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1. INTRODUCTION
• Ocean renewable energy (ORE) = all forms of
energy derived directly from the seas and
oceans
• Wave, tidal, ocean current, ocean thermal
energy conversion (OTEC), and salinity
gradients
• Offshore aquaculture presents a potential
market for ORE
 Aquaculture is a continually growing
industry and is moving further offshore
(Di Trapani et al. 2014; Soto and Wurmann 2019; FAO 2020)

 Increased potential for ORE to supply
power
 Provides opportunities for sustainable
marine development through co-location of
activities

Illustration by Molly Grear (PNNL) from LiVecchi et al. (2019) (MRE = marine renewable energy)
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1. INTRODUCTION

Image courtesy of Guinard Énergies Nouvelles

Goal: Assess offshore aquaculture as a key market for ORE
• Evaluate ORE for use with aquaculture
• Identify available information on aquaculture power requirements
• Present case studies – pilot projects and research
• Describe challenges and opportunities
• Provide recommendations
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INTERNATIONAL COLLABORATION
• Coordinate with other nations to better understand aquaculture, power
requirements, and potential suitability of ORE to meet requirements
• Outreach to OES Executive Committee for country contacts

 Nations engaged:
 OES nations: Australia, Canada, China, France, Ireland, Japan, Singapore, Spain,
the United Kingdom, and the United States
 Non-OES nations: Belgium, Chile, Norway, Philippines

• Collaborated with Aquatera Ltd. (United Kingdom) and Universidad Austral de
Chile (Chile)
• Contacted ORE developers and aquaculture operators internationally
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2. ORE TECHNOLOGIES AND TECHNICAL ATTRIBUTES FOR COLOCATION
• Reviewed ORE resources and technologies: wave, tidal, ocean current, OTEC, and
salinity gradients
 Included other renewables: solar photovoltaic (PV), offshore wind
• Large diversity of technologies
 Allows for various applications and locations
 But differences in technology readiness levels (TRLs) that may impact useability
 Tidal and wave technologies = highest TRLs
Ji et al. (2016)
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2. ORE TECHNOLOGIES AND TECHNICAL ATTRIBUTES FOR COLOCATION
• Common advantages for using renewable sources of energy for
aquaculture:
 Reduce or remove requirements for fuel
 Avoid potential for spills and associated environmental
impacts
 Save cost (onsite resources)
 Integrate other energy systems: hybrid, hydrogen, batteries
 Scalable technologies for small and large aquaculture
operations (this does not include tidal impoundment)

Image courtesy of Oscilla Power

Image courtesy of Sabella

• Common challenges:
 High cost of technology
 High energy sites may not be ideal/suitable
 Some technologies still in early stages of development
 Resource variability and/or intermittency
Image courtesy of OceanBased Perpetual Energy 6

Image courtesy of Aqua Power Technologies

Image courtesy of OceanBased Perpetual Energy

Image courtesy of Natural Energy Laboratory Hawaii Authority
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3. AQUACULTURE: CURRENT STATUS AND ENERGY NEEDS
• Aquaculture: cultivation of seaweed, crustaceans, shellfish, and finfish

 Accounts for just under 50% of global fish production (includes both land- and marine-based)

• In 2018, marine aquaculture produced about 30 million tonnes globally (FAO 2020)
• Offshore aquaculture is a novel aspect of the sector
 No standard definition for “offshore” (Froehlich et al. 2017)

• Only a small number of operations to date, examples
include:

 Norway’s Ocean Farm 1 – 30 km off the coast, capacity for
1 million salmon (~6,000 tonnes) (Jin et al. 2021; SalMar 2021)
 China’s Deep Blue 1 – 48 km off the coast, capacity for
200,000 salmon (~1,000 tonnes) (Evans 2021)

• Other developments being considered including many
novel designs and ideas for offshore farming

