system is sensitive to operating duration, off peak and 
peak electricity tariff. 

Based on the techno-economic evaluation, it is concluded that 
under favourable conditions the realization of UPSHP plants 
in Singapore seems both technically feasible and 
economically reasonable.  
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II. ABSTRACT 

In this paper, the author will propose a new concept of 
WEC: Wave Energy Converter, which will harness the power 
of the breaking wave on the beach, and also report field test 
result on the proof of principle experiment. 

 
Fig. 1 Array of WEC placed in breaking wav on a beach. 2 m diameter 

turbine is directly connected to electric generator using NdFeB permanent 
magnet array. It will generate average power of 20 kW from 2 m high wave 

(offshore wave height). 
 
When the ocean wave approaches to the shore, the wave 

shape is modified and the phase velocity is slowing down due 
to narrowing boundary condition between seafloor and water 
surface, and it finally reaches to the critical point of breaking. 
The flow speed of water particle (group velocity) is 
accelerated, much faster than that in the deep ocean wave and 
finally the group velocity and phase velocity becomes close. 
We harness the power from this water flow.  

 
There exists the classical hydroelectricity plant, where 

normally height difference (hydraulic head) is very high, more 
than 100 m because of the high water dam, while water flow 
rate is limited to low in order to save water resource. In this 
condition, the potential energy is converted to the electricity. 
To perform this, Francis turbine fully immersed in running 
water is commonly used, or at even higher-pressure case the 
Pelton wheel is used, which efficiently captures the impulses 
of water jet. Modern form of the Pelton turbine achieves more 
than 90% power conversion efficiency.  

 
In contrast to this, the ocean wave posses low hydraulic 

head, typically a few meter high, while flow rate is huge. We 

may consider an imaginary water dam: it is a few meter high 
dam built in a very wide river, 10's of 100's of kilo-meter wide. 
"Wave" is a gated water flow coming out of the dam 
repeatedly at 8~10 sec period for one or two seconds duration.  

 
We consider how to harness the energy from this water 

flow. Because the hydraulic head is only a few meter, Francis 
or Pelton turbines does not work. We need windmill like 
turbines placed in front of the breaking wave as shown in Fig. 
1. Array of turbines will create a barrier against the wave, and 
take out the kinetic energy from the impulse of wavefront, 
thus wave heights will be lowered after the barrier. Our WECs 
will play similar role as the tetrapod structure on the 
breakwater, or even better because we efficiently take out the 
energy, thus wave looses it kinetic energy. 

The maximum water speed available from the imaginary 
water dam (from a hole at bottom) is simply given by  

  v0 = 2gH   (1) 

The wave height of 2 meter on offshore location, creates 
roughly ~3 m wave on beach right before it breaks, which 
generates 7.7 m/sec maximum water speed. (Note that in real 
water wave, wave crest has maximum velocity and maximum 
potential energy) Roughly speaking, the average kinematic 
power density is given by  

 p̂ =
1

2
ρ〈v3〉 =

1

4

1

2
ρv0

3#

$
%

&

'
(  (2) 

The instantaneous peak power density in such water flow 
becomes 60 kW/m2. We need to take time-average, i.e., 2 sec 
duration of water flow and 8 sec repetition of beat, we have 24 
kW/m2 average power. This is much higher energy density 
than the wind power (0.3 kW/m2 at 8 m/sec wind input).  
Therefore a 2 m diameter WEC can generate same power 
from a 20 m diameter windmill. The available power form one 
WEC of 2 m diameter is 20 kW, assuming power conversion 
efficiency 30%.  

 
In reality, after the wave breaks vortex flow is created 

inside the breaking wave, as a result available power becomes 
fairly low. To avoid this, this type of WEC should use water 
flow right before the wave breaking. We are currently 
studying on a best depth (wave breaking point), and suitable 
beach configuration using 2D fluid dynamic code.  

 
High tide area, such as west coast of France may not be 

suitable for this WEC technology, because the wave-breaking 
zone will move as tide changes.  There are many areas having 
less tide change in the world; Mediterranean Sea, North Sea 
near Norway, Gulf of Mexico, California, west coast of 
Australia (Pearth), Hawaii, French Polynesia and Japan Sea. 
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We made wave potential survey based on past 5-years weather 
data around Japan.  

 
The output power from the electric generator becomes a 

series of impulses associated with the wave beat. By storing 
pulse currents from array of turbines into capacitor bank in a 
power conditioner placed near to the beach, the regulated AC 
power will be sent out to the grid as shown in Fig. 2. The 
beating fluctuations will be perfectly removed at the DC-AC 
converter, and the output power level will be well regulated. 
The electric phase can be controlled to match with the request 
needs from the grid power network. This is well-established 
common technology in the windmill plant.  

 
Fig. 2 Array of 40 WECs placed in breaking wave generates 1 MVA power 

into grid through power conditioner. 
 
Because the size of this WEC is much smaller than 

windmills or other offshore WECs, it has the following 
advantages;  

(1) Lower construction cost. 
(2) Lower installation and maintenance cost. It does not 

require a tall crane, which is commonly required to install 
windmills.  

(3) Shorter power cable is enough thus lowing the cost. 
Because WECs will be located on beach, the required length 
of the power cable will be within 1 km.  

(4) Easier maintenance. Depth of the water at WEC is 
around 1 meter at mean sea level; we may reach to the device 
with a small boat or directly from land at quiet sea condition.  

(5) Speed of rotating blade is roughly ~10 m/sec at the 
wing tip, which is slower than swimming speed of fish and 
dolphin, thus risk of "fish strike" will be low. 

(6) The electric generator is directly connected to turbine, 
thus hardware is simple, thus lower cost and highly reliable. 

(7) There is no speed up gear inside the structure, thus the 
rotation inertia is low. It reduces damage on blade when 

rotating turbine collides to a floating wood or other drifting 
stuffs.   

(8) In order to limit excess torque due to surge current at 
storm condition, the rotating blade may be fabricated from 
soft material (rubber with backbone), so that we may protect 
the WEC from permanent damage, which also reduces 
damage on accidentally collide animals.  

(9) Because the height of WEC is much lower than the 
windmills, risk of thunder strike is much low. 

 
Most important technical issue is how to protect WEC 

hardware from storms. Because the incoming power to the 
beach at storm condition is much higher magnitude, 
particularly at wave breaking zone the wave power becomes 
destructive. However, the author believes if we make WEC 
small enough, and introduce some flexible structure, which 
can release the power, we may protect WEC. To do so, we 
have been studying mechanical structure and dynamic motion 
of Dolphin’s tale as shown in Fig. 3. Dolphin uses relatively 
small fine to lift up ~300 kg weight jump into air. Careful 
understanding of hidden mechanism will make it possible to 
protect WEC blades from destructive surge currents. This 
flexible blade design also acts as torque limiting function in 
high speed current by increasing twist angle in adaptive 
manner.  

 
To save nature, we need very careful surveys on risk of 

interfere with animals living on beach, such as seal, turtle and 
etc. And also, we should carefully choose materials to use, 
and avoid any contaminations on the beach. In case of failure 
or end of lifetime, we need to remove machines from shore 
and recover its original natural condition. We have to take into 
account this event in our original design to make this mission 
easer and perfect.  

 

 
Fig.3 We learned from Dolphin’s tale and introduced flexible blade design.  
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II. ABSTRACT 

Ground based LiDAR systems are nowadays frequently 
used for e.g. onshore wind resource assessments, although 
generally rather in simple terrain and/or in conjunction with a 
met mast. Subsequently, buoy-mounted variants for offshore 
use have been developed in the past few years. Such floating 
system may substantially be cheaper to deploy offshore than 
met masts and can be relocated to address spatial variation of 
resource measurements across a site. 

Mounting existing fixed deployment-proven LiDAR 
technology on buoys introduces additional uncertainties (e.g. 
by the moving sea surface) in the data produced, creating 
challenges for reliability, maintainability and power 
management. Implications on uncertainty for energy 
production predictions need strong attention. Similar to 
conventional anemometry, uncertainty can be reduced through 
selection of well-established units with proven track-records 
and by specification of suitable calibration and mounting 
arrangements.  
 

 
Fig. 1  Various types of FLS 

 
 

It is particularly crucial to perform a thorough planning of 
the offshore wind resource assessment (OWRA) campaign -
from LiDAR unit and complete floating LiDAR system (FLS) 
performance verification through proper site selection to 
commissioning and operation at the projected offshore wind 
farm site.  

This paper first presents the practical aspects of an FLS 
deployment. This is based on the various FLS validation 
campaigns conducted by DNV GL and the experience as a 
working group member of the IEA “Wind” Annex 32  [1].  

Expected uncertainties from FLS data will be put into 
context with other typical wind data sources like offshore 
wind atlas and weather model data, publically available 
metrological data including high quality tall offshore masts 
and weather service measurements, possibly completed by 
new installations of fixed platform mounted LiDAR or even 
hub height offshore metrological mast.  

Related cost implications and potential benefits with 
respect to more accurate calculations of the annual energy 
production, hence lower risk surplus and therefore lower cost 
of capital for an offshore wind farm will be discussed. 
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Tidal energy, small-sized water turbine, Rotation Flow 

turbine, low flow velocity, simulation 

II. Abstract 

In recent years, the issue of renewable energy has been 

brought into focus. However, the study on the tidal energy 

generation has been advanced, it has not reached to the 

commercialization. There for, we have been promoting this 

research and trying to import the small-sized water turbine 

generator for low flow velocities, rather than large-sized. 

 

The newly developed generation system use the turbine 

named Rotation Flow Turbine, which can get large torque in 

the low flow velocities by the flow push the blade many times. 

As a result, the generation power is very stable in the low flow 

velocity. Thus, we can reduce the cut-in rate substantially and 

it is possible to generate in 0.30m/s. Through the experimental 

results, we can determine it could generate the electricity at 

the low flow velocities not in Japan but also in the world 

 

Meanwhile, we collected the data by simulation program 

(Open foam) which can recreate the experiment. As a result, 

we found the data is quite consistent with the experiment. So 

it can be proved it is possible to recreate the experiment by 

hydro mechanical simulation. 

 

Fig 1. Experimental actual water turbine generator 

(height 0.24m, diameter 0.12m, acreage 0.0288m2) 

 

Fig 2. Experimental data (Q parameter and power relations) 
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Fig 3. Simulation of water turbine 
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II. ABSTRACT 

Large scale (>1MW) tidal power generation platforms are 
developed to capture maximum tidal energy while ensuring that 
the turbines are easily maintained, and the platform will survive 
and remain stable through the expected extreme wind, waves 
and current. In order to design a platform that will resist loading 
in extreme conditions and exhibit the desired behaviour, 
numerical modelling is used to calculate the loads and predict 
structure motions. Validation of the numerical model against 
scale model testing is an important exercise that ensures that 
the numerical model is accurately capturing all the forces acting 
on the system. 

The TRITON platform, developed by SCHOTTEL HYDRO 
was designed to place the turbines in the upper half of the water 
column, where flow speed is the highest. The semi-submerged 
platform is bottom mounted and does not float on the sea 
surface, reducing wave loads and increasing survivability. The 
platform contains two surface piercing spar buoys that can de-
ballast to bring the platform into the maintenance position 
where the turbines are accessible. The platform contains 40 
separate SIT250 turbines; the turbine size has been optimized 
to reduce CAPEX, increase redundancy, and allow for greater 
maintainability.  

The primary loads acting on the TRITON structure are 
turbine thrust, and drag and hydrostatic forces acting on the 
spar buoys. These primary loads are highly dependent on the 
relative fluid speed and direction, and position in the water 
column. Numerical modelling is used to include the effects of 
current, wave, and dynamic platform motion into a high fidelity 
time domain numerical analysis to properly assess the structure 
without building multiple prototypes. The results of the 
numerical analysis provide feedback on front-end engineering 
design decisions and accurate loads for the sizing of structural 
components. It is important to validate the numerical model 
against scale test data to ensure that the numerical model is 
accurately capturing the dominant loads in the system. 

Tank tests of the TRITON platform were performed at the 
HSVA tank facility in Hamburg, Germany. A 1/17th scale 
model prototype with 40 turbines was fabricated and 
instrumented. The prototype was placed in a tow tank and run 
in various environmental conditions. 

