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Executive Summary 
As the likelihood of flooding and damaging coastal erosion grows, so too does the need for new 
and expanded coastal defense structures such as sea walls, breakwaters, and harbors. According 
to the National Oceanic and Atmospheric Administration, 39% of the U.S. population lives in 
coastal counties that are at risk from coastal erosion and flooding, and 40% of those residents are 
at elevated coastal hazard risk. While coastal defense infrastructure projects are mature 
engineering technologies, costs remain high.  

One option for reducing lifetime costs and increasing net potential benefits of such coastal 
defense infrastructure is to incorporate a wave energy converter (WEC) element into them—
otherwise known as coastal structure integrated wave energy converters (CSI-WECs). This 
report investigates the promise and potential of CSI-WECs, which to date have been a largely 
underexplored application for wave energy in the United States. 

Because coastal defense structures are generally deployed in places with significant wave 
resources, CSI-WECs could generate energy for local communities for a variety of applications 
while also enhancing their resilience. With an estimated total of 2,640 terawatt-hours per year of 
wave energy on U.S. coasts and 14% of the U.S. coastline currently hardened with coastal 
defense structures, this latent energy could benefit coastal communities if even a small 
percentage of it could be harvested. 

Marine energy is considered, in most cases, to be a high-risk, high-reward effort. However, the 
research team proposes that CSI-WECs are a relatively low-risk, high-reward approach to 
harvesting marine energy. By deploying the devices on or near the shore and integrating them 
into coastal structures such as breakwaters or harbors, there is less overall project risk compared 
to wave energy deployments farther offshore.  

CSI-WECs leverage the design and economic advantages of being onshore, such as reduced 
costs for cabling, operations, and maintenance. Moreover, should challenges arise from the 
energy-generation element, the shore and coastal communities remain protected, as the coastal 
infrastructure would remain intact. Because coastal structures are primarily designed for coastal 
defense and resiliency, integrating a WEC into coastal structures can add untapped value (via 
energy generation potential) without changing their primary design purpose.  

The research team proposes that CSI-WECs are a high-value marine energy application that have 
been largely overlooked thus far in the United States. CSI-WECs are a unique marine energy 
technology that can meet a range of end-use applications—both on- and off-grid—as 
demonstrated by successful international deployments. This suggests that there is substantial 
potential for their implementation in U.S. coastal communities.  

The purpose of this report is to explore the full value proposition of CSI-WECs in the United 
States. The report provides background information on the state of the art of the technology as 
well as a summary of important technology developments and a review of devices currently in 
operation.  
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We present an end-use, application-focused case study in which four U.S. sites are selected for 
their high-value CSI-WEC deployment potential: Puerto Rico, Hawaii, the Pribilof Islands of 
Alaska, and Humboldt Bay, California. For each of these sites, three developers—Eco Wave 
Power, Wave Swell Energy, and the combined efforts of Professor Diego Vicinanza and 
Professor Pasquale Contestabile—conducted an energy production analysis of their technologies 
for the four selected sites. 

Initial results indicate significant near-term potential in the development and deployment of these 
solutions, with annual energy production in a range of tens of megawatt-hours per year for each 
device under normalized 10-meter (m) deployments. These findings were valid even in areas 
considered to have lower wave energy density. For areas with higher energy density, however, 
the potential was found to be hundreds of megawatt-hours per year. All devices included in the 
analysis are highly scalable, and deployments have the potential of reaching microgrid- or grid-
scale (multiple gigawatt-hours per year) generation given sufficient linear space.  

Additionally, through this work, the research team developed a geographic information system 
(GIS)-based tool to support efficient and comprehensive site assessment for optimal and high-
value deployments. The parameters and framework of this tool are discussed using Puerto Rico 
as an example case. The output is a heat map of suitable sites based on the ranking of geospatial 
data input into the tool, which can be used as a visual for community engagement during the site 
selection process. 

To further support the value proposition investigation of CSI-WECs, the research team 
performed a techno-economic assessment for a hypothetical CSI-WEC deployment at the 
Humbolt Bay site, showing that there can be favorable returns on a CSI-WEC investment when 
coupled with applications or deployments where the value of energy is high. For all developer 
devices and a dollar-per-kilowatt-hour value of $0.20, the initial capital investment is returned 
within 5 to 6 years, with potentially millions of dollars’ worth of energy generated over a 20-year 
time frame. The team also identified possible funding opportunities and pathways that could 
support the deployment of CSI-WECs in the United States. 

CSI-WECs can provide locally generated energy for a multitude of high-value applications, all 
while increasing community defense through coastal protection and coastal hardening. Though 
further development, demonstration, and analysis are required, the technology presents an 
opportunity for the advancement of water power technologies in the United States while adding 
value to coastal infrastructure projects. 
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1 Introduction  
The growing likelihood of flooding and damaging coastal erosion means that there is an urgent 
need for new and expanded coastal defense structures such as sea walls, breakwaters, and 
harbors. According to the National Oceanic and Atmospheric Administration (NOAA), 39% of 
the U.S. population lives in coastal counties that are at risk from coastal erosion flooding, and 
40% of those residents are at elevated coastal hazard risk. While coastal defense infrastructure 
projects are mature engineering technologies, costs remain high.  

One option for reducing lifetime costs and increasing net potential benefits is to incorporate a 
wave energy converter (WEC) element into coastal defense infrastructure designs—otherwise 
known as coastal structure integrated wave energy converters (CSI-WECs). Because coastal 
defense structures will generally be deployed in higher-wave-energy areas, the energy harvested 
by CSI-WECs could be used by local communities for a variety of applications while also 
enhancing local resilience. With an estimated total of 2,640 terawatt-hours per year of wave 
energy on U.S. coasts and 14% of the U.S. coastline currently hardened with coastal defense 
structures, this latent energy could provide significant benefits to coastal communities if even a 
small percentage of it could be harvested (Figure 1).  

The technology’s current state suggests that smaller-scale (rather than grid-scale) applications 
may be more applicable and valuable to remote and island communities. However, through 
focused development and the increasing integration of distributed microgrids, CSI-WECs could 
become part of a grid-scale energy portfolio, as is the case for the Mutriku oscillating water 
column (OWC) power plant in Spain and the Korea Research Institute of Ships and Ocean 
Engineering breakwater-integrated OWC in Korea (Kim et al. 2023) (see Section 2.2). In either 
case, additional benefits to coastal resiliency may include both coastal protection and resilient 
power supply for critical functions following extreme weather events. 

CSI-WEC demonstrations have proven sustained operation in their primary roles as breakwaters, 
with installed capacities in the range of 8 kilowatts (kW) to 500 kW (IEA-OES 2023). These 
demonstrations suggest that CSI-WECs are at a technology readiness level of 7 or higher, an 
important achievement for wave energy commercialization. If a techno-economic case can be 
made for a net benefit, such as the value of the energy produced exceeding capital expenditures 
(or CapEx) and operational expenditures (or OpEx) over the device deployment lifetime (20–30 
years), then CSI-WECs have clear viability.  

The overall benefit of CSI-WECs can potentially be weighed on an application basis where the 
energy is used for high-impact local energy generation solutions. Such applications include using 
the energy to power a desalination system, as a reserve power capacity following extreme 
weather emergencies, and as an emergency power source to facilitate the black start of a local 
grid during power outages.  

The significant potential advantages of integrating WECs with shoreline protection infrastructure 
include relative ease and reduced cost of prototyping, deployment, power take-off (PTO) 
maintenance, and cabling by virtue of proximity to the shore, as well as the shared cost with 
shoreline protection service budgets. 



2 

This report is available at no cost from the National Laboratory of the Rockies (NLR) at www.nlr.gov/publications. 

Because the CSI-WEC technology would be deployed either near or on shore, it offers many 
unique advantages over traditional offshore WECs, including: 

1. Lower operation and maintenance costs compared to offshore sites. Instead of hiring a 
boat with highly specialized crew and relying on weather windows for installation, 
maintenance, etc., servicing the device could be as simple as a utility worker walking 
down a breakwater and opening a hatch. 

2. The cabling costs would be significantly reduced, as the cables would extend only as 
far as the distance between the CSI-WEC located onshore and the nearest substation or 
port connection point, avoiding miles of cable on the seafloor, as would be the case with 
an offshore device. 

3. CSI-WECs can also support resiliency for coastal communities. Coastal structures 
such as breakwaters, sea walls, and jetties are critical elements in protecting communities 
from erosion and storm surge.  