Image of Ocean Farm 1 in Norway
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3. AQUACULTURE: CURRENT STATUS AND ENERGY NEEDS
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3. AQUACULTURE: CURRENT STATUS AND ENERGY NEEDS
Finfish aquaculture
Australia - Atlantic salmon
• Modeled energy
requirements offshore
operation
• 10,000 head-on-gutted
tonnes per year
• 9,000 kWh per day for
feeding and diesel power
and 6,000 kWh/day for
other operations
Values in kWh / percentage of energy use

(Hemer et al. 2020)
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3. AQUACULTURE: CURRENT STATUS AND ENERGY NEEDS
Finfish aquaculture

Chile - Atlantic salmon
• Nearshore operation
• Production capacity of
25,000–60,000 fish
• Cumulative energy
demand of 371 kWh/day
(pers. comm. Gonzalo Tampier, 2021)

Values in kWh / percentage of energy use
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3. AQUACULTURE: CURRENT STATUS AND ENERGY NEEDS
Finfish aquaculture

Norway - Atlantic salmon
• Nearshore operation
• 3,120 tonnes production
capacity
• Average cumulative energy
demand of 700 kWh/day
(Møller 2019)

Values in kWh / percentage of energy use
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3. AQUACULTURE: CURRENT STATUS AND ENERGY NEEDS
Finfish aquaculture

Singapore - Asian seabass
• Marine-based, enclosed
system
• 166 tonnes annual
production capacity
• Cumulative energy
demand of 9,416 kWh/day
(Leow 2021; pers. comms. Ban Tat Leow 2021)

Values in kWh / percentage of energy use
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3. AQUACULTURE: CURRENT STATUS AND ENERGY NEEDS
Shellfish aquaculture

Values in kWh / percentage of energy use

Scotland - Pacific oyster
•
•

Based on several Scotland farms
Average annual energy demand
343 kWh/day

Scotland - Blue Mussel
•
(SARF 2012)

•

Based on several Scotland
farms
Average annual energy demand
1,224 kWh/day
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3. AQUACULTURE: CURRENT STATUS AND ENERGY NEEDS
• Difference in energy use across
countries that farmed the same
species

Energy Use for Aquaculture by Species and Country
(kWh/tonne)

 Different practices: nearshore
vs. offshore farms
• Difference in energy use across
farmed species
 Different operational needs
 Vessels use included in all
shellfish operations
• High energy use for Asian seabass
due to operational needs
• Further research is needed on energy use across farmed species and countries
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4. CASE STUDIES AND LESSONS LEARNED
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4. CASE STUDIES AND LESSONS LEARNED
Aqua Power Technologies – Nearshore finfish aquaculture and wave energy
Scotland
• 4.6 kW MANTA energy device designed for remote installations
• Project by Aqua Power Technologies and Scottish Sea Farms
• 2018: one device installed in Atlantic salmon farm in Clift
Sound, Scotland
• Salmon farm had a permit for the area
 No additional licensing required for the device
• Device installed for 18 months and produced 11 MW of power
• Salmon farm used the device to feed into their system for lowpower operations (Offshore Energy 2018)
• Project ended in 2020 - Aqua Power Technologies is continuing
efforts to provide power to aquaculture systems

Image courtesy of Aqua Power Technologies

(Aqua Power Technologies Limited 2022; pers. comm. Sam Etherington, 2022)
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4. CASE STUDIES AND LESSONS LEARNED
Hawaii Ocean Science and Technology Park – Onshore aquaculture and OTEC
United States
• Founded in 1974 by the Natural Energy Laboratory Authority
of Hawaii (Deringer 2018)
• Site operations in the park are powered using a range of
renewable energy technologies
• Ideal location for OTEC
 Closed-cycle OTEC system generated 105 kW and was
integrated into the grid
 Decommissioned due to high operating costs
• Other heat exchanger projects
 Provide cold, deep, nutrient-rich water for onshore
aquaculture production sites
(crustaceans, microalgae, shellfish)