 

 
Fig. 1  TRITON scale model being lowered into the test tank 

 
The ProteusDS time-domain numerical modelling software 

makes use of a forward-speed boundary element method (BEM) 
code called ShipMo3D to develop a database of forward speed, 
heading, and frequency dependant added mass, damping, and 
diffraction loading coefficients for the surface piercing spar 
buoys [1]. ProteusDS uses Cummins’ equation to evaluate the 

structure dynamics in the time domain [2]. Incident wave and 
hydrostatic forces are modelled using a nonlinear method in 
which the undisturbed fluid pressure field is integrated over the 
body’s surface (i.e. the Froude-Krylov force) using a polygonal 
mesh. The polygonal mesh is also used to model the viscous 
drag (resistance) effects on the spar buoys and tether arms 

The SIT250 turbines blades are passive-adaptive and change 
shape at high speeds to reduce the load on the turbine and 
structure. In order to enable dynamic turbine loads in the 
numerical model, a turbine model is used in which thrust and 
torque coefficients are looked up as a function of tip speed ratio 
and relative fluid velocity to determine the thrust and torque 
loads acting on the structure. A desired tip speed ratio is set for 
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each inlet fluid velocity and a simple controller constantly 
adjusts the turbine angular velocity to try and match the design 
tip speed ratio. 

 

 
Fig. 2  Visualization of TRITON platform modelled in ProteusDS 

 

The scale tests at HSVA were performed to determine the 
stability of the structure and the total loads acting on the anchor. 
By comparing the structure’s positional response to the 
numerical model simulation, the accuracy of the numerical 
model can be determined. 

In the proposed paper, the setup of the numerical model of 
the TRITON platform and the scale tank test model of the 
TRITON platform will be discussed. The results of both the 
numerical model and the tank test will be compared to 
determine the effectiveness of the numerical model. 
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1 Abstract

A feedback control is proposed in this paper for
the control of wave energy converters. The pro-
posed controller is a time-domain approximation for
the complex conjugate control in the sense that it
generates the optimal solution through impedance
matching. The theoretical underpinnings of com-
plex conjugate control are fundamentally linear, and
the proposed control exploits the linear control the-
ory to provide a complex conjugate control in the
time domain. The proposed control does not need
wave prediction or wave measurements. The pro-
posed control is novel in that it is a feedback strategy
that has a multi-resonant generator. It targets both
amplitude and phase through feedback that is con-
structed from individual frequency components that
come from the spectral decomposition of the mea-
surements signal. Each individual frequency uses a
Proportional-Derivative control to provide both op-
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timal resistive and reactive elements. By resonating
each frequency component and summing them to-
gether the controller feedback effort that maximizes
the amount of absorbed power is provided.

2 Decomposition of the WEC
Control Problem

For a heaving buoy, the Cummins’ equation of mo-
tion is [1]:

(m+ ã(∞)) z̈ +

∫ ∞
0

hr(τ)ż(t− τ)dτ + kz = fe + u

(1)
where m is the buoy mass, ã is the added mass at in-
finite frequency, z is the heave position of the buoy’s
center of mass with respect to the mean water level,
k is the hydrostatic stiffness due to buoyancy, u is
the control force, fe is the excitation force, and hr
is the radiation impulse response function (radiation
kernel). The second term in Eq (1) is usually re-
ferred to as the radiation damping term and it is
frequency dependent.

Consider the simple case of a regular wave where
the excitation force has only one frequency; in such
case it is possible to show that radiation impulse
integral reduces to a linear damping term, and the
equation of motion for this simple case becomes:

1
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(m+ ã(∞)) z̈ + cż + kz = fe + u (2)

Where c is a damping coefficient that is constant for
a given exciting frequency. The excitation force in
this case is:

fei = Aeisin(ωıt+ φı) (3)

Where the subscript i is added to indicate that this
is the excitation force due to the frequency ωı.

fe =

ℵ∑
ı=1

fei =

ℵ∑
ı=1

Aeisin(ωıt+ φı) (4)

The WEC control problem is to design the con-
troller D(s) such that energy extraction is maxi-
mized.

Let H(s) be the system transfer function in the
Laplace domain; hence

H(s) ≡ Z(s)

Fe(s)
=

G(s)

1−D(s)G(s)
(5)

where Z(s) is the laplace transform of z(t), Fe(s) is
the laplace transform of fe(t), D(s) is the controller,
and G(s) represents the system dynamics in Equa-
tion (2).

The system is linear, hence we can write:

Z(s) = H(s)Fe(s) = H(s)
ℵ∑

ı=1

Feı(s)

=

ℵ∑
ı=1

H(s)Feı(s) =

ℵ∑
ı=1

Zı(s) (6)

Equation (6) indicates that the buoy response, z,
is the summation of individual buoy responses to
individual excitation forces, that is:

z =
ℵ∑

ı=1

zı(t) (7)

where zı(t) is the inverse Laplace transform of Zı(s).
Similarly, the control can be written as:

U(s) = D(s)Z(s) =
ℵ∑

ı=1

D(s)Zı(s) (8)

Equation (8) allows us to design individual con-
trollers for each individual component of the re-
sponse, that is:

U(s) =

ℵ∑
ı=1

D(s)Zı(s) =

ℵ∑
ı=1

Dı(s)Zı(s) =

ℵ∑
ı=1

Uı(s)

(9)
As a result, the WEC control problem can be decom-
posed into ℵ control sub-problems, as illustrated in
Figure 1. In this case, ℵ different controls, Dı(s), are
designed. One advantage of this approach is that the
input is a single-frequency for each sub-problem and
hence eliminating the need to evaluate a convolution
integral. The other advantage is that each controller
Dı can be optimized independently from other con-
trollers to its input frequency.

Figure 1: Block diagram of the decomposed WEC
control system
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II. ABSTRACT 

The majority of leading tidal stream turbine technologies are 
large, seabed mounted systems designed for energetic sites with 
peak flow velocities exceeding 3 m/s. Early array projects using 
these technologies will have to reduce costs whilst overcoming 
challenges associated with installation, access and maintenance 
of such systems.  

 
Reducing the capital, operational and maintenance costs is 

key to the continued success of the industry and to enable 
technologies to compete with other forms of electrical 
generation. A particular aim of the UK’s sector is to reduce the 
levelised cost of energy (LCOE) to below £150/MWh 
(~245USD/MWh). Although a degree of cost reduction will be 
brought about by learning and experience, the biggest cost 
drivers, and areas for cost reduction, are installation, operations 
& maintenance/access, foundations, grid and electrical 
infrastructure as well as the site itself. 

 
The use of smaller capacity, tidal energy conversion systems, 

suited to sites with lower flow velocities (~2m/s), such as those 
shown in Figure 1, can not only reduce capital, operational and 
maintenance costs but can open up new markets that are not an 
option for the large, megawatt class of turbines. By mounting a 
number of small turbines on floating platforms, installation 
efforts can be reduced and the would remove the need for 
seabed mounted foundations and support structures. 
Furthermore, floating systems provide easier access to turbines 
and electrical systems for maintenance and inspections, thereby 
reducing the costs for interventions and assessments.  

 
Tidal energy converters suited to lower flow sites are not 

without their challenges however; larger rotor diameters and 
powertrains are required to extract the energy from the slower 
moving water and this will lead to higher relative costs for the 
turbine component. Turbine rotors on floating platforms also 
have to be designed to withstand combined wave and tidal 
forces, coupled with the movement of the support structure.  

 
 

  

Fig. 1  Examples of low flow turbines installed on floating platforms; 
Instream’s 25kW, vertical axis turbine platforms [left], a prototype Chinese, 
60kW floating catamaran system from Zhejiang University [right].  

 
This paper will discuss and demonstrate reductions in the 

cost of energy through the use of small turbines on floating 
platforms, optimised for ‘low' flows. It will show how potential 
cost savings associated with platforms, infrastructure, 
installation and maintenance, as well as economies of scale and 
greater choice of sites; outweighs the increased costs of blades 
and power take-off with this approach.  

 
Cost of energy reductions will be demonstrated through 

example case studies from the UK and South East Asia, taken 
from the authors’ experiences in undertaking assessments in 
these regions. This paper will also highlight the increase in the 
size of the market opportunity that could be achieved by using 
turbines for low flow sites, as presented in Figure 2. 

 

Fig. 2  New markets that can be accessed using technology suited to lower 
tidal flows; red ringed areas show resources >3m/s, yellow ringed areas 
show resources of  >2m/s 
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Abstract 
Two-dimensional numerical method in time domain by vortex method to estimate primary conversion efficiency of a floating 
OWC-type wave energy converter such as Backward Bent Duct buoy (BBDB) is proposed. The turbine load is replaced for the 
orifice load in order to simplify the problem. In the analysis of the wave motion, vortex method which can consider the fluid 
viscosity is used. Core-Spreading method is used to simulate of viscous diffusion of the vortex. Vortex layer model and vorticity 
shedding model are used to simulate the vorticity creation from the body surface and diffusion of the vorticity into the fluid. For 
the air flow in air chamber, an equation of state and the conservation of mass and energy under the assumption of air being the 
perfect gas are used. From these equations, motions of the floating body, water surface elevation and air pressure in air chamber, 
primary conversion efficiency etc. are calculated. Wave tank tests for the primary conversion efficiency of the BBDB in regular 
waves are also carried out and numerical results are compared with experimental results. 
 

Keywords— Wave energy converter, Floating OWC, Vortex method, Experiments, Complex variable boundary element 
method, Primary conversion efficiency 
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II. ABSTRACT 

Electricity generation from wind is a key part of India's 
programme to satisfy huge unmet demand for energy: India 
has one sixth of the World's population and 240 million 
people still lack access to electricity. Rapid economic growth, 
with the GDP increasing at over 7% pa, is driving increases in 
energy demand and renewables are being seen as a solution. 
The local power system needs to quadruple in size by 2040 in 
order to meet demand and renewables will significantly 
contribute to the new generation capacity over the coming 
decades. The Government of India’s Ministry of New and 
Renewable Energy (MNRE) has set technology specific 
targets, aiming at 100GW of PV and 60GW of wind capacity 
by 2022; ambitious increases from the current 4GW of PV and 
25GW of wind. India now has the cheapest onshore wind 
energy in the world and some of the cheapest solar PV. 
 

Whilst there is a strong political push for the renewables 
sector, there are numerous barriers to the onshore wind and 
solar industries including; the mismatch of grid infrastructure 
availability with energy resource; issues with land rights and 
rent prices; and difficulties in transporting components to 
remote sites. Only around 7 of India’s 29 states have onshore 
wind energy resources that could meaningfully contribute to 
the country’s energy mix; by looking offshore, India’s wind 
energy potential could be increased from the estimated 
100GW onshore (at 80m) and offshore sites would avoid 
some of the issues experienced onshore, however will 
introduce challenges of their own. 
  

India’s National Offshore Wind Policy was approved by 
Cabinet in September 2015 and sets out the framework for the 
industry and precedent for decision making. The Indian 
Government is determined that the first offshore wind projects 
be developed quickly (2018 is the target date for the award of 
the first tender) and is actively working towards setting up the 
regulatory and market conditions for the sector. The 
commercial opportunity has attracted considerable interest 
from the local supply chain; particularly organisations 
servicing India's successful onshore wind and offshore 
hydrocarbon industries. Cheap local fabrication, labour and 
installation vessels will help to keep down project costs and 
improve affordability. As the supply chain develops, it plans 
low-cost exports to foreign offshore wind markets. 

  
MNRE is spear-heading the development of offshore energy 

with support from the UK Government and the European 
Commission. In addition to mapping the offshore wind 
resource, the government is developing marine databases, and 
appropriate consenting and subsidy schemes for offshore wind 
projects. Where appropriate the industry is applying lessons 
from Europe, local onshore wind and offshore oil and gas. 
  
The focus of the Indian offshore wind industry will be split 
between the states of Gujarat and Tamil Nadu; both of which 
have been studied under the current EU FOWIND project. 
Figure 1 shows the boundaries of the first Zones that will be 
offered for bidding in Gujarat and Tamil Nadu, alongside the 
locations of LIDAR measurement platforms and the closest, 
likely construction ports. An offshore wind measurement 
campaign using LIDAR is set to commence in both Gujarat 
and Tamil Nadu waters during 2016 and will be essential to 
provide initial energy resource information for the industry.  
 

   
 Fig. 1  The boundaries of India’s first offshore wind zones in Tamil Nadu [left] 
and Gujarat [right] showing the LIDAR wind measurement locations and the 
nearest ports for construction. 