A recent cost-benefit analysis focused on a small beach destination and fishing village in 
Portugal determined that breakwaters could save approximately $317,000 per year in flooding 
mitigation costs and $190,000 to $886,000 per year in erosion mitigation (Pombo, Roebeling, 
and Coelho 2024). By integrating a WEC into coastal infrastructure, communities will receive 
both protection and the added benefit of a diversified energy portfolio. Moreover, CSI-WECs 
can be connected to microgrids that service key buildings or operations, which can shorten the 
time frame of recovery efforts during extreme events and keep the lights on in hospitals, fire 
stations, water treatment plants, and police stations. 

Another benefit of CSI-WECs is that they could help the marine energy industry advance as a 
whole by lowering deployment and testing costs for potential new devices. For example, an 
easily accessible onshore WEC could become a test site, as opposed to the more typical scenario 
of a WEC being deployed far out at sea. This would allow the marine energy community to test 
and de-risk technologies (turbines, control systems, PTOs) while facing a much lower 
deployment cost. Such testing and de-risking is currently happening in Spain at the Mutriku 
OWC power plant (see Section 2.2). 

With wave energy technology still in a nascent stage, often characterized as high-risk/high-
reward, CSI-WECs present a relatively low-risk alternative, as the primary purpose of these 
devices is coastal defense with an added benefit of energy generation. For example, if challenges 
were to occur in energy generation or system performance, the local community would still 
retain the gains in protection and resiliency as provided by the coastal infrastructure in which the 
WEC is embedded. With existing deployments proving viability of operation, such as at Mutriku, 
the reward aspect remains high—remote communities could be positively impacted in a 
relatively short time frame through the provision of both coastal defense and a robust, secure, 
and locally generated renewable source of energy. 
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Figure 1. Approximately 124 miles of U.S. coastline are converted to hardened coast each year. 

Much of this coastline hardening is to protect coastal communities, where 39% of the U.S. 
population resides, from erosion due to wave action and storm surge. CSI-WECs can add value to 
these sites where the coastline is already hardened by supplementing the coastal communities’ 

energy portfolios. 
Illustration by Tara Smith, National Renewable Energy Laboratory (NREL) 
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2 State of CSI-WEC Technology 
CSI-WEC systems have been in development for decades, with some of the earliest deployments 
dating back to the 1990s. Although there have been challenges and failures along the way, the 
research team believes that, increasingly, CSI-WEC projects exhibit successful deployment and 
operation in the wave energy realm as evidenced by Table 1. 

Table 1 is based on the International Energy Agency Ocean Energy Systems (IEA-OES) 2022 
Annual Report. As cited in this publication, just under 50% of the listed operational or recently 
decommissioned WEC devices are CSI-WECs or have the potential to be deployed as CSI-
WECs (IEA-OES 2023). 
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Table 1. List of Wave Energy Devices From the IEA-OES 2022 Annual Report 
Devices that the research team classify under the CSI-WEC category are highlighted in orange. 

 

Location Company Device Name CSI-WECa Type  Demonstration Nameplate 
Capacity (kW) 

Korea Kriso Youngsoo OWC Pilot Plant Can be OWC Operational 500 

Spain EVE Mutriku Wave Power Plant Yes OWC Operational 296 

Australia Wave Swell   Can be OWC Decommissioned 200 

Spain WavePiston WavePiston No WEC Operational 200 

France Geps techno   No WEC Operational 150 

U.S. CalWave CalWave 1 No WEC Operational 75 

Italy Enel Green Power   No WEC Operational 50 

Korea Kirso OWC WEC with Breakwater Yes OWC Operational 30 

Italy 
Mediterranean 
University of 
Reggio Calabria 

REWEC3 Yes OWC Operational 20 

UK AWS Ocean Energy Archimedes Waveswing No WEC Operational 16 

Italy RSE REWEC3 Yes OWC Operational 15 

UK Mocean Energy Blue X No WEC Operational 10 

Italy 
University of 
Campania Luigi 
Vanvitelli 

OBREC Yes OBREC Operational 22 

Denmark Exowave   No WEC Operational 1 

India NIOT   No Navigational Buoy Operational 1 
a Devices in this column are classified as follows: “Yes” means the research team defines the device as a CSI-WEC; “No” means the device is not a CSI-WEC; 
“Can be” means the device is not currently a CSI-WEC but could be built into coastal infrastructure (but not for the pilot deployment). 
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This section examines key CSI-WEC developments and presents an analysis of the recent and 
historical challenges and successes in the field. Additionally, Appendix A provides an extensive 
list of related devices and their statuses. 

A common finding with historical CSI-WEC deployments was that because of the emerging 
nature of the technology, the projects and their outcomes were often limited by a knowledge 
vacuum in many areas. Whether due to a lack of understanding of final design hydrodynamics or 
deployment site resources, or the use of underdeveloped PTO systems that led to lower 
efficiencies or capacity factors, many of these projects were discontinued.  

It is the opinion of the research team and the consulted developers that these challenges can be 
overcome by leveraging recent advancements in wave energy PTO technology and by viewing 
these deployments on a project basis—as a combination of coastal defense, robust generation 
systems, and high-value applications—rather than as generation assets only. In short, a CSI-
WEC’s value can be greatly improved when it is understood to be a device that does far more 
than simply produce energy. 

2.1 CSI-WEC Archetypes 
To better classify, assess, and compare existing CSI-WEC solutions and those in development, 
we have identified three system archetypes (Figure 2) that are generally defined by their PTO 
method and orientation: 

• Wall-mounted heave/hinge type  
• Oscillating water column 
• Overtopping device (OTD). 

We also propose the “adopted” and “adapted” classification, where adopted signifies wave 
energy devices that can be added to existing coastal structures, and adapted means wave energy 
devices that have been fully integrated into the design and build of a coastal structure. Figure 3 
shows examples of how each archetype is integrated into a coastal defense structure. 

 
Figure 2. Classification of CSI-WECs 
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Figure 3. Example of three CSI-WEC archetypes and their potential deployment on a breakwater. 
The graphic shows an OWC, a wall-mounted heave device, and an overtopping breakwater for 

energy conversion (OBREC).    
Illustration by Besiki Kazaishvili, NREL 

2.2 Deployed Technologies 
CSI-WECs have been deployed in multiple countries other than the United States and bear the 
distinction of having achieved the longest deployment times of any type of wave energy device, 
as exemplified by the Mutriku Plant.  

This section details some of the most successful CSI-WEC projects to date, including their 
respective lengths of deployment. A list of all identified CSI-WEC devices can be found in 
Appendix A.  

2.2.1 Oscillating Water Column: Breakwater WECs 

Mutriku Breakwater Wave Plant; Bay of Mutriku, Basque Country, Spain 
• Deployment: Commercial, full scale, grid connected 
• Operators: Basque Government Department of Transportation and Public Works, Ente 

Vasco de la Energía (EVE; Basque Energy Agency) 
• Status: Operational. 
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Figure 4. Mutriku Plant  

Photo from EVE (n.d.) 

The Mutriku Breakwater Wave Plant (Figure 4) was commissioned in July 2011 in the Port of 
Mutriku in the Basque Country of northern Spain (EVE n.d.). The plant was planned by EVE, 
the Basque Energy Agency, during the design phase of the new Mutriku breakwater, which was 
a much-needed public works project to make navigation of the harbor safe against the harsh 
conditions of the Bay of Biscay (Torre-Enciso et al. 2009).  

The Mutriku plant became the world’s first commercial-scale wave energy device integrated into 
a breakwater. Built into a vertical caisson-type breakwater, the Mutriku plant was inspired by 
another WEC—the Islay LIMPET (Ibarra-Berastegi et al. 2018). Mutriku features 16 traditional 
OWC chambers, each connected at the top to a PTO consisting of a vertical-axis, fixed-pitch, 
self-rectifying 18.5-kW Wells turbine, resulting in an overall installed capacity of 296 kW 
(Torre-Enciso et al. 2009). Each PTO is connected to a noise attenuator. Power output from each 
turbine is smoothed by an inertia drive, and power from the generators is first rectified and then 
inverted to 50 hertz alternating current and finally raised to 13.2 kilovolts for transmission to the 
local grid (Torre-Enciso et al. 2009). Each turbine can be individually controlled for a smooth 
power output, thanks to pressure sensors in each chamber, and a gravity-based butterfly safety 
valve allows each chamber to be isolated in case of a power failure or other emergency.  