Image courtesy of the Natural Energy Laboratory of Hawaii Authority

• Solar PV also used to power microalgae production
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4. CASE STUDIES AND LESSONS LEARNED
Penghu – Offshore finfish aquaculture and wave energy with solar PV
China
• Sharp Eagle WEC developed by the Guangzhou Institute of
Energy Conversion Chinese Academy of Sciences for
offshore aquaculture
• WEC integrated with the platform “Penghu” deployed in 2019
(Ma et al. 2022)

• 60 kW of wave energy and 60 kW of solar energy
 Power for crew quarters, automated bait casting,
monitoring, fish transmission, ice making, seawater
desalination
• WEC can fulfill the energy needs of a 10,000-20,000
offshore cage (OES 2021)

m3

Image courtesy of the Guangzhou Institute of Energy Conversion
Chinese Academy of Sciences
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4. CASE STUDIES AND LESSONS LEARNED
Carnegie Clean Energy – Offshore aquaculture and wave energy
Australia
• Developed by Carnegie Clean Energy, BE CRC, and
industry partners in 2021
• 3-year project to create a novel WEC for use in offshore
environments
• Primary market: energy-intensive offshore aquaculture
operations
 Feed barges, diesel-powered vessels
• Based on the CETO point absorber WEC buoy
• Power capacity planned: 1.5 MW per buoy
(Carnegie Clean Energy 2022)

• Planned deployment of a demonstration MoorPower wave
energy device offshore the Carnegie research facility
(North Fremantle, Western Australia)

Image courtesy of Carnegie Clean Energy
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4. CASE STUDIES AND LESSONS LEARNED
• In situ projects demonstrated success and overall viability to deliver power for
aquaculture operations
 e.g., wave energy for finfish aquaculture, OTEC for onshore aquaculture
• Main challenges to pursue research or pilot projects:
 Lack of funding and investment
 High cost of renewable energy technologies
 Uncertain effects of an ORE device on the aquaculture system, animals farmed, and
surrounding environment
 Lengthy permitting and regulatory processes
 Easier to deploy in a leased farm site

Singapore

Cyprus

France

Wales

Images courtesy of M. Abundo, Resen Waves, Guinard Énergies Nouvelles, Wave Dragon 21

5. OPPORTUNITIES AND CHALLENGES
• ORE and offshore aquaculture are new industries
 Opportunities and challenges can be identified from previous research projects, analogous industries,
and case studies
• Research projects: multi-use platforms in Europe (MARIBE, TROPOS, MUSES, MERMAID, UNITED)
“Joint intentional use of resources in close geographic proximity” (single or multiple uses)
 Marine uses: fisheries, aquaculture, tourism, ORE, offshore wind, etc.

Zaucha et al. (2016)

• Main findings
 Stakeholders engaged in development of platforms’ design
 Selection and planning methodologies transferable between sites
 Technical methodologies: site specific and dependent on social
components and licensing regulations
 High cost of offshore equipment (limited investment)
 Wave energy and aquaculture: cost saving related to shared
operations and maintenance, limited environmental effects,
guaranteed sale of electricity
Illustrations by Molly Grear, PNNL

22

5. OPPORTUNITIES AND CHALLENGES
Australia
• Large ORE resources: wave (1,800 TWh/yr) and tidal (2,000 TWh/yr)
(Hemer et al. 2017)

• Aquaculture sector accounts for 36% of total seafood production
 Salmonids are the most valuable
 98% of salmonid production value from Tasmania (ABARES 2018)

www.blueeconomycrc.com.au

• Blue Economy Cooperative Research Centre
(BE CRC)
 40 industry, government, and research partners
from ten countries
 Research focus on aquaculture, marine
renewable energy, maritime engineering,
environmental assessments and policy and
regulation
 Offshore developments with integrated systems for
Atlantic salmon production that will use ORE
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5. OPPORTUNITIES AND CHALLENGES
Chile
• Large wave resources (200 GW)
• Marine Energy Research and Innovation Center (MERIC)
 WEC pilot project for several applications such as aquaculture
• Top 10 aquaculture exporters, second largest salmon producer (FAO 2020)
• Need for clean energy in the aquaculture sector identified in the secretarial roadmaps and long-term
strategies (Alvial et al. 2021)
• Ocean Arks Tech offshore aquaculture vessel concept: production up to 3,900 tonnes of fish