 
This paper will summarise the current state of India’s 

offshore wind sector and the potential opportunities it could 
present over the coming decade. It will provide insight, from 
the authors’ perspective of working to support the industry 
industry over the past 4 years, into the key organisations, 
market conditions and considerations for those interested in this 
emerging industry. Although there has been no official 
indication on the potential, overall scale of the industry or 
targets for installation (these will follow on from an official 
country wide resource assessment currently being undertaken), 
the industry will eventually be sizeable and offer numerous 
opportunities for international firms. India will inevitably 
become the world’s most populous country and will 
subsequently demand the most electricity; this demand cannot 
be met by onshore wind and solar PV alone – offshore wind 
will certainly contribute to India’s electricity mix. 
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Abstract 

The oscillating-water-column wave energy device equipped with an air turbine is widely regarded as the simplest 

and most reliable, and the one that was object of the most extensive development effort. The maximization of the 

produced electrical energy involves the control of the rotation speed, which affects the hydrodynamic process of 

wave energy absorption, the turbine aerodynamics and the performance of the electrical equipment. The overall 

performance of the plant was modelled as an integrated process, with the hydrodynamic modelling based on linear 

water wave theory. Special account was taken of the electrical efficiency dependence on the load factor and of the 

constraint introduced by electrical rated power as a power level that cannot be exceeded. A case study was 

selected to investigate these issues: the existing bottom-standing plant on the shoreline of the island of Pico, in 

Azores Archipelago. Results are presented for the control of the self-rectifying air turbine of biradial type and for 

the annually produced electrical energy as affected by turbine size and by electrical rated power. 

 

 

Figure: Annual-averaged electrical power versus rated power for different turbine sizes. 
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II. ABSTRACT 
Three MRE test sites has been planned in China, one test 

site in Shandong Province for small-scale device testing, one 
test site in Zhejiang Province for full-scale tidal turbine testing, 
another test site in Guangdong Province for full-scale wave 
energy converter testing. The small scale test site obtained the 
consent of local government in Nov 2014 and initiated the 
building in 2015. The planning, the function, and the 
monitoring details of the MRE Test Sites, especially the 
small-scale test site, would be introduced. 

For the full-scale tidal current energy test site, marine 
hydrographic survey and meteorological observation lasted for 
one year since Dec 2013 in the channel (20-60m) between 
Putuoshan Island and Hulu Island in Zhoushan Islands. The 
average power density of tidal current energy is 1.5kW/m2. 

Three test berths with rated installed capacity of each 1 MW 
would be built. 

For the full-scale wave energy test site, marine 
hydrographic survey and meteorological observation lasted for 
one year since Jan 2014 in Dawanshan Island. The wave 
energy density is 4-5 kW/m. Two test berths with depth of 30-
50 m and 1 berth with depth of 10-30 m would be built. 
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Surface fluxes at the air-sea interface have long been recognized as the essential factor in modelling

many atmospheric and oceanic phenomenon including hurricanes. The latent heat release due to

the condensation of water vapour has been attributed as the energy source for hurricanes. The

exchange of fluxes (momentum and heat) at the air-sea interface affect the distribution of water

vapour and heat in the near surface layer, thereby providing a link between the atmosphere and

ocean, Emanuel [1986]. Thus, it can be concluded that the exchange of heat, momentum and water

vapour has immense implications on hurricanes in numerical models.

The knowledge of magnitude and variation of these surface fluxes is limited by the observational

constraints due to difficulty in measuring at such high wind speeds (>30ms−1). As a result, it is

not clear which form these fluxes should take, which constraints the usage of numerical models at

such high winds, due to the limited validity of surface flux parametrizations used in the numerical

models. The coupling of atmosphere, ocean and wave model allows a more precise representation

of the physical processes responsible for these flux exchanges. Using a coupled model, it is possible

to investigate the role of heat and momentum fluxes, wind-wave and wave-current interaction on

the hurricane intensity and structure, which in turn allows for improved modelling of hurricane

generated waves and storm surges.

Ocean waves are generated by the momentum flux from the winds aloft and the pressure changes

at the air-sea interface. In order to have better wave forecast, it is imperative to have a good
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spatial and temporal description of winds. While at the same the effects of the ocean waves

on the winds are expressed in terms of surface roughness effects, where the surface roughness is

represented using scaling arguments given by Charnock [1955], which is valid for fully developed

waves, unlike the growing wind waves present under hurricanes. Similarly, it is also important to

properly represent the mixing in the upper portion of ocean, which is enhanced by both ocean

waves and the momentum from strong winds, where this enhanced mixing results in mixing the

colder deep ocean water with the warmer water in upper layer, thus creating a cold wake.

Also, waves and increased water levels together can cause flooding in the coastal regions, where

the high water levels maybe be caused by the combination of the mean sea level, tides, surge due

to locally generated surge and a travelling external surge and waves. Wave height in the coastal

areas depend on the water depth, which is affected by the tides and surge, whereas the water level

in the coastal areas maybe affected by the waves, caused by the wave setup by means of radiation

stresses.

In order to represent the above mentioned processes, and improve the prediction of hurricane

generated waves and storm surge, this study utilizes a novel coupled model using state of the art

atmosphere, ocean and wave models. To investigate the performance of the coupled model, a series

of numerical experiments are carried out where model results are compared with the uncoupled

model results, and the relatively sparse measurements. The results describing the influence of

atmosphere-ocean-wave coupling on ocean waves and storm surge results will be presented.
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II. ABSTRACT 

Wave energy is clean, renewable energy. There are various 
wave power generation technologies. The offshore surging 
wave energy device developed rapidly in recent years which 
have a simple structure and the low cost.  

First, the principle of power generation of offshore surging 
wave energy converter was analyzed in detail. And then the 
sea area of Daguan Island in Shandong province was chosen 
as the sea trial area. A type of offshore surging wave energy 
power generation converter which is suitable to the local wave 
condition was designed based on the analysis of the wave 
energy resources and environmental condition in wave energy 
test site. Third, the wave-tank model test was developed for 
the key technology parameters. And the characteristics of the 
bottom-hinged surging wave energy device were investigated. 
Finally, engineering prototype of the bottom-hinged surging 
wave energy device was completed. And the sea trial of the 

power generation converter was developed in the sea area of 
Daguan Island. This type of offshore surging wave energy 
power generation converter has excellent prospects on islands 
and the coastal region. 
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II. ABSTRACT 

Fast and accurate numerical modelling of wave energy 
converters (WECs) is critical to cost effective development of 
these technologies. With the assistance of Applied 
Renewables Research, Bombora Wavepower has developed a 
linear numerical performance modelling suite for their flexible 
membrane WEC (mWave). This WEC comprises a bottom-
mounted, air-filled membrane, divided into discrete cells 
which pump air (under wave pressure) through a turbine 
circuit via non-return valves [1].  

For the purpose of numerical model validation, tank testing 
of a 1:15 scale physical model of this device was conducted at 
the Australian Maritime College. 

The physical model was simplified by approximating the 
power take-off (PTO) system. The bottom-mounted non-
return valves and turbine of the full scale device were replaced 
with a restriction orifice in the duct from each membrane cell 
and a common duct manifold, all above water for access 
during testing (Figure 1). 

 

 
Fig. 1 Tank-testing model during commissioning 

 

This model was tested in a 12m by 35m tank, at three 
depths (0.33m, 0.52m, 0.72m) for a broad range of regular 
wave parameters. Measured variables included cell pressure, 
volumetric flow rate in cell ducts, and manifold pressure. Free 
surface elevation was recorded adjacent to the model. 

The linear numerical mWave model was adapted to 
represent the simplified PTO system. Following assessment of 
the tank-test data, additional small modifications of the model 
were made. The modelling of transient effects in duct flow 
was improved and the membrane and orifice characteristics 
were refined. 

The model was used to simulate the conditions of 117 
regular wave tank-tests in the time domain. An error of up to 
10% between the physical wave and the modelled wave 
amplitude was estimated, due to significant variability in the 
measured wave. Tank tests also included some strongly non-
linear wave forms. Despite this, a standard error of 10-20% in 
the numerical model prediction of power capture was found, 
with the distribution indicated in Figure 2. 

 

 

Fig. 1  Numerically predicted and measured physical power capture for a 
range of 117 tank-tests (Non-dimensionalized) [2] 

A more detailed comparison was made to three tank-tests, 
selected for the near-linear wave profiles that they obtained. 
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The phase-averaged time series of cell and manifold pressure, 
cell flow and captured power was found to agree very well 
qualitatively. Some finer details of the system response such 
as secondary high-frequency oscillations were observed in 
both the empirical and numerical data. 

The mWave modelling suite has been found to have the 
expected degree of accuracy for a broad range of conditions, 
and very good accuracy for near-linear conditions. Additional 
work to calibrate the model to account for non-linearity in 
incident waves and to broaden the validation to irregular sea-
states is underway [3]. 

REFERENCES 
[1] S. Ryan, C.Algie, G. Macfarlane, A. Fleming, I. Penesis and A. King, 

“The Bombora wave energy converter: A novel multi-purpose device 
for electricity, coastal protection and surf breaks” in Australian Coasts 
& Ports Conference, 2015: 541-546.  

[2] “BWP-151030-REP-01-MF-A Validation of the Bombora numerical 
model”, Applied Renewables Research, County Antrim, Northern 

Ireland, UK, 2016 
[3] A. King, “Numerical analysis of the ‘Bombora’ wave energy 

conversion device” in 19th Australasian Fluid Mechanics Conference, 
2014. 

 
 
 
 

211



Introduction to Metal Additive Manufacturing and its 
Challenges in Offshore & Marine 

WU WENJIN (WU W.J.)#1, TOR SHU BENG (TOR S.B.)#, Narasimalu Srikanth (Srikanth. N.)^, CHUA CHEE KAI 
(CHUA C. K.)#, AZIZ AMIRALI MERCHANT (MERCHANT A.A.)* 

 
# Singapore Centre for 3D Printing, School of Mechanical and Aerospace Engineering, Nanyang Technological University, 50 

Nanyang Avenue, Singapore 639798, Singapore 
1wwu003@e.ntu.edu.sg 

^ Energy Research Institute @NTU, No.1, Cleantech loop, Singapore 637141, Singapore 
* Keppel Offshore & Marine Technology Centre, 31 Shipyard Road, Singapore 628130, Singapore 

 

I. KEYWORDS 

Additive Manufacturing, 3D Printing, Offshore and Marine, Shipbuilding, Metal Manufacturing 

II. ABSTRACT 

This paper provides an introduction and overview to a rapidly emerging manufacturing technology called additive 
manufacturing (AM). With recent developments in metal AM for the aerospace and heavy industries, AM may be an excellent 
complementary technology to existing manufacturing processes in the offshore and marine industry.  A broad contextual 
overview on metal AM is provided. The paper then describes three main technical challenges, ie materials, size and certification, 
that needs to be considered in order to fully appreciate the potential of AM. 
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Abstract 
 
 Scour is a process whereby sediments around a structure are carried away as a result of flow constriction 
due to the presence of the structure. When not carefully evaluated, scour can lead to a weakening of a 
foundation and possibility premature failure of the structure over time. Evaluating such scour 
phenomenon is especially important for tidal and wave energy devices. For tidal and wave energy 
converters, it is common to install such devices in harsh environmental condition (areas with high current 
flows) to harness the maximum amount of energy. However, with such high current flows, the likelihood 
of significant scour around the structure is similarly high. Hence, to ensure the long-term reliability of 
such devices in operation, careful scour analysis has to be performed prior to the device installation to 
ensure sufficient allowances are given for scour. 
 
Given the diverse structural configurations of tidal and wave energy devices, performing empirical 
analysis of scour around such structures are not trivial. An alternative approach will be to utilize 
numerical modelling to evaluate the potential of scour around these energy devices. With the 
advancement of computational capabilities in recent time, the possibility of performing scour evaluation 
numerically is increasingly coming feasible and available. In this work, we developed a numerical scour 
model in OpenFoam termed interDyMScourFoam. This scour solver developed in OpenFoam was written 
on-top of a multi-phase solver called interDyMFoam and utilized a mass conservative Exner equation to 
model the bed deformation. Hence, to evaluate the capabilities of this numerical scour model, this scour 
model was applied to a ‘simple’ case of scour around a monopole foundation (similar to that of most 
offshore wind turbine foundations). Of particular interest, the complex scour initiation process was 
evaluated to determine the capabilities of the scour model to reproduce ‘fine’ details of the scour 
mechanisms. 
 