Although the expected yearly power output was estimated to be 600 megawatt-hours per year 
(MWh/yr), actual output was found to be 246.5 MWh/yr, between 2014 and 2016 (Ibarra-
Berastegi et al. 2018). This was largely due to disruptions in the operation of the turbines, where 
(1) two of the chambers were improperly designed, resulting in a failure to generate the 
necessary pressure for power generation, and (2) maintenance activities during the measurement 
period meant that an average of just 10 of the 16 turbines were regularly operational (Ibarra-
Berastegi et al. 2018). Additionally, the alternators used in each chamber have proven to be 
oversized, resulting in low efficiency; rated at 18.5 kW, they regularly produce just 3.6 kW, or 
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20% of their capacity. Changes in regulation strategies for pressures inside the chambers would 
allow for a more properly sized PTO to be used, increasing plant efficiency. As it stands, 
Mutriku’s wave-to-wire efficiency is just 2.56% (Vicinanza et al. 2019). Lastly, storms between 
2007 and 2009 resulted in some structural damage to the plant, with subsequent tests finding that 
initial predictions of wave behaviors and pressures inside the OWC chambers and against the 
device’s frontal wall may have been greater than the actual structural resistance (Vicinanza et al. 
2019). Despite these issues, the plant provides a regular power supply to the grid and, under the 
control of the Biscay Marine Energy Platform (BiMEP), acts as a host space for WEC developers 
and laboratories to test and validate new OWC PTO and control systems (BiMEP n.d.).  

A comprehensive report on the initial construction and design of the Mutriku plant is presented 
in Torre-Enciso et al. (2009), and a review of the plant’s electricity production and efficiency is 
found in Ibarra-Berastegi et al. (2018). 

Wave Swell Energy UniWave200; Grassy, King Island, Tasmania 
• Deployment: Pilot, full scale 
• Operators: Wave Swell Energy Ltd., Hydro Tasmania 
• Status: Decommissioned. 

 
Figure 5. (Top) Conceptual example of Wave Swell Energy’s device as a CSI-WEC. (Bottom) Wave 

Swell Energy’s UniWave200 WEC deployed at King Island, Tasmania.  
Images from Paul Geason, Wave Swell 
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Installed in January 2021, the UniWave200 on King Island, Tasmania, is a full-scale pilot of the 
proprietary UniWave WEC device, developed by Wave Swell Energy (Figure 5).  

Altering the operation of a traditional OWC, the UniWave device utilizes a valve-controlled 
chamber that drives a unidirectional air turbine PTO and aims to better exploit incident wave 
energy (Fleming et al. 2023). Although the device works in a wide range of wave conditions, the 
King Island site presents mild wave conditions, consistent wave direction, and optimal water 
depth, making it an ideal site for the pilot (Cossu et al. 2020).  

Full details on the site characterization for the pilot are given in Cossu et al. (2020). The 
UniWave200 was connected to the King Island grid and produced electricity before being 
decommissioned in 2022 (Wave Swell n.d.). Although deployed at sea, this device is classified 
as CSI-WEC ready, and Wave Swell presents it as a breakwater-ready device on their website. 

Mukri Port; Chuja Island, Republic of Korea 
• Deployment: Pilot, full scale 
• Operators: Korea Research Institute of Ships and Ocean Engineering  
• Status: Operational. 

 
Figure 6. OWC wave energy plant at Mukri Port, Republic of Korea 

Photo from Lee (2021) 

The Mukri Plant is a 30-kW OWC-type WEC connected to a breakwater at Mukri Port on Chuja 
Island (Figure 6).  

The system has a maximum generation capacity of 100 kW. To account for the variation in wave 
energy, the plant includes a dedicated battery energy storage system that supplies energy to the 
grid. The PTO consists of a ring-type impulse turbine with a fixed guide vane and a permanent 
magnet synchronous generator (Kim et al. 2023). The plant was commissioned and became 
operational in October 2021. Real sea performance data were collected for one year; the system 
was found to perform at an hourly average efficiency of 28.8% with maximum instantaneous 
power output of 69 kW (Kim et al. 2023). 
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2.2.2 Overtopping Device: Breakwater WEC  

OBREC; Port of Naples, Naples, Italy 
• Deployment: Prototype, full scale 
• Operator: Università degli Studi della Campania Luigi Vanvitelli 
• Status: Operational. 
 

 
Figure 7. (left) OBREC deployment at the Port of Naples in Italy; (right) schematic of OBREC  

Images from Diego Vicinanza and Pasquale Constestabile 
Built into the Port of Naples’s San Vincenzo rubble mound breakwater in 2015 (Figure 7), the 
OBREC is the world’s first OTD WEC built into an existing coastal defense structure 
(Contestabile et al. 2016).  

Inspired by the concept of the Seawave Slot-Cone Generator (SSG), the OBREC was designed 
as a simpler OTD, adopting a strategy of “zero moving parts” (Vicinanza et al. 2012; 
Contestabile et al. 2020). Specifically, the SSG used multiple reservoirs located at different 
heights to store water captured from overtopping waves as potential energy. The OBREC works 
by allowing incident waves to run up the frontal ramps of the device, filling a basin located 
above the still water level, and then the captured water runs through low-head turbines to 
generate electricity before being discharged back to the sea.  

The device is designed with two main structures, divided by a wall septum, that differ in the crest 
height of their ramps: the Real Scale Laboratory (RS-Lab) ramp has an average height of two 
meters (i.e., 1.78 m and 2.28 m under low and high tide, respectively) and the Natural Waves 
Laboratory (NW-Lab) ramp has an average height of 1.2 m (i.e., 0.98 m and 1.48 m under low 
and high tide, respectively) (Palma et al. 2020, Contestabile et al. 2020). The RS-Lab, with its 
higher crest height, is meant to capture incident waves from the higher energetic sea states of the 
installation site, whereas the NW-Lab is meant to capture the mean incident waves. 

In 2015, three commercial, fixed, Kaplan low-head turbines were installed in the machine room 
located at the rear of the device, resulting in an installed capacity of 2.5 kW (Vicinanza et al. 
2019). While the OBREC benefits from a wide capture width ratio (12.6% for the RS-Lab and 
12.9% for the NW-Lab) (Palma et al. 2020), it suffers from a very limited PTO system (Palma et 
al. 2020; Contestabile et al. 2020). Specifically, the NW-Lab does not provide a large enough 
hydraulic head for the Kaplan turbines to generate electricity, and the RS-Lab can only do so for 
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the highest-energy waves (Palma et al. 2020). Additionally, as recently as 2020, the Kaplan 
turbine sector, did not produce turbines optimized for use in ocean (saltwater) conditions; 
therefore, corrosion and fatigue limit the generating potential of these turbines for OTDs 
(Contestabile et al. 2020). Khalid Mohammed Ridha et al. (2023) provide an updated evaluation 
of limitations and practical solutions for Kaplan turbines. Despite these limitations, the OBREC 
has proven to be compatible with a wide range of wave conditions and has shown an overtopping 
efficiency exceeding 20%. Outfitted with an improved PTO system with a turbine capable of 
operating with greater efficiency at lower water head heights, OBREC could provide significant 
electricity.  

Contestabile et al. (2016) report the design and initial deployment of the OBREC; Contestabile et 
al. (2020) provide an updated state-of-the-art of the device; and Palma et al. (2020) give an 
updated performance assessment of the device using the OpenFOAM computational fluid 
dynamics environment. 

2.2.3 Wall-Mounted Heave/Hinge WECs 

Eco Wave Power; several devices installed worldwide 
• Deployment: Pilot, full scale 
• Operator: Eco Wave Power Ltd. 
• Status: Operational. 

 
Figure 8. Eco Wave Power 100-kW array, Jaffa Port 

Image from Inna Braverman, Eco Wave Power 

Eco Wave Power’s WEC works on the wall-mounted heave/hinge principle (Figure 8), whereby 
an array of uniquely shaped floaters (attenuators) connected to a fixed or floating platform 
exploit the rise and fall of waves (Cascajo et al. 2019). The relative motion of the two bodies 
drives hydraulic pistons, powering a hydraulic generator, which produces direct current power 
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(Eco Wave Power n.d.[b]). Power is then sent to an inverter, which converters the electricity 
from direct current to alternating current and sends it to the grid. The device is controlled 
through a smart automation system, where conditions are monitored to ensure safe operation of 
the device. In the event of a storm, the actuators lift out of the water (survival mode), returning to 
their operational position after the storm has passed. The Eco Wave device can be integrated into 
most onshore or nearshore structures and has already been used in two successful pilot 
deployments.  

In 2014, the company commissioned a device in Jaffa Port, Israel, which has been in operation 
since, producing off-grid electricity for research and system tests (Eco Wave Power n.d.[c]). In 
October 2018, Israel’s Ministry of National Infrastructures, Energy, and Water Resources 
awarded a grant to Eco Wave Power for the expansion of the Jaffa Port plant to 100-kW capacity 
and approved its connection to the national grid. The 100-kW station has been sending electricity 
to the Israel national electric grid since August 2023 (Eco Wave Power n.d.[c]).  