Offshore finfish farm concept - Ocean Arks Tech

24

5. OPPORTUNITIES AND CHALLENGES
Philippines
•
•
•
•

Estimated ORE resource potential of 170 GW: wave, tidal, OTEC (Quirapas et al. 2015)
Aquaculture helps address the challenges of poverty (Palanca-Tan 2018)
Suitable aquaculture areas are the most remote, off-grid areas
Several national programs and initiatives promoting the use of sustainable energy

• Challenges in using ORE for aquaculture
 High capital cost to install, maintain, and repair ORE infrastructures
 Lack of equipment and support infrastructure
 Need trained professionals for installation, operation, and maintenance

Images courtesy of OceanPixel Pte. Ltd
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5. OPPORTUNITIES AND CHALLENGES
United States
• Large potential of ORE resources: 2,300 TWh/yr across all 50 states (wave, tidal, ocean current, OTEC)
and additional potential across US territories
(Kilcher et al. 2021)

• 70 to 85% of imported seafood: continued interest in growing aquaculture sector
• Increased policy support from the US government for offshore aquaculture
 Aquaculture Opportunity Areas to aid siting
(Morris et al. 2021; Riley et al. 2021)

• Support from the US Department of Energy to assess the feasibility
for co-locating wave energy and offshore aquaculture
 Identified areas with adequate wave resources for wave energy
and favorable conditions for aquaculture operations

Garavelli et al., under review
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5. OPPORTUNITIES AND CHALLENGES
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6. RECOMMENDATIONS
• Recommendations identified based on information
gathered in the report
• Highlighted three themes:
1. Technical and operational processes

Oyster farm

Includes daily operations, monitoring, maintenance, safety,
device/system technology, etc.

2. Regulatory processes
Includes planning, siting, licensing, consenting (or
permitting), and authorization; understanding
environmental and social effects; etc.

3. Economic impact

Floating fish farm, Singapore

Includes economic effects (supply chain, local job creation,
etc.), funding, investment, cost of technologies, etc.

Sea cage aquaculture, Australia
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6. RECOMMENDATIONS
• Technical and operational processes

 Energy needs of aquaculture operations – finer resolution data,
energy needs profiles, consistency in reporting
 Hybrid systems – ensure continuous supply of energy by combining
ORE with other sources of energy; hybrid barges

• Regulatory processes

 Environmental and social effects – understand impacts, develop
consistent data collection methods and compare between projects
 Engagement with aquaculture stakeholders – identify communities,
transparent and early processes, policies to enable co-location
 Planning and licensing – frameworks that foster co-location,
roadmap for co-location

Shetland Mussels Ltd – Mussels farm, Scotland

• Economic impact

 Need funding/investment support especially from governments
 Promote research studies and pilot co-located projects
Ocean Era – Fish farm, Hawaii, US

•

Need for international collaboration and information exchange to identify knowledge gaps, lessons
learned, challenges to overcome, and help develop research agendas
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REPORT NOW
AVAILABLE
https://www.ocean-energy-systems.org/publications/oesdocuments/market-policy-/document/offshore-aquaculture-amarket-for-ocean-renewable-energy./

For more information on the OES Alternative Market for
Ocean Energy tasks: https://www.ocean-energysystems.org/oes-projects/alternative-markets-for-oceanenergy/
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THANK YOU!
Mikaela Freeman
(mikaela.freeman@pnnl.gov)

Eloise Wilson
(eloise.wilson@csiro.au)

Lysel Garavelli
(lysel.garavelli@pnnl.gov)

Mark Hemer
(mark.hemer@csiro.au)

Michael Abundo

Ed Travis

(mike@oceanpixel.org)

(ed@oceanpixel.org)
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