Based on the results of the simulations performed, the scour model was shown to agree well with 
experimental observation and was capable of reproducing fine details of the scour initiation mechanism. 
This includes the propagation of the scour hole forming upstream before developing downstream of the 
pile which was reported by Breusers and Raudkivi (1991) earlier. Such mechanisms are not commonly 
reported by experimental studies due to the complex nature of the scour initiation process and this current 
work confirms this mechanism observed by Breusers and Raudkivi (1991). Obtaining this fine level of 
detail in the scour mechanism highlights the enhanced capabilities of utilizing such a numerical scour 
model. Furthermore, when evaluating the scour depth time development, the simulation results was 
likewise shown to have good agreement with empirical equations. 
 
This work has demonstrated the capacities and potential of a numerical scour model in evaluating the 
scour process around a foundation. Moving forward, it is suggest that this scour model be applied to more 
complex structural configuration to evaluate the capabilities of this scour model further. In addition, it is 
suggested that the effect of increased turbulence on the sediment transport properties (due to the tidal 
turbine) be studied and incorporated in future models. 
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II. ABSTRACT 

The Singapore Strait is a waterway connecting the Strait of 
Malacca in the west and the South China Sea in the east. 
Singapore lies on the north side of the channel and the Riau 
Islands are on the south side. The circulation in the Strait is 
highly complex due to its complicated bathymetry, irregular 
coastlines and the influence of the Indian and Pacific Ocean 
tides and monsoon and local winds.  

 
The southern waters of Singapore have been identified as a 

viable site for the installation of tidal turbines. The first tidal 
turbine has been installed in 2013, with plans to test more 
turbines in the southern waters within the next three to five 
years. The presence of vortices observed in Singapore Strait 
makes it a suitable location for tidal energy generation. The 
existence of islands in Singapore Strait affects the 
hydrodynamics due to the formation of island wakes that arise 
as currents move past islands. Island wakes are a candidate for 
the generation of sub-mesoscale eddies. The vortex-induced 
vibration of eddies can then be converted to renewable energy 
through the use of modern technologies.  

 
In this paper, a three-dimensional unstructured-grid 

SUNTANS model is employed to investigate the interaction 
between currents and the existence of islands at the locations 
of Jurong, Bukom, Sudong and Sentosa Islands. The model is 
forced by tides and wind, and is calibrated and validated with 
sea surface elevations and currents [1, 2]. A comparison of the 
simulations with and without islands is made by computing 
the vorticity and surface enstrophy (area-integrated square of 
the vertical vorticity component). For the simulations without 
islands, the bathymetry is modified by removing the islands 
and setting the bottom depth to 50 m to exclude current-
topography interaction.  

 
The tidally-averaged surface vorticity plots show similar 

vorticity distributions in the two simulations, with an 
exception of areas surrounding the islands where there exists 
weaker vorticity when the islands are removed (Fig. 1).  The 
intensification of eddy activity can be observed from time 
series plots of the surface enstrophy (Fig. 2). The absence of 
islands results in a significant decrease in the entrophy, 
suggesting that the eddy activity in Singapore Strait may be 
attributed to island wakes. Our results may be used to 
determine the optimum locations for installing tidal turbines in 
Singapore Strait.  

 

 

   
 

(a) Exp. 1                                               (b) Exp. 2 
 

 
 

Fig. 1.  Surface vorticity for four experiments. Exp. 1 – June 2013 (a), with 
islands, Exp. 2 – June 2013, with sunken islands (b). 

 

5 10 15 20 25 30
0

1

2

x 10
-4

Time (day)

E
ns

tr
op

hy
 (

m
2
/s

2
)

Time Series of Enstrophy

 

 

Exp. 1

Exp. 4

 

Fig. 2.  Time series of surface enstrophy during June 2013. Legend: Presence 
of islands (solid lines), Sunken islands (dashed lines).  
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II.! ABSTRACT 

Offshore structures are typically prone to hydrodynamic 
loading of a varying nature. Oil rigs are supported by 
cylindrical structures, which may be subjected to destructive 
stresses due to vortex induced vibration (VIV) of the solid 
body. Conversely, this vibration can be useful in harnessing 
energy through offshore wave energy converters. 

Being motivated by the desire to unravel the nature and 
extent of the physical problem alluded to (i.e. VIV), we 
present a numerical approach based on the direct forcing 
immersed boundary (DFIB) method is presented as a robust 
tool for unveiling key hydro-elastic features of a rigidly 
bottom-mounted, vertical circular cylinder in a regular 
progressive wave train. The simulation is carried out for a low 
Re number of 100 and KC number of 7, within a range of 
reduced velocities 6.5 to 7.5. The setup of the current problem 
is shown in Fig. 1. Coupling of the DFIB and Euler-Bernoulli 
solid motion models is appropriately validated. Key 
topological features as a result of the fluid and structure 
interaction are detailed in Fig. 2. We find that the vibration 
frequency of the cylinder is close to its natural frequency 
(0.96 < fn

* < 0.99) in the lock-in reduced velocity range (6.8 < 
UR

*< 6.98), but in the pre-lock-in and post-lock-in regimes the 
frequency is quite close to the wave frequency. The peak 
amplitude at lock-in is just about equal to the cylinder radius.  

 

 
Fig. 1 Problem setup 

 
 

 

 
 

Fig. 2 Snapshot of iso-surface of vorticity of magnitude 6.23 s−1, for KC = 7 
and lock-in reduced velocity (UR

* = 6.88), capturing downwash and also 
horseshoe, lee-wake and new free surface vortices. 
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Turbine-Current Frequencies Interaction in Vertical axis 
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I. Amin 
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Egypt 
 
ABSTRACT: The study of hydrodynamic performance of vertical axis marine 
current turbine in unsteady marine current environment is still an open-ended research 
question. The interaction between the turbine and marine current frequencies can lead 
to resonance condition. In this work, a numerical approach to investigate the 
performance of VAMCT under unsteady current velocity was proposed. A three 
blades turbine was examined in this study in order to investigate the relationship 
between the current fluctuation frequency and turbine frequency. Fluent is used to 
solve the 2-D model using the time-accurate incompressible Unsteady Reynolds-
averaged Navier-Stokes (URANS) method with k-ω SST turbulence mode in addition 

to a transient rotor-stator model with a sliding mesh technique. The simulation results 
showed that there are significant increases in turbine power coefficient when 
resonance happens between turbine and marine current frequencies.  
 

Keyword : Fluctuated Current, Vertical Turbine, CFD 

 

 

Figure 12: Velocity contour for 3-bladed turbine in unsteady current velocity (     =1) 
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Figure 14: The instantaneous power coefficient of the turbine during one revolution, 

different current/turbine frequency ratio and constant TSR=3 
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Effect of Number of Blades on the Performance of 
Vertical axis Marine Current Turbine under 
Unsteady Current Velocity 

 
I. Amin  
Department of Naval Architecture and Marine Engineering, Port Said University, 
Egypt 
 
ABSTRACT: This work presents a numerical simulation of a VAMCT in both steady 
and fluctuated current velocities. Different numbers of blade turbines were examined 
in this study in order to investigate the relationship between the current fluctuation 
frequency, the number of turbine blades and turbine frequency. Fluent is used to solve 
the 2-D model using the time-accurate incompressible Unsteady Reynolds-averaged 
Navier-Stokes (URANS) equation with k-ω SST turbulence mode in addition to a 

transient rotor-stator model with a sliding mesh technique. The simulation results 
showed that there existed a significant relationship between the number of turbine 
blades, the turbine Tip Speed Ratio and the current fluctuation frequency.  
 

Keyword: Vertical Turbine, Number of Blades, Fluctuated Current, CFD. 

 

 

(a) 3 bladed turbine 

 

(b) 4 bladed turbine 
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(c) 5 bladed turbine 

Figure 12: Relationship between turbine blade number, frequencies ratio and power 

coefficient at different TSR= 1, 2, 3 and 4 
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WaveRoller technology development and 
testing 

Christopher M. Ridgewell 
AW-Energy Ltd, Vantaanpuistontie 31, 01730 Vantaa, Finland 

christopher.ridgewell@aw-energy.com 
. 
 
Abstract 
AW-Energy’s WaveRoller is an oscillating wave surgeconverter that converts waves to electricity with a 
panel that moves and absorbs energy. The device has successfully operated in the ocean environment 
during testing campaigns and has delivered grid-connected power since 2012. WaveRoller power 
performance received independent verification from DNV GL, and the technology is under certification 
by Lloyd’s Register. This paper presents technology development of key systems and learnings from 
certification, ocean operation and PTO testing. 
 
Keywords 
WaveRoller, device development, ocean operation, PTO test facility, certification, wave energy, 
nearshore, technology development, bankability 
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Abstract 
This paper presents the first stages towards modeling a fixed multi-chamber OWC (MCOWC). The paper reports on 
the characteristics of the MCOWC. It begins with the system analysis of the multi-chamber fixed OWC based on the 
wave tank conditions. The analysis is carried through to assess the effect of the two factors: water surface level 
inside the chamber and the area ratio on the power extraction from the chambers. Experimental data will put forward 
from the mounting of level sensors and anemometers to measure the power available at different wave periods. The 
experimental results will be used as real case data in order to optimize the area ratio and to maximize the chamber 
power according to the air flow velocity above the water surface inside the chambers.  
 
Keywords— Renewable energy, wave energy, Oscillating water column 
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I. KEYWORDS 
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II. ABSTRACT 

Direct driven generators for point absorbers have the 
beneficial property of low or no maintenance with a proper 
bearing arrangement. However, wave power is delivered with 
low speed and large forces, which is unfavourable for direct 
driven generators since the large forces makes the generators 
large and the low speed makes conversion to electric energy 
inefficient. The low speed challenge is especially valid for 
wave climates with smaller waves. The challenge is due to the 
fact that the induced voltage in the generator is proportional to 
speed, but the resistance in the generator winding is 
independent on speed. Thereby, at low speeds the voltage 
becomes low and the voltage drop over the resistance 
becomes a large fraction of the induced voltage which gives 
large resistive losses. For speeds below 2 m/s and especially 
below 1 m/s, the losses may actually become so large that the 
current rating of the machine has to be lowered to give 
acceptably low copper losses. This reduces the force density 
of the machine. Typical efficiencies for direct driven 
generators for wave power are below 90%, whereas for 
example a hydropower generator that operates at a speed that 
is between one or two orders of magnitude higher has an 
efficiency of about 98%.  

To get around this problem, a double-sided Transverse Flux 
Generator (TFG) is under development at KTH in an ongoing 
project. This machine is optimized for slow speeds, and has a 
winding that is several times shorter than the winding for a 
typical generator per unit induced voltage. Thereby, the 
winding resistance can be made many times lower, and the 
machine can operate at extremely low speeds without having 
high losses. For example, at 0.7 m/s, the efficiency is expected 
to be 97-98% at full load, where the copper losses account for 
about 1% losses. At 3 m/s, the efficiency is about the same but 
the losses are here mostly iron losses and friction. Even at 0.1 
m/s, energy conversion can take place with an efficiency of 
about 90%. The losses of the power electronic system are 
however not taken into regard in these efficiency ratings.  

A linear generator prototype is now under development, 
and will be constructed in our lab at KTH during 2017. The 
prototype will have a damping force of 150-200 kN, and 
correspondingly a rated power of 100 – 140 kW at 0.7 m/s and 
a rated power of 450 – 600 kW at 3 m/s. The force density 
(shear stress) is calculated to about 100-120 (200-240) kN/m², 
where the values in parenthesis corresponds to only counting 
half the area as active which is custom for such machines. 

This is comparable to the shear stresses for other force dense 
TFGs that has been made for other applications such as wind 
power [1]. 

The main difficulty with making double-sided TFGs is the 
mechanical design, since small air gaps around 1 mm are 
desired to get a high shear stress. By employing some 
mechanical tricks, this problem has hopefully been solved and 
the mechanical design is now largely completed. Overall, the 
machine looks very promising. 

One problem with this type of machine is that the power 
factor usually gets very low. By concentrating the windings in 
a certain manner, a relatively acceptable power factor of 
between 0.5-0.7 seems plausible, although some uncertainties 
remain in the calculations concerning leakage fluxes. The 
power factor partly depends on the current loading, i.e. how 
deep into magnetic saturation the iron parts are, and there is a 
trade-off between power factor and shear stress. 