In addition, Eco Wave Power operated a 100-kW array installed in a former World War II 
ammunition jetty in Gibraltar (Eco Wave Power n.d.[a]) between 2016 and 2022, and a new 85-
foot (ft)-long, 100-kW pilot project is planned for integration with the Port of Los Angeles, 
California (Eco Wave Power 2022). A 1-MW installment is planned for integration on Barro Da 
Douro breakwater in Portugal (Eco Wave Power 2021). 
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3 Case Study of CSI-WEC Deployment 
To better understand the potential of CSI-WECs, we selected four hypothetical sites to illustrate 
both the range of possible deployment locations and the variety of on-site applications that CSI-
WECs could support. Locations include ports, military bases, islands, and coastal communities. 
Each of the selected sites are in the United States, but the categories of locations can be found 
globally. 

3.1 Site Selection  
The four sites were selected to meet the core applications and objectives of this project, namely:  

1. The presence of existing coastal defense structures in high-impact/high-value areas 
2. Areas identified as likely requiring new or improved coastal defense with clear high-

value end uses 
3. Remote communities requiring local robust electrical supplies to improve resiliency 
4. Areas with sufficient wave energy. 

3.1.1 Site 1: Puerto Del Rey Marina— Fajardo, Puerto Rico 
Puerto Rico has experienced severe weather events, which have caused significant issues for the 
populace in terms of power outages, water access, and infrastructure damage (RAND n.d.). 
Puerto Del Rey, on the eastern part of the island (Figure 9), for example, is remote, and a loss of 
power and infrastructure damage could greatly impact recovery effort following a natural 
disaster. The existing marina and harbor would be a prime location for a CSI-WEC, which could 
improve the local community’s ability to respond to and recover from emergency situations.  

Furthermore, Puerto Rico has challenges ensuring access to clean drinking water. Local 
generation assets, such as a CSI-WEC, could power a desalination plant, improving both 
community resiliency and quality of life, in terms of access to water and stable electricity supply.  

Additionally, tourism at the marina (yachting and boat tours) constitutes a significant proportion 
of the local economy. The marina’s location also has some of the island’s highest wave energy 
density, suggesting that this could be a suitable site for a CSI-WEC. Installation of such a device 
here could provide locally generated energy to power the marina and local tourism facilities and 
could help power port renovations. 

Marina Puerto del Rey, Fajardo,1 is the largest full-service marina in the Caribbean, located on 
the east coast of Puerto Rico at the border of Fajardo and Ceiba. The marina has a 2,000-ft stone 
rubble mound breakwater.  

This location offers an example of how a CSI-WEC can provide support in a disaster relief and 
recovery scenario.  

 
 
1 https://puertodelrey.com/  

https://puertodelrey.com/
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The marina was without power for 90 days in 2017 following hurricanes Irma and Maria. In 
response, the local government accelerated resiliency efforts by investing nearly $15 million in 
solar arrays southwest of the marina and in a 1,500-kW Caterpillar diesel generator. The marina 
is pursuing environmentally beneficial electricity and system redundancy (i.e., having multiple 
energy sources in case of failure of one asset) while maintaining a grid connection. The 1,500-
kW generator is sufficient to provide power to the main building, boatyard, and boats and thus 
provides a target generation capacity for a CSI-WEC to meet the marina’s electricity needs. 

 
Figure 9. Case study site 1: Puerto Del Rey Marina, Puerto Rico  

Maps Data: Google ©2025 Airbus, CNES / Airbus, Maxar Technologies, https://goo.gl/maps/8xNYoP459DsZKZM37  

3.1.2 Site 2: Kaneohe Bay—Oahu, Hawaii 
Kaneohe Bay in the northeastern part of Oahu (Figure 10) and is home to the U.S. Marine Corps 
Base Hawaii (MCBH). The bay’s location is subject to strong wave energy conditions, which 
could result in significant erosion (U.S. Climate Resilience Toolkit 2024), potentially threatening 
Marine Corps assets without coastal defense infrastructure. The addition of a CSI-WEC here 
would improve the energy and erosion security of the base and provide locally generated 
renewable energy. 

Beyond emergency operations, with the high availability of wave energy found at this site, a 
CSI-WEC installed here could provide locally generated energy to power the base’s day-to-day 
electrical infrastructure, contributing to Hawaii’s goal of 100% renewable energy by 2045. 

The MCBH houses the Wave Energy Test Site (WETS), an offshore, grid-connected testing 
location for precommercial wave energy devices (Tethys n.d.). Because it houses WETS, the 
base is familiar with wave energy.  

The base is in the process of expanding their energy mix, as indicated by the 5 MW of installed 
solar energy (U.S. Marine Corps n.d.). This installation includes rooftop solar for family 
residences as well as solar for critical facilities such as the base air terminal and aircraft rescue 
and firefighting building (Torres 2016).  

https://goo.gl/maps/8xNYoP459DsZKZM37
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A 2011 NREL report showed that the 2009 energy consumption of MCBH was 107,088.8 MWh 
(Burman et al. 2011). This figure was broken down into individual facility energy usage: 18,668 
MWh/yr for the barracks, 899 MWh/yr for the main gym, 7,512 MWh/yr for the offices, 4,427 
MWh/yr for the commissary, and 3,266 MWh/yr for food services.  

Possible applications for a CSI-WEC at MCBH include provision of supplementary energy to 
critical facilities in the case of outages. Additionally, with its proximity to the airstrip, a CSI-
WEC could help power airstrip energy functions such as lighting, communications, and 
navigation, and could provide battery storage for emergency preparedness at critical facilities. 

 
Figure 10. Case study site 2: Kaneohe Bay, Oahu, Hawaii  

Maps Data: Google ©2025 Airbus, CNES / Airbus Data USGS / Copernicus, Maxar Technologies, 
https://goo.gl/maps/xS8AYPBE7hTuXwMM8    

3.1.3 Site 3: St. George—Pribilof Islands, Alaska 
St. George is a remote community far off the coast of Alaska (Figure 11). It has a population of 
less than 100 people and experiences severe storms annually (U.S. Census Bureau 2020a). The 
main harbor is of high importance to the community, as it protects boats and is located near the 
airport.  

The main harbor, constructed to support a growing fishing industry, has three breakwaters: two 
outer breakwaters and one inner breakwater. Conditions here are extreme, and a storm in 2015 
damaged the southern outer breakwater. This incident required funding from the Federal 
Emergency Management Agency to repair the breakwater. Additional repairs completed in 2017 
added berms in front of the breakwaters to help dissipate the wave energy coming in.   

St. George residents are connected to a water and sewage system constructed in the 1950s 
(Aleutian Pribilof Islands Association n.d.). The system comprises four wells and a 250,000-
gallon storage tank. Since 2011, this tank has had an issue with freezing in the winter. In 2017, 
ice damaged the tank’s internal water line, significantly reducing the ability to withdraw water 

https://goo.gl/maps/xS8AYPBE7hTuXwMM8
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(Kraegel 2017). During October and November 2022, the island could not provide drinkable 
water because of a pipe break (Fratis 2022).   

To ensure power supply, St. George relies on four diesel generators: two Caterpillar 175-kW 
generators; a Detroit Diesel 480-kW; and a Detroit Series 60 350-kW (Alaska Energy Authority 
2015). A 95-kW wind turbine was installed but eventually burnt out. Though scheduled to be 
replaced in the fall of 2015, the status of the turbine is unknown at the time of writing.  

Fuel is barged into the island only twice a year, and fuel emergencies are common due to intense 
storms, requiring community rationing of fuel, heat, and water (McKenney 2021). In 2014, a 
waste heat recovery system with a web-based load-control system was built, supplying heat for 
the school, city office, and public safety building (Alaska Energy Authority 2015).  

While publicly available electrical demand data are limited, a 2010 report indicated that the 
average electrical demand in St. George was 160 kW in the summer and 200 kW in the winter, 
with 300 kW of peak demand in the winter (Beatty et al. 2010). A CSI-WEC deployed at St. 
George could support recovery from storms that disable power, water supply, and heat and with 
sufficient installed capacity, could meet the peak winter demand.  

Battery storage and/or reverse osmosis desalination systems powered by a CSI-WEC deployment 
could help support the community while they wait for proper emergency response following 
such events. Battery storage systems could supply immediate energy to meet power needs on the 
island, while desalination could provide the community with fresh water during emergency 
situations when freshwater access is unavailable.  

A community resiliency center, such as a washeteria, could be an important addition to St. 
George Island. Washeterias usually contain showers, washers and dryers, fresh water, and toilets 
and help to reduce waterborne illnesses and water stress following an emergency or outage 
(Mattos and Blanco-Quiroga 2020). As there are ongoing issues with St. George’s water system, 
a CSI-WEC-powered community washeteria could provide increased access to clean water for 
residents more generally, not only in times of emergency. 

Finally, the airport on St. George intermittently requires 150 kW of energy for runway lighting 
(Beatty et al. 2010). A CSI-WEC deployed at this harbor could provide a significant proportion 
of the community’s energy needs while improving resiliency. 
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Figure 11. Case study site 3: St. George, Pribilof Islands  

Maps Data: Google ©2025 Airbus, CNES / Airbus Landsat / Copernicus, Maxar Technologies, 
https://goo.gl/maps/wfuoeH2ow9ntDQ5aA 

3.1.4 Site 4: Humboldt Bay, California 
Unlike the previous locations, Site 4 was chosen to demonstrate the potential of larger-scale CSI-
WEC deployments. The Humboldt Bay area (Figure 12) is well connected to the electrical grid, 
and California has substantial renewable wind and solar energy resources. The extensive 
shoreline of the Humboldt Bay area has some of the nation’s largest wave resources, suggesting 
that it could be a prime location for a larger CSI-WEC deployment.  

The location is of critical value, as multiple U.S. agencies such as the Air Force, Navy, Coast 
Guard, and U.S. Army Corps of Engineers (USACE) are located here. A robust energy 
generation asset in the area could provide auxiliary or backup power should the grid connection 
fail.  

Two jetties protect the inlet to Humboldt Bay in Northern California. The North Jetty extends 
beyond the North Spit into the Pacific Ocean by about 2,200 ft, whereas the South Jetty extends 
about 3,300 ft beyond the South Spit. Recurring storm damage required a rebuilding of the jetties 
10 times from 1911 to 1995, and in 2020, USACE began a new round of repairs, replacing stones 
and adding a new concrete cap (USACE 2023). 

The North Jetty is at the southern tip of the Samoa peninsula, which is developed and home to a 
handful of communities; the South Jetty is on the northern end of an undeveloped 4-mile-long 
peninsula. 

The jetties are directly across the bay (0.5–2-mile crossing) from the now decommissioned 
Humboldt Bay Power Plant and the currently operating 165-MW Humboldt Bay Generating 
Station. With an estimated installed power potential on the order of 30 MW across both jetties, 
the theoretical potential of a CSI-WEC installation supplementing 10%–20% of the capacity for 
power production at the Humboldt Bay Generating Station is a legitimate one. Additional 

https://goo.gl/maps/wfuoeH2ow9ntDQ5aA
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breakwaters at the generating station and adjacent King Salmon beach are opposite the inlet and 
may have a wave energy resource that could be evaluated for CSI-WEC installations as well. 

The Samoa peninsula is planning a new wastewater treatment plant with ultraviolet disinfection 
and pumped ocean outfall, treating an average wastewater volume of 0.07 million gallons per 
day (MGD). The collection system, treatment system, and treated effluent pump station have an 
estimated energy demand of 150 MWh/yr. The new wastewater treatment plant and outfall 
would be about 4 miles north of the North Jetty.  

The Table Bluff Reservation of the Wiyot Tribe is located about 6 miles by road from the South 
Jetty. Table Bluff Reservation comprises 88.5 acres situated on coastal bluffs located in 
Humboldt County in Northern California. There are 37 homes on the reservation with a total of 
about 135 residents (Wiyot Tribe 2016). A 2019 grant from the Tribal Solar Acceleration Fund 
was allocated to install approximately 16 kW of solar photovoltaics for four low-income 
members (assumed to be households) of the Table Bluff Reservation, but no update on this 
project was available at the time of this report’s publication (Tribal Solar Acceleration Fund 
n.d.). With a total of 16 kW of solar installed, the project would generate close to $120,000 in 
cost savings for low-income Tribal members. Using roughly 4 kW per home, the remaining 33 
homes on the reservation could be powered by a CSI-WEC generating a total of 130 kW (Tribal 
Solar Acceleration Fund n.d.). 

 
Figure 12. Case study site 4: Humbolt Bay, California 

Maps Data: Google ©2025 Airbus, Landsat / Copernicus, Maxar Technologies, 
https://goo.gl/maps/UmEzHM3PydDNXR886  

3.2 Annual Energy Production Analysis for Case Study 
To assess the generation potential and feasible scales of CSI-WECs, we engaged with three 
developers—Eco Wave Power, Wave Swell Energy, and a team consisting of Professor Diego 
Vicinanza and Professor Pasquale Constestabile (OBREC Team)—to provide an annual energy 
production (AEP) estimate for the four sites identified in this section as high value (Puerto Rico, 
Hawaii, Alaska, and California).  

https://goo.gl/maps/UmEzHM3PydDNXR886
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Any full assessment would require a more in-depth study, as assumptions had to be made 
regarding the nearshore wave energy resource, topography, and other factors. However, because 
the estimates have been made by developers who have operational devices with completed 
deployments under their belts, there is increased confidence in the reported values. Because the 
operation and topology of each device vary significantly, the developers were asked to decide on 
the exact deployment location and the size and rating of their device. The developers conducted 
their analysis and sent their results to the NREL team. The NREL team normalized the 
developer-provided results for a deployment where the available space was limited to 10 m 
perpendicular to the dominant direction of incoming waves and recalculated the associated AEP 
results.  

This case study should not be viewed as a comparison or value assessment between solutions 
because each device has specific advantages, and it is likely that different device types will 
perform better at different sites and intended end uses.  

3.2.1 Case Study Results: Eco Wave Power 
For Eco Wave Power’s analysis, wave data were used from NOAA buoys selected based on 
proximity to each site (Figure 13), and then assumptions were made regarding the wave energy 
propagation to shore.  

In St. George (Site 3), three Eco Wave Power floats could generate 152 kW of electricity, 
addressing the energy demand of the local airstrip, and six devices could meet the community’s 
peak electrical demand with adequate storage. 

With a deployment in Humboldt Bay (Site 4), two of Eco Wave Power’s floaters could provide 
the generation capacity to power the wastewater treatment plant mentioned in Section 3.1.4, and 
an additional three devices could provide power to 33 homes in the Table Bluff Tribal 
Reservation.  

Eco Wave Power’s complete energy production analysis for each of the four sites is summarized 
in Table 2. 



21 

This report is available at no cost from the National Laboratory of the Rockies (NLR) at www.nlr.gov/publications. 

 
Figure 13. Eco Wave Power NOAA data buoy selection and distance to deployment sites. Top left: 
27.16 km to Puerto Del Rey Marina, Puerto Rico (Site 1). Top right: 27.11 km to Kaneohe Bay, Oahu 
(Site 2). Bottom right: 12.95 km to St. George, Alaska (Site 3). Bottom left: 34 km to Humbolt Bay, 

California (Site 4).  
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Table 2. Energy Production Analysis for Eco Wave Power 

Device/ 
Developer Site 

Linear Space 
Suggested by 
Developer 
(m) 

Installed 
Rated 
Capacity 
(MW) 

Total AEP 
(MWh) 

Capacity 
Factor 

Normalized 
Installed 
Capacity for 
10 m (kW) 

Normalized 
AEP for 10 
m (MWh) 

Eco Wave 
Power 

Puerto Del 
Rey Marina, 
Puerto Rico 

644 2.1 3,794 20.62 32.61 58.91 

Eco Wave 
Power 

Kaneohe 
Bay, Oahu 243 2.1 3,791 20.61 86.42 156.01 

Eco Wave 
Power 

St. George, 
Alaska 531 6 11,000 20.93 112.99 198.63 

Eco Wave 
Power 

Humbolt 
Bay, 
California 

3,114 29.5 52,000 20.12 94.73 167.79 

3.2.2 Case Study Results: OBREC  
To analyze the AEP, the OBREC team first determined the available wave resource at all four 
sites using the Simulating WAves Nearshore (SWAN)2 software developed by the Delft 
University of Technology.  

SWAN computes random, short-crested, wind-generated waves in coastal regions and inland 
waters. The team also obtained local topography information to make high-fidelity assessments 
of the nearshore wave conditions (Figure 14). At each site, a water depth was estimated and the 
wave conditions (wave height, wave period, and wave direction) were obtained from the Marine 
Energy Atlas or from modeling data provided by the NREL team resulting from the PR100 study 
(U.S. Department of Energy n.d.). 