Another known problem with TFGs is the cogging forces. 
In this machine, they are dealt with by current control. It is 
anyway desired to have an active rectifier that controls the 
current, and the cogging compensation can be dealt with by 
slightly tweaking the sinusoidal waveform. This method has 
the potential to lower the power factor slightly if employed at 
maximum speed, but it is probably not necessary to have a 
cogging reduction at maximum speed since the cogging forces 
are only about 1-3% of the nominal force. The current control 
system is under development, and a master thesis has been 
completed on the subject.      

The unique low losses of this generator open up 
possibilities for implementing control algorithms of the buoy 
movement. In principle, it seems fully possible to implement 
reactive control with such a machine. In reactive control, 
energy is transported both ways through the generator, and it 
operates in motor mode during parts of the wave period. 
Thereby, the losses in the machine accumulate and typically 
become 4-5 times higher than the rated losses for the machine 
compared to the extracted power. A generator with 10% losses 
would thereby have 40-50% losses compared to the extracted 
power if used for reactive control, which is totally 
unacceptable. Reactive control using a generator has therefore 
been regarded as unfeasible [2]. Hopefully, this generator can 
break through this roadblock and open up a new window for 
control.      

REFERENCES 
[1] Schüttler, Jochen, et al. "Power-optimized symmetrizing current 

control with a 8.7 kNm-transverse flux generator." 2010 12th 
International Conference on Optimization of Electrical and Electronic 
Equipment. 2010. 

[2] A. O´Sullivan, G. Lightbody, “Wave to Wire Power Optimization from 
a Wave Energy Converter”, Proceedings of the 11th European Wave 
and Tidal Energy Conference, 6th-11th Sep 2015, 2015.  

223



1 
 

Design & Development of Airborne Wind Turbine 

 

R. Lokesh Kannan1, K. Sreekousalyadevi1, S.M. Madhan Kumar1, R. Karthick1  
 

V. Hariprasad1*, R. Arvind Singh1, S. Jayalakshmi2 and N. Srikanth3 
 

1Department of Aeronautical Engineering 
2Department of Mechanical Engineering 

Bannari Amman Institute of Technology (BIT) 
Sathyamangalam 638401, Tamil Nadu, India 

 
3Energy Research Institute @ NTU (ERIAN) 
No. 1 Cleantech Loop, #06-04, Cleantech One 

Singapore 637141 
 

* Corresponding Author 
e-mail: hariprasadv@bitsathy.ac.in 
Phone: +91-7708379759 

 
 

Abstract 

Wind is a renewable energy source that is eco-friendly. Wind farms, both off-shore and on-
shore are set to generate ~18% of global power by 2050 [1]. Wind turbines are deployed at 
good wind sites away from cities/populated areas. Due in part to the siting restrictions, the 
contribution of wind energy has remained a mere ~2.6% [1]. In order to tap the enormous 
inherent potential of wind energy, alternative and innovative methods are in great demand. 
Such methods should have the features of (i) easy deployability/mobility, (ii) capability to 
produce sufficient energy to drive essential machinery/electrical equipment/electronics etc., 
(iii) cost effective and (iv) eco-friendly i.e., should not pose discomfort to human life/activity. 
In this context, the airborne wind turbine (AWT) is a suitable concept that has all the features 
mentioned above. In addition, unlike conventional wind turbines, AWTs can be operational 
throughout the year in remote as well as sparsely populated areas. Further, the technology 
that runs AWTs is relatively simple and does not demand rigorous maintenance.  
 
In this presentation, the overall system design of an AWT that is being developed will be 
highlighted. The various components of the AWT whose design aspects will be covered 
include: (i) balloon, (ii) turbine, (iii) alternator, (iv) conducting tethers and (v) ground system. 
The available-wind data will also be presented. The general design of the AWT that is being 
built is shown in Figure 1. It mainly consists of a vertical axis wind turbine (Savonius type) 
hoisted into air using a helium-filled balloon. The turbine is tethered to the ground using 
nylon ropes and the height is controlled by a winch. A conductive cable will transfer the 
generated electricity to the grid connection placed on the ground. The vertical turbine can 
sense the flow of air from all directions and is designed to be sensitive even at low wind 
speeds. The vertical turbine is connected to an alternator of low weight, and the rotation of 
the turbine is expected to produce an output of 750 W.  
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Figure 1. Design of the airborne wind turbine. The AWT is expected to produce sufficient 
electricity that can satisfy the requirements of individual houses in a rural area. 
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A Design Procedure for a Resonance Two-body Power Buoy

Kweon, Hyuck-Min · Choi, Jang-young · Cho, Il-Hyoung · Ruy, Won-Sun · Kang, Ju Whan

Abstract

There are a number of wave energy extraction methods. Among them, the most suggestion is the 
point absorber type. To learn more about the entire process so far, but said it is an example of a design. 
In this study, almost sequential design process for the power buoy is proposed as 1) parameters 
estimation of normal wave occurrence frequency distribution function based on real sea measuring 
wave data 2) determination of linear permanent magnet length according to RMS wave height of 3~4 
fold corresponding to the wave frequency mode 3) design of linear permanent magnet generator 
(LPMG) satisfying target electricity with comfortable stroke length of magnet 5) check whether it is 
over 25% around resonance (almost mode) frequency band to make a comparison of capture width 
and outer buoy diameter through the two body adaptation to LPMG analysis. The process could 
shorten the trial and errors for the final design.

Key words: point absorber type, sequential design process, power buoy, linear permanent magnet 

generator, capture width
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Abstract—The effects of material, diameter of CWP and inlet 
velocity on the characteristics of seawater temperature rise are 
analyzed by numerical simulation. The results show that: under 
the condition of given temperature and wall thickness, the 
temperature rise ranges in the steel pipe is from 0.200K to 
1.569K, while in HDPE pipe is from 0.009K to 0.089K. The 
seawater temperature reduces with the increasing of pipe 
diameter and inlet velocity. 
 
Keywords—ocean thermal energy conversion (OTEC), cold 
water pipe (CWP), temperature rise, numerical analysis 

I. INTRODUCTION 

Efficiency of the OTEC system is relatively low due to the 
small temperature difference between warm water and deep 
cold water. The temperature of cold deep seawater could rise 
during the pumping process because of the heating by the 
water outside the pipe, thus the efficiency of the conversion 
system would reduce. Chao-Hsin Wei et al. has calculated 
heat transfer of the deep seawater pipe laid along seabed, the 
results showed that the temperature rise of the cold water was 
not obvious [1]. Li min et al. established and verified the heat 
transfer numerical model of vertical tube in the water body by 
using the finite volume method [2]. Rodríguez et al. analyzed 
temperature field outside CWP in the OTEC power plant, and 
found that the operation of the CWP had limited effects on 
seawater temperature field outside the pipe [3]. Ma Jian et al. 
analyzed the heat transfer of the vertical pipe using FLUENT 
and obtained a large number of data about heat flux and fluid 
temperature of the vertical pipe [4]. 

Currently the study on characteristics of the seawater 
temperature rise in CWP of the OTEC power plant is not 
common. This paper analyzes the heat transfer process in the 
CWP from engineering application, and the effects of material, 
diameter, wall thickness, and inlet velocity on the cold water 
temperature rise. 

II. MODEL  

A. Model Parameter of CWP 

Physical model of the CWP is established and the pipe 
diameter is chosen as 0.6 m, 0.7 m, 0.8 m, 0.9 m, 1.0 m and 
2.0 m. The pipe wall thickness parameters are shown in sheet 
1, and the data come from the Water supply and drainage 
design manual. High density polyethylene (HDPE) and steel 
are selected as the pipe material, the density of the steel is 
taken as 8030 kg/m3, the specific heat capacity is 502.48 
J/(kg•K)，the heat conductivity coefficient is 16.27 W/(m•K) , 
the density of the HDPE is taken as 955 kg/m3, the specific 
heat capacity is 2300 J/(kg•K) ， the heat conductivity 
coefficient is 0.5 W/(m•K). 

 

TABLE I 
WALL THICKNESS OF CWP 

Pipe DN600 DN700 DN800 DN900 DN1000 DN2000 
Steel 
pipe 

10 11 12.7 14 16 20 

HDPE 
pipe 

48 50 53 58 63 73 

 

The physical model of the CWP is shown in figure 1. 
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Fig. 1 Schematic graph of physical model and heat transfer analysis in CWP 
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B. Mathematical model 

Since the movement of the seawater is complicated and 
changeable, the following assumptions are made in the 
research on the temperature rise of the cold seawater caused 
by the water outside the pipe. On account of the length of 
vertical CWP affected by waves is shorter compared to the 
whole pipeline, the impact of the waves on the heat transfer is 
ignored. Seawater is incompressible fluid, the average 
seawater density is taken as 1025 kg/m3, the seawater specific 
heat capacity is 3998 J/(kg • K) ， the heat conductivity 
coefficient is 0.58 W/(m•K) , and the dynamic coefficient of 

viscosity is 1.569×10 -3 kg/(m•s). The impact of the water 

corrosion and wall scaling on the heat transfer may be ignored. 
The control equation for the microelement of the fluid 

inside the pipe is established according to the law of 
conservation of energy. As showing in figure 1, set di and do 
as inner and outer diameter of the CWP respectively, ϕ1 as the 
heat flux between inner and outside seawater through pipe 
wall, Δϕab as the convective heat flux along the axis direction, 
cv as specific heat at constant volume of seawater, cp as 
specific heat at constant pressure of seawater, V as volume of 
the control volume, Ta as the temperature of the seawater 
inside the pipe, Tb as the temperature of the seawater outside 
the pipe, t as the time. For the control volume on the ordinate 
of the CWP, heat conduction along the axial direction is 
ignored, therefore heat exchange between control volume and 
environment only includes heat transfer through pipe wall and 
convective heat along the axis direction, according to the law 
of conservation of energy: 
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                  (1) 

The left side of the Eq. (1) represents energy change of the 
control volume in unit time, the first item on the right side 
represents convective heat flux, hi and ho are the convective 
heat transfer coefficient of the inside and outside of pipe 
respectively, λ is the thermal conductivity of the CWP. Δy is 
the height of the control volume, and Rab is the heat resistance 
of the pipe wall, hi and ho are the convective heat transfer 
coefficient of the inside and outside pipe wall, λ is the heat 
conductivity coefficient of the CWP, △y is the height of the 
control volume. 
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Boundary condition at the inlet of CWP is defined as 
velocity inlet, at the exit as free flow, the center line of the 
pipe is defined as the axis of symmetry, the wall is defined as 
the conjugated heat transfer surface, temperature distribution 
of the external water adopts seawater temperature profile in an 
area of the south China sea, as shown in figure 2. The 
temperature of the seawater flow needs to make corresponding 
readjusts, and inlet velocity of the cold water is chosen 
between 1.0-3.0 m•s
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Fig. 2 The seawater temperature profile 

III. RESULTS AND DISCUSSION 

A. Distribution Characteristics of Cold Water Temperature 

and Convective Heat Transfer Coefficient 

The heat transfer in different specifications of CWP under 
different working condition is obtained through simulation, 
the results are shown in figure 3. The distribution of seawater 
temperature in the CWP which have different diameter shows 
a consistent distribution characteristics while the working 
conditions changing. The cold water temperature rises from 
the pipe inlet to outlet, the temperature changes more gently in 
the first part of the pipe, and the increment mainly happens in 
the latter half of the pipe. Comparing two kinds of material, 
the speed and range of the temperature increment of the pipe 
composed of steel are obviously superior than that composed 
of high-density polyethylene (HDPE). The temperature 
increment in the steel pipe is between 0.200 K to 0.200 K, 
while in the HDPE pipe temperature increment is between 
0.009 K to 0.089 K. The heat preservation effect of the pipe 
composed of HDPE is superior to the steel pipe. 
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Fig. 3 The distribution of seawater temperature in CWP 

 
The curves of surface heat transfer coefficient of pipes 

composed of different material with various diameters are 
shown in figure 4. In general, the surface heat transfer 
coefficient increasing along the pipe. 
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Fig.4 The distribution of surface heat transfer coefficient 

 