Two potential turbines were included for the purposes of this analysis—the Very Low Head 
Turbine (VLH) from MJ2 technologies3 and the NAUTILUS T Ultra Low Head Turbine.4 For 
the comparison, the highest output results were selected for presentation and are shown in Table 
3.  

The OBREC system’s primary purpose is as an energy-generating coastal defense structure: 
robustness is its primary function, whereas providing energy is a secondary benefit. According to 
the high-fidelity modeling that included topography and wave energy propagation, the device’s 
generation potential could have a significant impact on local communities. For example, in 
Puerto Rico (Site 1), and assuming a port consumes 20 to 40 MWh of energy, a 10-m system 
would be sufficient to provide power to all port operations. Given the robust design of the 

 
 
2 https://www.tudelft.nl/en/ceg/about-faculty/departments/hydraulic-engineering/sections/environmental-fluid-
mechanics/research/swan  
3 https://www.vlh-turbine.com/products/vlh-turbine/  
4 https://www.waterturbine.com/products/ultra-low-head-turbines/t-ulh.php  

https://www.tudelft.nl/en/ceg/about-faculty/departments/hydraulic-engineering/sections/environmental-fluid-mechanics/research/swan
https://www.tudelft.nl/en/ceg/about-faculty/departments/hydraulic-engineering/sections/environmental-fluid-mechanics/research/swan
https://www.vlh-turbine.com/products/vlh-turbine/
https://www.waterturbine.com/products/ultra-low-head-turbines/t-ulh.php
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OBREC system, it could likely serve as an immediate energy source should the island grid be 
impacted by severe weather events.  

Additionally, the results indicated that the system’s energy production scales well with length, 
i.e., the system perpendicular to the incoming waves, so 60–120-m deployment could power 
medium-sized green ports. With 500 m of space available for device installation at the Puerto 
Rico site, the construction of a nearby desalination plant could produce 950 m3 (950,000 liters) 
of drinking water annually. 

Table 3 summarizes the AEP analysis for the OBREC system. 

 
Figure 14. OBREC site analysis with bathymetry. The red dots located near the coastline indicate 

proposed OBREC sites in Puerto Rico; Oahu, Hawaii; St. George, Alaska; and Humboldt Bay, 
California (clockwise from top left). 

Images from Diego Vicinanza and Pasquale Constestabile. Map data from OpenStreetMap under Open Database 
License, www.openstreetmap.org/copyright. 

  

http://www.openstreetmap.org/copyright
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Table 3. OBREC AEP 

Device/ 
Developer Site 

Linear 
Space 
Suggested 
by 
Developer 
(m) 

Installed 
Rated 
Capacity 
(MW) 

Total 
AEP 
(MWh) 

Capacity 
Factor 

Normalized 
Installed 
Capacity 
for 10 m 
(kW) 

Normalized 
AEP for 10 
m (MWh) 

OBREC 

Puerto 
Del Rey 
Marina, 
Puerto 
Rico 

10 0.115 38 3.77 11.5 38 

OBREC 
Kaneohe 
Bay, 
Oahu 

10 0.191 39 2.33 19.1 39 

OBREC 
St. 
George, 
Alaska 

10 0.263 59 2.56 26.3 59 

OBREC 
Humbolt 
Bay, 
California 

10 0.205 117 6.52 20.5 117 

 

3.2.3 Case Study Results: Wave Swell Energy 
The results of Wave Swell Energy’s AEP analysis for all four sites are shown in Table 4.  

A 250-m deployment at the Wave Energy Test Site in Hawaii (Site 2) could provide 13% of the 
Navy base’s power, with the added benefits of coastal protection and a robust, local generation 
asset ensuring reliability of supply.  

In St. George (Site 3), a deployment of just over 10 m could supply the peak island energy 
requirement.  

Considering larger deployments in the Humboldt Bay case (Site 4), the 1-km recommended 
deployment could produce 80 gigawatt-hours per year, allowing for the provision of: 

• 40 million m3/yr or 29 MGD of water (at 2 kilowatt-hours per cubic meter [kWh/m3])—
for comparison, the Humboldt regional water utility currently provides 21 MGD    

• 1.6 million kilograms per year (kg/yr) of hydrogen (at 50 kWh/kg). 
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Table 4. Wave Swell Energy AEP 

Device/ 
Developer Site 

Linear 
Space 
Suggested 
by 
Developer 
(m) 

Installed 
Rated 
Capacity 
(MW) 

Total 
AEP 
(MWh) 

Capacity 
Factor 

Normalized 
Installed 
Capacity for 
10 m (kW) 

Normalized 
AEP for 10 
m (MWh) 

Wave 
Swell 
Energy 

Puerto 
Del Rey 
Marina, 
Puerto 
Rico 

1,000 3 8,000 30.44 30 80 

Wave 
Swell 
Energy 

Kaneohe 
Bay, 
Oahu 

1,000 20 59,000 33.68 200 590 

Wave 
Swell 
Energy 

St. 
George, 
Alaska 

1,000 29 84,000 33.07 290 840 

Wave 
Swell 
Energy 

Humbolt 
Bay, 
California 

1,000 27 80,000 33.82 270 800 
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4 Techno-Economic Assessment of CSI-WECs 
To explore the techno-economic opportunity for CSI-WECs, the research team performed an 
analysis of a hypothetical deployment of each of the developers’ devices.  

Site 4—Humboldt Bay, California—was selected for the analysis where, for the purpose of this 
study, it was assumed that a new 500-ft breakwater would be required to be built in the bay to 
ensure shoreline protection. Each of the devices are considered independently as part of a CSI-
WEC project providing both protection and energy generation.  

The approach taken for this analysis was to size each device from the values provided by the 
developers, such that an AEP of 876 MWh, or average power output of 100 kW over 8,760 hours 
in a year, was achieved. A cost analysis on the new device sizing was performed, along with a 
simplified return on investment (ROI) calculation, whereby the CapEx and an annual assumed 
OpEx of 5% of the CapEx are compared with the potential returns on the dollars per kilowatt-
hour for a standard grid-scale return of $0.04/kWh and a Blue Economy price of $0.20/kWh. The 
Blue Economy price is intended to demonstrate how added value can be obtained by focusing on 
a specific application. In this case, the research team selected the offsetting of a diesel generator 
where the price per kilowatt-hour typically ranges from $0.10 to $0.30, using an average price 
value of $0.20.   

4.1 Cost of Breakwaters 
The high capital and maintenance costs of coastal defense structures are a key factor in the 
techno-economic case for CSI-WECs. As with most engineering efforts, costs can vary 
dramatically between regions and structure type, and although there are innovations aimed at 
reducing these costs, coastal engineering will likely remain large budget projects for the 
foreseeable future.  

Though publicly available cost data on coastal infrastructure projects are limited, a 2018 Coastal 
Engineering publication (Igigabel and Yates 2018) evaluated coastal defense levees in France; 
the results are shown in Table 5. Across various construction techniques, this study found a cost 
range of €1,400/m to €3,200/m for levee heights in the range of 2 to 3.5 m and €5,600/m to 
€14,300/m for levee heights of about 8 m.   
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Table 5. Breakdown of Coastal Structure Costs 
Table from Igigabel and Yates (2018) 

Technique Number of 
Recorded 
Operations 

Linear Cost 
(€/m) 

Surface Cost 
(€/m2) 

Volume Cost 
(€/m3) 

Mass Cost 
(€/t) 

Earthwork and 
armourstone 

2 2,000-3,100  
(height between 
2 and 3 m) 

N/A 19-45 
(earthwork) 

17-24 
(armourstone) 

Armourstone 
and concrete 
superstructure 

2 5,600-6,000  
(height about 8 
m) 

N/A N/A 29-33 
(armourstone) 

Masonry and 
concrete 
injection 

2 1,400-3,200 
(height between 
2 and 3.5 m) 

160-230 
(masonry) 

580 (concrete 
injection and 
anchors) 

N/A 

Earthwork and 
gabions 

1 1,500 (height 
about 2 m) 

N/A N/A N/A 

Reinforced 
concrete and 
sheetpile 

1 14,300 (height 
about 8 m) 

N/A N/A N/A 

 

Additionally, in 2015, the UK government published an extensive report on the cost estimation 
for coastal protection, which included an examination of state-of-the-art approaches and their 
associated costs (Hudson, Keating, and Pettit 2015).  

The report compiled indicative capital and maintenance costs of coastal protection from two 
different studies prepared by the Scottish Natural Heritage and Environment Agency in 2000 and 
2007 (without adjusting for inflation) (Table 6). The more recent of the two studies estimated the 
cost of a detached, nearshore breakwater (as distinguished from the coastal levee estimates in 
Table 6) to be £1,750/m to £4,300/m in 2007 currency. Assuming annual average inflation of 
2.5% between 2007 and 2024, the price today would be £2,662/m to £6,542/m, or $1,017/ft to 
$2,500/ft.  

For a 500-ft, new, nearshore breakwater build in Humboldt Bay, the cost of the structure alone 
could be between $508,559 and $1,249,985. While this range is subject to many different local 
factors, which could significantly affect the final total project costs, it is a decent initial estimate 
of the scale of investment required. For the purposes of this analysis, the team used an average 
value of $1,750/ft, and therefore the 500-ft breakwater alone would cost $875,000. 
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Table 6. Cost Estimation for Coastal Protection 
Table from Hudson, Keating, and Pettit (2015)  

Option Significance  Indicative Cost (£/m) 

 Enabling 
Costs 

Capital Costs Maintenance 
Costs 

Scottish 
Natural 
Heritage 

Environment 
Agency Unit 
Cost Database 

Beach 
recharge and 
breakwater 

Medium High Medium - 2,700–7,300 

Beach 
recharge and 
groynes 

Medium High Medium - 1,600–4,700 

Rock armour Medium High Low - 1,350–6,000 
Impermeable 
revetments 
and seawalls 

Medium High Low 2,000–5,000 700–5,400 

Timber 
revetments 

Medium Medium Medium 20–500 - 

Rock 
revetments 

Medium High Low 1,000–3,000 650–2,850 

Groynes Medium Medium Medium 10,000 to 
100,000 per 
structure 

- 

Nearshore 
breakwaters 

Medium Medium Low 400–1,000 1,750–4,300 

Artificial rock 
dune 
protection 

Low Medium Low 200–600 - 

Gabion 
revetments 

Medium Medium Medium 50–500 - 

Beach 
nourishment 

Medium Medium Medium 50–2,000 350–6,450 

Shingle 
recycling/re-
profiling 

Low Low Low 10–200 15–120 

Dune fencing Negligible  Low Low 4–20 - 
Dune 
thatching 

Negligible  Low Low 2–20 - 

Notes: The Scottish Natural Heritage (SNH) costs relate to a 2000 cost base and the Environment 
Agency costs relate to a 2007 cost base. An allowance for inflation using a suitable index is 
required to update these values to present day costs.  
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4.2 Estimated Costs for Each Developer Device 
For each of the developer devices, estimated costs were obtained from either publicly available 
data or data provided directly by the developers.  

• Eco Wave Power declared their target to be $1.3 million/MW–$2 million/MW, which is 
available from their publicly disclosed 2023 annual financial report (Eco Wave Power 
n.d.[d]). The Eco Wave Power device is an adopted CSI-WEC and can be added to most 
coastal structures; should the breakwater already exist, structure construction costs can be 
excluded. As in this analysis, if a new breakwater is being built, the price of the build will 
be reflected in the calculations. For the purpose of this analysis, an average value of 
$1.65 million/MW installed will be used.  

• The OBREC Team provided the cost of their installation to be approximately $5,000/ft, 
which is inclusive of the cost of the breakwater structure.  

• Wave Swell Energy set a target of $1.5 million/MW–$3 million/MW based on learning 
the effects once a total installed capacity of 100 MW has been achieved by the company. 
For the purpose of this analysis, an average value of $2.25 million/MW installed will be 
used. This value assumes that the structure cost is offset by the required breakwater cost, 
which is excluded from the stated target value and must be included for full project cost 
estimates.  

4.3 Assumptions for Analysis 
There are several variables that may affect the final costs of a CSI-WEC project, including:  

• The size of the project and, therefore, the ability to benefit from economies of scale 
• The large range of potential CSI structures, e.g., new-build breakwater, retrofit 

breakwater, rubble-mound breakwater, caisson breakwater, and seawalls 
• Site-specific design characteristics, e.g., extreme wave loads and bathymetry 
• Site-specific construction methodology, e.g., remote or urban project site, access to site 

from land, and size of installation 
• Distance to grid connection point. 

To procced with the analysis, we assume that:  

• Loadings from the different CSI-WECs are not reflected in the costs of the new 
breakwater, and the cost of $1,750/ft of new structure built is the same for all devices.  

• The costs of permitting and environmental impact assessments are excluded from this 
study. 

• All connection cable costs are assumed to be the same for each device and excluded from 
the analysis. 

• OpEx costs are the same for all devices at the stated 5% of CapEx. 
• All devices are fully operational for the time period considered (20 years) and 100% of 

the generated energy is used. 

4.4 Analysis Results and Discussion 
All three devices resulted in similar total project CapEx costs—between $665,000 and 
$820,000—for the WEC elements only. Total project costs amounted to between $1.54 million 
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and $1.7 million when the new breakwater build costs were included, although the required 
space varied significantly from 36 ft up to nearly 250 ft (Table 7 and Table 8). These ranges 
represent between a 75% and 94% increase in project costs compared to building a breakwater 
alone for the assumed device costs.  

For the purposes of this analysis, it was assumed that entirely new breakwaters would have to be 
constructed. If there was an existing breakwater, the project costs for each device would be 
different. For example, assuming that a breakwater is already in place, the project cost of the Eco 
Wave Power device would amount to only the costs of the WEC, or $819,987. In contrast, the 
Wave Swell Energy device would incur costs in the required deconstruction of the existing 
structure, plus potential additional costs incurred at $1,750/ft for the new structure. This would 
amount to approximately $65,000 for the 36-ft structure required under the assumptions used in 
this study, though this value may vary significantly depending on project factors. This exercise 
highlights the importance of whole-project consideration when choosing a device, as project 
specifics, such as existing infrastructure, can have a significant impact on the developer’s bottom 
line.  

Considering the ROI for each device (Table 9)—at the lower fixed grid rate of $0.04/kWh—each 
device would generate $700,800. At this dollar-per-kilowatt-hour value, no device succeeded in 
paying off the initial investment when annual OpEx is included. At the higher Blue Economy 
rate of $0.20/kWh, each device would generate more than $3.5 million over a 20-year period; 
each device pays off the initial investment within 5–6 years (Figure 15–Figure 17).  

Considering the range of target costs for the Eco Wave Power and Wave Swell Energy devices, a 
scenario-based analysis—evaluating low, average, and high costs alongside increasing dollar-
per-kilowatt-hour values—allows for an expanded assessment of economic viability. As 
illustrated in Figure 18 and Figure 19, lower costs paired with higher energy values intuitively 
lead to shorter payback periods for the CSI-WEC investment and greater earning potential over 
the 20-year time frame. This highlights the benefits of coupling CSI-WEC projects with high 
energy-value applications. 

Table 7. Project Space Requirements  

Device/Developer Available 
Space (ft) 

Target 
AEP 
(MWh) 

CSI-WEC 
Space 
Required (ft) 

Remaining 
Breakwater 
Space (ft) 

Installed Rated 
Capacity (kW) 

Eco Wave Power 500 876 172 328 497 

OBREC 500 876 246 254 1535 

Wave Swell 
Energy 

500 876 36 464 296 
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Table 8. Project Costs  

Device/Developer Cost of WEC 
($) 

Cost of Breakwater 
Required ($) 

Combined WEC and Breakwater 
Cost ($) 

Eco Wave Power 819,987 875,000 1,694,987 

OBREC 1,228,212 445,126 1,673,338 

Wave Swell 
Energy 

665,213 875,000 1,540,213 

 

Table 9. ROI Results 

Device/Developer CapEx – WEC 
Only ($) 

Annual OpEx 
– WEC Only 
($) 

20-year returns 
at $0.04/kWh 
($) 

20-year returns at 
$0.20/kWh ($) 

Eco Wave Power 819,987 40,999 700,800 3,504,000 

OBREC 798,338 39,917 700,800 3,504,000 

Wave Swell Energy 665,213 33,261 700,800 3,504,000 
 
 

 
Figure 15. Eco Wave Power device cost compared with ROI for different dollar-per-kilowatt-hour 

values 
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Figure 16. OBREC device cost compared with ROI for different dollar-per-kilowatt-hour values 

 

 
Figure 17. Wave Swell Energy device cost compared with ROI for different dollar-per-kilowatt-hour 

values 
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Figure 18. Eco Wave Power device ROI for different device cost targets and increasing dollar-per-

kilowatt-hour values 

 
Figure 19. Wave Swell Energy ROI for different device cost targets and increasing dollar-per-

kilowatt-hour values  
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5 Conclusion  
The wave energy industry in the United States is at a critical point where viable technologies 
must be successfully demonstrated at full scale to prove both function and value to ultimately 
achieve adoption. CSI-WECs are proving their technical, operational, and economic viability in 
real time. The most fruitful developments in the wave energy industry to date have been courtesy 
of CSI-WECs, as demonstrated by several successful multiyear deployments, such as Mutriku in 
Spain, which have both produced sustained energy and achieved grid connection. 