B. The Influence of Diameter on Heat Transfer 

The seawater temperature curves in the pipe of various 
diameter are shown in figure 5. As seen in figure 5, cold water 
temperature at the exit reduces constantly with the pipe 
diameter increasing. As the pipe diameter varying from 0.6 m 
to 1.0 m, seawater temperature decreases rapidly with the 
diameter increasing at the same outlet velocity. The seawater 
temperature changes little at the same outlet velocity when the 
pipe diameter varying from 1.0 m to 2.0 m. While the pipe 
diameter varying from 0.6 m to 2.0m, the range of outlet 
seawater temperature changes at the different inlet velocity are: 
the temperature ranges from 280.689K to 279.740K in steel 
pipe and from 279.209K to 279.146K in HDPE pipe at the 
inlet velocity as 1.0m/s. As the inlet velocity is 1.5m/s, the 
temperature ranges from 280.216K to 279.552K in steel pipe 

and from 279.180K to 279.136K in HDPE pipe. The 
temperature ranges from 279.968K to 279.452K in steel pipe 
and from 279.165K to 279.133K in HDPE pipe at the inlet 
velocity as 2.0 m/s. The temperature ranges from 279.807K to 
279.390K in steel pipe and from 279.156K to 279.130K in 
HDPE pipe at the inlet velocity as 2.5 m/s. The temperature 
ranges from 279.699K to 279.320K in steel pipe and from 
279.150K to 279.129K in HDPE pipe at the inlet velocity as 
3.0 m/s. 
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Fig.5 The seawater temperature at CWP outlet of different diameter 

 

C. The Influence of Inlet Velocity  on Heat Transfer 

The relationship between seawater temperature at the outlet 
of the pipe and inlet velocity is obtained by simulation when 
the inlet velocity as 1.0m/s, 1.5m/s, 2.0m/s, 2.5m/s and 3.0m/s. 
The left-hand chart in figure 6 shows the results of the steel 
pipe, while the right is the HDPE pipe. As seen in figure 6, the 
seawater temperature at the outlet of the pipe decreases with 
the increase of the inlet velocity. The results show that the 
seawater flows in the pipe of different diameter with high 
amplitude of temperature variation when the inlet velocity 
varying from 1.0m/s to 2.0m/s. While the inlet velocity 
increases, the temperature change is slowing down. 
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Fig.6 The cold water temperature at CWP outlet under different inlet 
velocities 

D. Discussion 

Within the scope of calculation, we found that the 
temperature rise ranges from 0.009K to 1.569K: in the steel 
pipe it is from 0.200K to 1.569K, while in HDPE pipe it is 
from 0.009K to 0.089K. When the inlet velocity is 1.0 m/s and 
the diameter of the steel pipe is 0.6 m, the rise of the 
temperature reaches the maximum (1.569 K). While the inlet 
velocity is 3.0 m/s and the diameter of the HDPE pipe is 2.0 m, 
the rise of the temperature reaches the minimum (0.009 K). 
This shows that the HDPE material could effectively prevent 
heat transfer from the outside water, while the thermal 
insulation performance of steel pipe is very poor. When the 
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pipe diameter and inlet velocity are small, the cold seawater 
temperature changes with a wide range. This is mainly 
because the wall thickness increases while the pipe diameter 
increasing, and result in the increase of the heat transfer 
resistance. The characteristics of heat transfer coefficient of 
CWP can verified this. 

IV. CONCLUSIONS  

Numerical analysis of the temperature rise in the steel pipe 
and HDPE pipe is made at the same inlet temperature and 
various inlet velocity condition, and the following conclusions 
are obtained: 

Within the scope of the model calculation, the seawater 
temperature at outlet of the pipe decreases with the increasing 
of the diameter, while decreases with the increasing of the 
inlet velocity. 

The maximum temperature rise of cold seawater in HDPE 
pipe is 0.089K, and 1.569K in steel pipe, the heat preservation 
effect of the pipe composed of HDPE is superior to the steel 
pipe. 
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THE JELLYFISH, A COMMERCIAL 
SCALE SALTER’S DUCK MARINE 

HYDRO KINETIC DEVICE 
 

Ramuel Maramara 
 
 
In the world of Oysters, Pelamis and PowerBouys, it seems that the work of Dr Stephen 
Salter has been missed or simply overlooked. It is widely known that the Salter's Duck is still 
the most efficient device developed for wave energy. Dr. Stephen Salter fully understands 
how energy travels through water and that this device can absorb upwards of 80% of the 
available energy in waves.  
 There are reasons why the duck has not been commercialized. The duck, with all its merits, 
is incomplete as a machine and therefore needs to be developed further to make it a practical 
WEC device. The missing parts are 1. a practical frame design, 2.an efficient mooring 
system, and 3. a practical power take off system.  
 There are several attempts by several companies entities to commercialize the Duck. These 
are the Chinese duck by Guangzhou Institute of Energy Conversion, the Danish WEPTOS, 
and finally, the Jellyfish by Brimes Energy, a start-up US-based company. This paper will try 
to compare the three companys’ designs with the original duck and see how they differ in the 
three aforementioned areas. This paper will also attempt to look at their strategies to solve 
practical design problems to build a commercial scale Salter's duck WEC device and 
the  ultimate goal of the wave energy farm.  
 This is not an extensive know it all presentation but an engineering analysis of collections of 
freely available data released by these companies and individuals.  
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II. ABSTRACT 

The growing demand for sustainable energy has led to 

recent developments in solar, wind and marine technologies 

[1]. Among them, marine tidal current turbines offer a vast, 

regular and predictable energy source that ensures the security 

of energy supply [2]. The principles of operation for a marine 

turbine is similar to its wind counterpart where power is 

extracted from torque that is imparted by the incoming fluid 

[3], and the power available is proportional to the fluid density 

and the cube of the flow velocity [4]. The key difference 

between the two energy resources is in the working fluid 

where seawater is 800 times denser than air [5] and the blades 

are subject to cavitation. As a result, marine turbine blades 

experience larger bending loads and exhibit greater vibrational 

responses that could potentially reduce fatigue life [6, 7]. This 

requires a hydroelastic model that is not only capable of 

capturing dynamical responses of the turbine blades [8-10], 

but also for stability and controller design. Such a 

methodology will be presented in this work.  

 

We will first introduce a hydroelastic model that couples 

the unsteady vortex lattice method (UVLM) to linearized 

structural dynamics. The resulting formulation is in a state-

space representation that allows for the hydro-servo-elastic 

analysis of marine turbine blades. An equivalent approach has 

been successfully adopted in aircraft and wind turbines to 

analyse fatigue loadings and for dynamic load alleviations 

[11-13]. Although deigned for flexible aircraft and wind 

turbine analysis, the numerical implementation readily lends 

itself to tidal turbines with minimal modifications.  

 

To illustrate the numerical capabilities of the hydroelastic 

model, the NREL two-bladed 550 kW tidal current turbine [14] 

is modelled. The turbine has a 20 m rotor diameter and the 

specifications are shown in Table I. Through an eigenvalue 

analysis, the turbine blade has its first flapwise and edgewise 

structural modes occurring at 8.8 Hz and 14.3 Hz, respectively. 

The aerodynamics, modelled through UVLM, is illustrated in 

Figure 1 with 20 spanwise and 10 chordwise panels on the 

turbine blade. The coupled structure and aerodynamic models 

define the complete hydroelastic model for which numerical 

analysis can be performed.  In a preliminary analysis, the 

effects of density on the vibration modes are investigated and 

shown in Figure 2. As fluid density is increased, edgewise 

modes are little affected due to the thin lifting surface that is 

modelled. However, the damping for flapwise modes is 

increased and frequency is reduced as a result of the added 

mass effect. Moving beyond these preliminary results, a 

complete hydroelastic analysis of the turbine blade will be 

demonstrated in the full paper. These will include discussion 

on the possible onset of instabilities, the effects of unsteady 

aerodynamics on turbine blade response and the hydroelastic 

loads analysed in normal and extreme operating conditions.  
 

TABLE I: Specifications of NREL 550 kW marine tidal current turbine. 

 

Rated power 550 kW 

Number of rotors 2 

Number of blades 2 

Control type variable speed,  

variable pitch 

hub diameter 2 m 

Maximum rotor speed 11.5 rpm 

Flow speed range 0.5 - 3.0 m/s 

Water depth 33 m 

Hub height 18 m 

 

 
 

Fig. 1: UVLM representation of NREL 550 kW tidal current turbine blade. 

 
Fig. 2: Root locus for increasing fluid density on normal hydroelastic 

modes. From 1 kg/m3 (red circle) to 1000 kg/m3 (red square) in steps of 10 

kg/m3. 

 

 

 

232



REFERENCES 

[1] F. O. Rourke, F. Boyle, and A. Reynolds, “Tidal energy update 2009,” 

Applied Energy, vol. 87, pp. 389–409, 2010. 

[2] W. M. J. Batten, A. S. Bahaj, A. Molland, and J. R. Chaplin, 

“Experimentally validated numerical method for the hydrodynamic 

design of horizontal axis tidal turbines,” Ocean Engineering, vol. 34, 

no. 7, pp.1013–10 206, 2007. 

[3] F. O. Rourke, F. Boyle, and A. Reynolds, “Marine current energy 
devices: Current status and possible future applications in Ireland,” 

Renewable and Sustainable Energy Reviews, vol. 14, pp. 1026–1036, 

2010. 
[4] M. Hansen, Aerodynamics of wind turbines. Earthscan, 2008.  

[5] A. I. Winter, “Differences in fundamental design drivers for wind and 
tidal turbines,” in OCEANS, 2011 IEEE, Spain, 2011, pp. 1–10. 

[6] D. M. Grogan, S. B. Leen, C. R. Kennedy, and C. M. O Brádaigh, 

“Design of composite tidal turbine blades,” Energy Procedia, vol. 57, 
pp. 151–162, 2013. 

[7] I. A. Milne, R. N. Sharma, S. Bickerton, and R. G. J. Flay, “Blade 

loading on tidal turbines for uniform unsteady flow,” Renewable 
Energy, vol. 77, pp. 338–350, 2015. 

[8] Y. L. Young, M. R. Motley, and R. W. Yeung, “Three-dimensional 

numerical modeling of the transient fluid-structural interaction 

response of tidal turbines,” Journal of Offshore Mechanics and Arctic 

Engineering, vol. 132, no. 1, p. 011101, 2010. 

[9] R. F. Nicholls-Lee, S. R. Turnock, and S. W. Boyd, “Application of 

bend-twist coupled blades for horizontal axis tidal turbines,” 
Renewable Energy, vol. 50, pp. 541–550, 2013. 

[10] O. G. Holst, M. A. Dahlhaug and C. Faudot, “CFD analysis of wave-

induced loads on tidal turbine blades,” IEEE Journal of Oceanic 
Engineering, vol. 40, no. 3, pp. 506–521, 2015. 

[11] B. F. Ng, R. Palacios, and J. M. R. Graham, “Model-based aeroelastic 

analysis and blade load alleviation of offshore wind turbines,” 

International Journal of Control, 2015.  

[12] B. F. Ng, H. Hesse, R. Palacios, J. M. R. Graham, and E. C. Kerrigan, 

“Aeroservoelastic state-space vortex lattice modeling and load 

alleviation of wind turbine blades,” Wind Energy, vol. 18, no. 7, pp. 

1317–1331, 2015. 

[13] B. F. Ng, R. Palacios, J. M. R. Graham, E. C. Kerrigan, and H. Hesse, 

“Aerodynamic load control in HAWT with combined aeroelastic 

tailoring and trailing-edge flaps,” Wind Energy, vol. 19, no. 2, pp. 

243–263, 2016. 
[14] G. Bir, M. J. Lawson, and Y. Li, “Structural design of a horizontal-axis 

tidal current turbine composite blade,” in ASME 30th International 

Conference on Ocean, Offshore, and Arctic Engineering, Rotterdam, 
The Netherlands, 2011. 

 

233



THE SUPERGEN UK CENTRE FOR 
MARINE ENERGY RESEARCH 

 
 

Henry Jeffrey, University of Edinburgh, UK 
 
 

The UK leads the world in wave and tidal energy research and innovation, development, 
demonstration and deployment.  It has some of the best wave and tidal resources in the world, 
with 35% and 50% respectively of attainable European wave and tidal current energy 
potential.  The UK has demonstrated more wave devices and now has a greater installed 
capacity of tidal current technologies than the rest of the world put together.  It has the best-
developed supply chain and trains more doctoral graduates for the sector than any other 
country.   
 
The Supergen UK Centre for Marine Energy Research is the flagship investment, of the 
Engineering and Physical Sciences Research Council, in fundamental and applied research in 
wave and tidal energy.  Established in 2003, it is about to transition from its third into a 
fourth phase.  It has brought 15 research intense universities into collaboration with each 
other, with industry, with policy-makers and academia in the UK around the world.  They 
work in the following themes: Arrays and farms; Extreme loadings and durability; Novel 
marine energy systems and components; Environmental interaction and Fatigue loadings and 
reliability.  UKCMER and related investments in doctoral training will ultimately graduate 
around 150 PhD-qualified staff for the global wave and tidal energy sector.   
 
This presentation will identify some of the recent achievements of the UK academic research 
base, reflect on the ongoing challenges and describe the work and plans of the EPSRC-
funded Supergen UK Centre for Marine Energy Research as it enters its fourth phase.  
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Design and Sea Trial of a Scaled Prototype for Ship-based 
Multi-point Absorber Wave Energy Conversion Device 

 

ABSTRACT 

Wave energy is one of the most abundant marine energy 
in oceans, so the research on wave energy conversion attracted 
lots of attention during the past thirty years. The development 
of wave energy device has made significant progress and 
some prototypes have been tested in Europe and North 
America. Compared with other types of conversion principle, 
point absorber device has been proved to be more suitable for 
small wave conditions. As the advanced form of this principle, 
the multi-point absorber wave energy devices reflect the 
deepening of point absorber research and show good prospect 
in adaption to Chinese coastal wave climate. 

This paper introduces the research status of point absorber 
wave energy device in brief, then compares and analyses the 
difference in principle and design between various devices. It 
elaborates the research background and design purpose of a 
multi-point absorber wave energy device installed on a 
floating ship-based platform. Secondly, it summarizes the 
working principle of the multi-point absorber and introduces 
the simplified model of a single point absorber device. 
Numerical calculation has been conducted to verify the 
hydrodynamic coefficients in frequency domain. 

Small scale physical model of converters has been tested 
in a wave flume for validation of the linear numerical model. 
Key coefficients has been optimized and regarded as 
the guideline of the practical design for a part scale prototype. 
Based on the theoretical analysis, structure design and scheme 

of the power-taken-off system has been made and more 
detailed parameters have been determined. A real part scale 
prototype of the multi-point absorber device has been 
manufactured followed as the design. Sea trial of 
the prototype has been made to verify the working principle 
and power output of the device during the summer of 2014. 
The result of the sea trial provides a good foundation for the 
optimization design of a second gap prototype device. 
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Abstract—  

Carnegie Wave Energy’s Perth Wave Energy Project used an 
array of bottom referenced heaving buoys point absorbers, CETO, 
to convert wave energy into hydraulic energy. This hydraulic 
energy was transmitted in a closed circuit to an onshore location 
for hydro-electric generation. Manipulation of hydraulic pressures 
according to prevailing wave state was key to the process’s 

efficiency. Using numerical modelling, a pressure look-up table 
was created for optimisation purposes, with Hs and Te as the 
coordinate variables. Wave state at the array was measured by a 1 
MHz Nortek AWAC. This provided directional wave statistics every 
20 minutes, which were used to select the control pressures.  The 
AWAC does not provide a real-time Te output, which meant that for 
a considerable period of time control pressures were optimised by 
trial and error.  Ultimately, an empirical estimate of Te was 
developed using Tm02, which is provided.  Estimated and measured 
(post-processed) Te were then compared, proving the estimate to be 
acceptable for automatically deriving the control pressures.  Other 
challenges included adjusting post-processing methods of the raw 
AWAC data to obtain the most accurate representation of the 
directional wave data. 
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I. INTRODUCTION 

Carnegie Wave Energy (Carnegie) is an ASX-listed 
renewable wave energy company based in Perth, Western 
Australia (WA), with wholly owned subsidiaries in the UK, 
Ireland and Chile. The focus of Carnegie is the CETO wave 
energy technology. The Perth Wave Energy Project (PWEP) 
used Carnegie’s robust ocean tested, independently verified 

and fully submerged CETO technology to convert wave 
energy into renewable electricity onshore. This project was 
designed to provide the world’s first demonstration and 

verification of a grid-connected wave energy array.  
The PWEP site off Garden Island provided an ideal pre-

production test site due to its exposure to open, medium 
intensity, wave conditions. There was also immediate 
proximity to Australia’s largest navy base, HMAS Stirling. 

The PWEP completed operations in December 2015, with 

over 14,000 cumulative operating hours spanning 12 months 
and all four seasons.  

At this small scale, the PWEP was not intended as a stand-
alone economic investment, rather its aim was to demonstrate 
the successful engineering, construction and operation of a 
grid-connected array, including the sale of power. It operated 
under a power purchase agreement with the Australian 
Department of Defence (DoD) and Western Australian 
wholesale electricity market.  

The PWEP consisted of three CETO Units in an array, 
hydraulic conditioning equipment, subsea pipelines to shore 
and an onshore power generation facility. The CETO 
technology operates as a bottom hinged point-absorber, 
converting wave energy into hydraulic energy in a closed 
circuit. The electrical generation equipment was situated at the 
onshore end of this circuit. For optimisation of control-
pressures, knowledge of the wave state at the location of the 
CETO array was required. This was accomplished by 
choosing the most suitable wave measurement device for the 
project and overcoming associated challenges. Particular 
focus was on the wave parameters used by the Process Control 
System (PCS). 

A. Controlling matrix for wave conditions 

The CETO power matrix is the controlling factor in the 
operation of the device. It is defined through modelled power 
output of the device over the Significant Wave Height (Hm0) 
and Energy Period (Te), binning in a matrix format. The use of 
Te as opposed to other wave period parameters is because it is 
less influenced by high frequency energy [1]. The bin value 
intervals of 0.5 m and 1 s for Hm0 and Te respectively were 
chosen based on recommendations in [2]. Following industry 
standards [1, 2], the onshore plant operators aimed to optimise 
the control pressures according to the prevailing Hm0 and Te.  
Using numerical modelling, an optimal pressure look-up table 
from the power matrix was created for this purpose, with Hm0 
and Te as the coordinate variables. 

II. CHOICE OF WAVE MEASUREMENT DEVICE 

A. Key Concepts 
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Wave sensors can be either non-directional or directional. 
Non-directional wave sensors measure (directly or through 
inference) the vertical displacement of the free surface and 
generate wave height and period estimates. Directional wave 
sensors add to these estimates of wave direction and the 
variability of the wave direction (spread). 

Directional wave sensors are designed to capture the three 
dimensional displacement of the free surface. From this raw 
data, wave estimates are computed. Directional wave sensors 
generally fall into three broad categories: 

1. Those that follow (or “ride”) the free surface (e.g. 

buoy-based accelerometers); 
2. Those that directly measure the free surface’s 

displacement (e.g. capacitance rods, radars, through-air 
ultrasonics, inverted echo sounders); 

3. Those that infer the free surface’s displacement (e.g. 

pressure sensors, buoy-based GPS, acoustic Doppler 
profilers).  

Each category has practical limitations that must be 
matched for the desired application. These include: 
installation depth, wave estimate type, data output 
frequency, target application, location accessibility, and 
cost. Table I summarises these limitations. 

TABLE I 
WAVE MEASUREMENT DEVICE INSTALLATION CONSIDERATIONS 

Factor Description 
Installation 
Depth 

Pressure-based sensors are often limited to 10-20 
m water depth due to depth-induced pressure 
attenuation rendering signals too weak for 
detection at greater depths. Additionally, deeper 
depths require more complex installation setup 
(often making use of mooring lines). 

Wave Estimate 
Type 

Some applications, such as inner harbors, do not 
often require knowledge of wave direction, which 
greatly simplifies the sensor and installation 
complexity. 

Data Output 
Frequency  

Real-time (online) data output is often desirable, 
but it comes at a considerable cost and complexity 
when compared to autonomous (standalone) 
installations. 

Target 
Application 

Operational users tend to favour timely and 
consistent data delivery over high precision and 
resolution, especially as it pertains to wave 
direction. 

Location 
Accessibility 

As waves are actually computed estimates based 
on raw free surface displacement data, where 
(geographically) a sensor is located can have a 
significant impact on the quality of data it 
produces. 

Cost Although sensor cost has reduced significantly 
over the last 30 years, wave sensors may account 
for the single largest sensor cost of a typical 
engineering project 

 
For the PWEP, Carnegie required a system to collect near 

real-time directional wave estimates in approximately 24 m of 
water, delivering data once every 20 minutes. Target waves 
were wind-driven, typical of the southwest Australian 
coastline, with Peak Period (Tp) in the 6 – 14 s range and Hm0 

ranging between 1 – 3 m. These ranges were determined 
based on measurements from a Triaxys directional wave buoy 
deployed at the PWEP site in 2009. 

The considerations in the selection of a suitable product 
were: 

 A subsea power and communications network was 
planned for the project, so an opportunity existed to 
power and communicate with a wave sensor using this 
network, voiding the need for batteries and paid 
telecommunications services (satellite).  

 It was desirable to have the sensor mounted on the sea 
floor or to a fixed subsea structure, principally to 
reduce the chance of collision with marine traffic and 
simplify the manoeuvres of logistical vessels around 
the CETO array. Such a location is also less vulnerable 
to storms and malicious interference. Furthermore, 
with greater depth there is generally a slower rate of 
biofouling, reducing the need for maintenance [3]. 

 Knowledge of the tidal variations, current speed and 
direction, whilst not essential, could prove useful in the 
analysis of the CETO Unit behaviour. 

B. Instrument and Measurement Description 

In view of these requirements and considerations, 
Carnegie’s project team opted for Nortek’s AWAC (Acoustic 
Wave And Current) as the wave sensor. The site depth and 
location was such that divers were able to perform the 
installation and removal.  

The AWAC is an acoustic Doppler current profiler (ADCP) 
that measures the three dimensional displacement of the free 
surface using acoustic technology.  The AWAC has an 
extensive track record of deployment in real-time applications, 
and has also been used in long term applications [4, 5].   

For non-directional or energy spectra, the AWAC employs 
three independent measurement techniques: pressure-based, 
velocity-based or Acoustic Surface Tracking (AST).  The first 
technique, pressure-based, relies on the on-board pressure 
sensor to measure the dynamic pressure induced by the waves, 
coupled with knowledge of the instrument’s height above the 

bottom.  A wave-generated dynamic pressure signal is 
attenuated with increased depth and shorter wavelength 
(frequency); therefore, it must be properly converted to 
surface elevation through a transfer function. The second 
technique, velocity-based, relies on measurement of the wave 
orbital velocity in a specially-located depth cell higher in the 
water column.  Similar to pressure, velocity-based 
measurements are also attenuated by depth (both in the 
amount of energy and frequency) and therefore must be 
converted to a surface signal through a transfer function.  
Lastly, AST-based measurements rely on a central acoustic 
beam that operates similarly to an inverted echosounder, thus 
offering a direct measurement of the relative vertical 
displacement of the free surface without constraints from 
attenuation of wave properties with increased depth.  Clear 
examples of wave computation between these three 
techniques is discussed in [6].  Operational implications of 
this are discussed in Section IV. 
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AWAC users have the option of computing the wave 
energy spectrum based on either one of these three methods, 
or using an “optimized” approach.  In this optimized approach, 

the AST-based technique is used in all cases unless the 
AWAC’s processing algorithm identifies outliers in > 10 % of 
the AST-based data for any given burst sequence.  When this 
happens, the energy spectrum is computed with the pressure 
data (when the water depth is < 20 m) or with the velocity 
data (when the water depth is > 20 m). 

For the directional wave estimates, the AWAC uses the 
horizontal (U, V) components of the wave orbital velocities, 
with a Maximum Likelihood Method (MLM) processing 
method, as detailed by [6, 7] and references therein. 

To maximise energy production, active compensation of 
the CETO’s operational parameters in response to the 

prevailing wave conditions was required. The AWAC 
provides two approaches for real-time wave estimates: 
through an onshore server-based software called SeaState, or 
through an on-board (inside the AWAC) processing and 
logging device called ProLog. Both SeaState and the ProLog 
utilise identical processing methods, with slightly different 
output parameters. One difference between the two 
approaches is the ProLog provides wave energy spectra output 
in real-time, while SeaState does not. For the PWEP, the 
SeaState approach was used. 

III. INTEGRATION OF WAVE SENSOR INTO THE PWEP 

The AWAC was positioned approximately 50 m upwave 
from a selected CETO Unit. It was mounted in a trawl 
resistant structure fitted with a gimbal, in consideration of the 
local fishing industry, recreational boat users and sandy 
foundation prone to undermining (see Figure 1).  Analysis of 
tilt feedback showed the instrument to be within +/- 5° of 
vertical throughout deployment, with just a small exception 
within the first month (this data was discarded from 
subsequent analysis).  

 

 
Figure 1. Nortek AWAC mounted within trawl-resistant frame, showing cable 

for signal and power (prior to deployment). 

Using a static subsea cable, the AWAC was connected to a 
node of the subsea power and communications network 
located on the CETO Unit’s accompanying Pod (a hydraulics 
module). Communication between the underwater node and 
on-shore PCS was established via an Ethernet network.  As 
both the AWAC and accompanying SeaState server expect a 
direct serial connection (either RS-232 or RS-422, but RS-422 
in this case), the simplest and cheapest solution was to use 
serial port servers at both ends of the Ethernet network, 
making the network effectively transparent.  These servers 
acted as RS-422/Ethernet converters.  This bespoke 
arrangement, designed by Carnegie, functioned over a 
distance of approximately 3.2 km.  

Perpetuating common practice, the AWAC was configured 
to measure in 20 minute intervals. This consisted of a 120 s 
current averaging interval, followed by a 1024 s wave burst 
sampling at 1 Hz.  During the complement of 56 s, the AWAC 
was idle. 

Upon receipt of the current and wave data from the 
AWAC, the SeaState software processed the raw data from 
each wave burst, generated all wave estimates and wrote the 
data to the host PC.  The PCS monitored these data for 
changes and extracted Hm0 and Mean Wave Period (Tm02). The 
values were used to regulate the hydraulic pressures 
controlling wave energy absorption by the CETO Units.  
Ideally Te would have been used, but this is not an output of 
SeaState.  Eventually, additional software (Nortek’s Storm) 

was used to post-process the raw wave data and obtain the full 
energy spectrum from which Te could be computed.  An 
empirical relationship between Tm02 and Te was then 
developed. This was implemented in the PCS at a later stage, 
so for the majority of the project, only Tm02 was available in 
near real-time.  

IV. DIFFICULTIES ENCOUNTERED AND SOLUTIONS 

A. Absence of Te in real-time data 

Carnegie’s operational philosophy for their CETO system 

is based on the spectral characteristics Hm0 and Te, but the 
server software SeaState supplied by Nortek does not provide 
a real-time Te output. As a result, the control pressures were 
initially optimised by trial and error, without the benefit of an 
initial estimate. Ultimately, an empirical estimate of Te was 
developed using the Tm02, which is provided by SeaState. Two 
methodologies were investigated: defining the wave period 
ratio (WPR), which is a relation between Hm0 and the ratio 
between Te and Tm02, and defining a direct relation between Te 
and Tm02. Theoretical consideration of a WPR are detailed in 
[8].  

Figure 2 and Figure 3 show the fitted curves (4th order 
polynomial) characterising these relations. It is important to 
note that in the case of the WPR, although the standard error 
on the ratio appears to be lower, it has to be multiplied by the 
value of Tm02 to get the error on Te. Accounting for this, Tm02 
greater than 6 s results in a greater error on Te when using the 
WPR method. The preferred method was therefore the direct 
relationship between Te and Tm02. The relationship was made 
into a piecewise function using 1st order polynomial functions 
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on either ends of the Tm02 range, as the rapid divergence of the 
4th order polynomial was not acceptable for an automated 
control system.  

 
Figure 2. Direct relation between Tm02 and Te 

 

Figure 3. Relationship between Hm0 and WPR 

B. Variability Between Measurement Techniques 

Variations in the computed wave parameters were 
observed based on which measurement technique was used 
during the post-processing analysis (pressure, velocity or 
AST).  This was expected given the installation depth (~24 m 
for the PWEP) and the fact that both pressure and wave orbital 
velocity signals attenuate exponentially with increased depth 
and shorter wavelengths. On the other hand, AST-based 
measurements suffer only a small limitation based on the 
footprint diameter of the AST beam on the surface [7]. 
Additionally, as pressure is measured at the sensor near the 
bottom and velocity closer to the surface, the rate of 
attenuation also differs between these two and consequently 
how the transfer function is applied 

 
Figure 4. Time series of wave parameters (Hm0, Tm02, and Tp) computed by the 

three available methods, and corresponding percentage of bad AST surface 
detects during high wave energy conditions in August 2015 

AST-based measurements rely on a clear surface detection 
and at times this is not possible.  When > 10% of the surface 
detection pings fail to return a valid measurement, the AWAC 
switches to either pressure (when depth < 20 m) or velocity 
(when depth > 20 m).  For most wave measurement 
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applications, this is an acceptable and minor issue, as all three 
estimates can be deemed correct, only band-limited at 
different frequencies.  But for the operationally-focused 
PWEP it posed a bigger challenge to the PCS, as spectra-
derived parameters could result in noticeable variability based 
on which technique was used (Figure 4). This was also the 
case for spectra-derived Te calculated by post-processing. At 
the PWEP’s water depth, both pressure and velocity were 
significantly band-limited to lower frequency waves that were 
largely swell driven and hence less likely to change between 
two 20 minute intervals.  Compensation for this limitation was  
unwittingly achieved by operators optimising energy 
absorption by trial and error. 

C. High Hm0 Estimation Uncertainty 

Over winter storm periods in August 2015 it was noticed 
that bad AST surface detection was occurring when Hm0 
exceeded 2 m. A check of all quality parameters did not return 
any root cause for this, with the only exception being the 
natural limitations of the 1 MHz carrier frequency of the 
AWAC used in the PWEP in conjunction with the water depth 
and large waves (see Figure 4).  The increased height of the 
water column due to the storm and wave climate would 
occasionally push the surface detection ability of the 1 MHz 
AWAC to its operational limit.  Furthermore, the increased 
wave activity meant the ocean surface became more aerated  
and therefore acoustically more difficult to detect. As a 
consequence, the AST beam became less effective in 
accurately tracking the surface.  It is noteworthy, however, 
that for the period centred on the data in Figure 4 (mid-July to 
mid-September, 2015) only 16 out of the 4231 total wave 
bursts collected were classified as “Bad AST Detects”, 

representing only 0.4% of the data during this time. 
To address this in future applications, especially at deeper 

depths, the observation that the lower frequency version of the 
AWAC normally has better AST-based performance at depths 
greater than 20-30 m [7, 9] could be considered.  This is due 
to its lower carrier frequency (600 vs. 1000 kHz) and also the 
larger transducer diameter for the AST beam (75 vs. 50 mm). 

It should be noted, however, that when AST-based 
measurement suffer higher surface detection loss, as a result 
of storm activity, this generally coincides with higher energy 
events and therefore stronger pressure and velocity signals 
deeper in the water column.  Thus the substitution of AST-
based measurements for either pressure or velocity 
measurements often causes less variability than when the 
wave climate is less severe.   

D. Instantaneous changes in Peak Period  

Instantaneous peaks and troughs in Tp values were noted 
throughout some of the retrieved AWAC data when using the 
optimised post-processing method in Storm. This can be seen 
in the Tp time series in Figure 4 (see afternoon of Aug. 7, 
2015). The optimised post-processing method can include 
AST, pressure or velocity processing of the raw data 
depending on which provides better quality data for the wave 
burst in question.  When the data was being used to classify 
the sea state throughout the project, this caused some 

confusion as to the usable Tp value for analysis. It was found 
that this occurred when dual-peak wave spectra were being 
processed, where two concurrent wave states were competing 
for the highest spectral amplitude, and therefore for the Tp 
characteristic.  Figure 5 shows an example of one such energy 
spectrum from the onset of the storm depicted in Figure 4.  As 
the AST-based method was capable of detecting higher 
frequency waves better than both the pressure and velocity-
based methods, it could capture the energy in these smaller 
waves earlier, therefore defining better the energy spectrum.  
Both pressure and velocity-based methods were unable to pick 
up the energy shown on the right side peak of Figure 5 until 
the sea state became further developed. 

 
Figure 5. Sample energy spectrum calculated using AST (blue), Velocity 

(red) and Pressure (green) 

The processing within Storm is able to be restricted to 
different wave bands for visualisation purposes, but is not 
necessary. This can be done through higher frequency waves 
being processed using AST methods and lower frequencies 
using pressure or velocity (depth dependent) and merging 
together to form the energy spectra. Aside from visualisation 
purposes, the separation of the wave spectra into sea and swell 
waves is an output which Carnegie believe could be useful for 
an improved Tp distinction. Alternatively, inclusion of Te 
would be the most significant enhancement, as these 
instantaneous changes highlight that Tp is not a consistent 
wave period parameter to consider for Wave Energy 
Convertor (WEC) control on a real-time operational basis.  
For characterisation of the sea state at a site and avoiding 
further post processing, this is would be very useful 
information to WEC developers.     

V. FUTURE PLANS 

Carnegie will soon be deploying the next generation of the 
CETO technology at a deeper site (30-35 m).  The 6th 
generation of CETO will involve on-board electrical 
generation and be required to continue functioning in the 
absence of communications with any onshore systems.  This 
means that each CETO Unit has to acquire the critical wave 
statistics (Hm0 and Te) from a sensor in one of three ways: (i) 
directly from the wave sensor, (ii) from some subsea 
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processing node, or (iii) by processing raw data from the 
sensor itself. 

For these reasons, Carnegie is considering a lower 
frequency version of the AWAC, with an on-board ProLog 
device.  The combination of lower frequency (600 kHz vs. 
1000 kHz for the PWEP project) and larger centre transducer 
(75 mm vs. 50 mm) has been shown to allow for installations 
in as much as 60 m of water [7].  The ProLog option performs 
real-time directional wave processing, data reduction and, 
more importantly, outputs the Wave Energy Spectra from 
which all other wave estimates can be computed.  This is 
important as the Energy Period, Te, is the critical wave 
estimate for WEC optimization. 
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Abstract— Thailand energy consumption has increased due to the expansion of economic. 
The renewable energy consumption remains small, which is 8.3% of energy consumption in 
Thailand, when compare to oil consumption. From that reason Thailand need to find an 
alternative energy such as renewable energy. One of interesting renewable energy is ocean 
wave energy. Ocean wave energy can be used to generate the electricity without the 
limitation of time. Thailand has Gulf of Thailand and Andaman Sea press on two sides. The 
numerical model used in this study called Simulated WAves Nearshore (SWAN). This model 
use to determine the characteristic of ocean wave includes ocean wave height. The significant 
wave height is evaluated to find the natural potential of natural ocean wave energy in both 
Gulf of Thailand and Andaman Sea over 10-year (2005 to 2015). ETOPO1 is used as a 
bathymetry data used in this study. Wind data used in this study are from NOGAPs and 
NAVGEM, which NOGAPs used from 2005 until February 2013 and after that until 2015, 
used NAVGEM. The results from this study show the seasonal wave energy map for Gulf of 
Thailand and Andaman Sea. Andaman Sea can give the wave energy more than Gulf of 
Thailand due to significant wave height is higher. The ocean wave energy mostly found 
during Southwest monsoon in Gulf of Thailand and Andaman Sea. Whereas the highest wave 
energy is different in each area. The highest potential of wave power in Gulf of Thailand was 
found in Northeast Monsoon and the highest wave energy in Andaman Sea was found in 
Southwest Monsoon. 
 

 

242



The Role of Test and Demonstration Centres 
in Supporting Ocean Energy in Japan and 

Asia, Introduction of Nagasaki-Asia Marine 
Energy Centre 

  
Mr Kiyohiko Ko 

 
Internationally there are several test centres and demonstration facilities 

for ocean renewables playing an important role in supporting the development 
of the sector but few of these are in Asia. 

In 2014 the Government of Japan selected 3 locations within Nagasaki 
Prefecture to host test and demonstration facilities for offshore 

renewables. 
As well as reviewing the case and need for test centres the up-to-date 
efforts for establishing the tidal and floating offshore wind Nagasaki - 

Asia Marine Energy Centre are introduced in this paper. 
This will include details of the part-scale and full-scale tidal energy 

locations, the floating offshore wind zone, infrastructure, resource data, 
the business model and opportunities for developers and stakeholders. 
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