CSI-WECs are a near-term solution with a high technology readiness level for the wave energy 
industry’s challenges with full-scale deployment and end-use applications. Although wave 
energy technology is often characterized as a high-risk, high-reward venture, CSI-WECs present 
a relatively low-risk alternative, as the primary purpose of these devices is coastal defense with 
an added benefit of energy generation. Existing deployments are proving the viability of these 
installations, and the reward aspect remains high—particularly for remote and disadvantaged 
communities that would reap the benefits of coastal defense alongside a robust renewable source 
of energy.  

CSI-WECs are unique in that they provide protection from flooding and storm surge in coastal 
communities—which can reduce the costs associated with post-disaster recovery efforts—while 
also providing an additional energy source to these communities, which can prove invaluable in 
emergency situations. CSI-WECs are even able to function during storm surge events, boosting 
the resiliency of coastal communities, particularly when the CSI-WEC is connected to a 
microgrid. 

Moreover, the economics add up. Techno-economic assessments support CSI-WECs as a readily 
adoptable technology that can enable ports and coastal communities to generate local electricity 
while simultaneously enhancing their coastal defense infrastructure. 

The research team performed a techno-economic assessment for a hypothetical CSI-WECs 
deployment at the Humbolt Bay site, demonstrating favorable returns on CSI-WEC investments 
when coupled with applications or deployments where the value of energy is high. The team 
found that for all developer devices and a value of $0.20/kWh, the initial capital investment is 
returned within 5 to 6 years, with potentially millions of dollars’ worth of energy generated over 
a 20-year time frame. Additionally, local jobs could be created to service the devices, although 
this consideration was beyond the scope of this study.   

Although a comprehensive assessment of near-shore wave conditions must be completed prior to 
any CSI-WEC deployment, project developers have demonstrated the significant potential of 
these devices. With AEP projections in the tens of megawatt-hours to gigawatt-hours, there is 
enormous untapped potential in converting non-energy-producing coastal defense structures into 
generation assets that can power essential services, high-value applications, and even robust and 
resilient local grids. Because the developers in this case study have successfully deployed 
devices, their AEP estimates carry confidence and credibility, which should be considered and 
expanded upon for further assessment and techno-economic evaluation. 

NREL supports CSI-WEC developers, local authorities, and communities in exploring the value 
proposition of this promising technology through siting assessments and techno-economic 
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assessments and by providing high-fidelity data. With extensive marine energy testing facilities 
and capabilities, NREL can support system and subsystem testing and validation. As CSI-WEC 
adoption expands, the NREL team can support microgrid, grid, and Blue Economy application 
connection and integration. 

Though further development, demonstration, and analysis are required, CSI-WECs present an 
opportunity for the advancement of water power technologies in the United States while adding 
value to coastal infrastructure projects.  
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Appendix A. Table of CSI-WEC Related Devices 
Table A-1. All Related Wave Energy Devices That Were Identified During This Work 

Name Developer Developer 
Country 

Recent 
Deployment Type Stage of 

Development 2023 Status Reference  

Oscillating Water Column (OWC) – Breakwaters 

Pico Instituto Superior Técnico (IST), 
Azores Energy (EDA) Portugal Azores, 

Portugal OWC 
Pilot,  
Full-scale 

Decommissioned 
2018 

Falcão et al. 
(2020)  

LIMPET 

Queen’s University Belfast 
(QUB), Wavegen Ireland, Ltd., 
Charles Brand Ltd., Kirk McClure 
Morton, Instituto Superior 
Técnico (IST) Lisbon 

Northern 
Ireland 

Islay, 
Scotland OWC 

Pilot,  
Full-scale 

Decommissioned 
2011 

The Queen’s 
University of 
Belfast (2002) 

Mutriku 

Basque Government 
Department of Transportation 
and Public Works, Basque 
Energy Agency (EVE) 

Spain 
Basque 
Country, 
Spain 

OWC Commercial, 
Full-scale 

Operational, Grid 
Connected 
(https://www.bime
p.com/en/mutriku-
area/technical-
characteristics/)  

Torre-Enciso et 
al. (2009) 

REWEC3 Port Authority of Civitavecchia, 
WAVENERGY.it S.r.l. Italy Lazio, Italy OWC 

Pilot,  
Full-scale 

Operational 
(https://www.wave
nergy.it/)  

Arena et al. 
(2017) 
 
  

Wave Swell 
Energy 
UniWave200 

Wave Swell Energy Ltd., Hydro 
Tasmania Tasmania King Island, 

Tasmania OWC 
Pilot,  
Full-scale 

Decommissioned 
2022 

Wave Swell’s 
King Island 
Project 
(https://www.wav
eswell.com/king-
island-project-2/)  

https://www.bimep.com/en/mutriku-area/technical-characteristics/
https://www.bimep.com/en/mutriku-area/technical-characteristics/
https://www.bimep.com/en/mutriku-area/technical-characteristics/
https://www.bimep.com/en/mutriku-area/technical-characteristics/
https://www.wavenergy.it/
https://www.wavenergy.it/
https://www.waveswell.com/king-island-project-2/
https://www.waveswell.com/king-island-project-2/
https://www.waveswell.com/king-island-project-2/
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Name Developer Developer 
Country 

Recent 
Deployment Type Stage of 

Development 2023 Status Reference  

OE35 Buoy 

OceanEnergy USA LLC, U.S. 
Department of Energy Office of 
Energy (DOE) Efficiency and 
Renewable Energy (EERE), 
Sustainable Energy Authority of 
Ireland (SEAI) 

Ireland Oahu, 
Hawai'i OWC 

Pilot,  
Full-scale 

In development 
(https://oceanener
gy.ie/)  

Lewis (2019) 

Yongsoo 500 Korea Research Institute of 
Ships and Ocean Engineering 

Republic of 
Korea 

Jeju Island, 
Republic of 
Korea 

OWC 
Pilot,  
Full-scale 

Active PRIMRE (2024)  

WaveSAX-2 RSE S.p.A., E.P.F. 
Elettrotecnica S.r.l. Italy N/A OWC 

Tank-tested at 
1:5 scale 
(https://ui.adsa
bs.harvard.ed
u/abs/2017EG
UGA..1914904
P/abstract)  

In development 
(https://www.rse-
web.it/pubblicazio
ni/wavesax-
device-
conceptual-
design-and-
perspectives-
317248/)   

Bonamano et al. 
(2023) 
 
 
  

Overtopping Devices (OTD) – Breakwaters 

SSG 

WAVEnergy AS, Aalborg 
University, Technical University 
of Munich, Norwegian University 
for Science and Technology 

Norway Denmark OTD Prototype 

Last tested 2018 
(Buccino, Salerno, 
and Calabrese 
2018) 

Vicinanza et al. 
(2012) 

OBREC Università degli Studi della 
Campania "Luigi Vanvitelli" Italy Naples, Italy OTD Prototype, 

Full-scale Active Contestabile et 
al. (2020) 

Wall-Mounted Heave/Hinge – Breakwaters 

Eco Wave 
Power 

Eco Wave Power Global AB, 
AltaSea at the Port of Los 
Angeles 

Sweden 

Gibraltar 
(Formerly), 
Jaffa Port,  
Israel 

OB 
Pilot,  
Full-scale 

Operational, Grid 
Connected 

Eco Wave Power 
(n.d.[b]) 

https://oceanenergy.ie/
https://oceanenergy.ie/
https://ui.adsabs.harvard.edu/abs/2017EGUGA..1914904P/abstract
https://ui.adsabs.harvard.edu/abs/2017EGUGA..1914904P/abstract
https://ui.adsabs.harvard.edu/abs/2017EGUGA..1914904P/abstract
https://ui.adsabs.harvard.edu/abs/2017EGUGA..1914904P/abstract
https://ui.adsabs.harvard.edu/abs/2017EGUGA..1914904P/abstract
https://www.rse-web.it/pubblicazioni/wavesax-device-conceptual-design-and-perspectives-317248/
https://www.rse-web.it/pubblicazioni/wavesax-device-conceptual-design-and-perspectives-317248/
https://www.rse-web.it/pubblicazioni/wavesax-device-conceptual-design-and-perspectives-317248/
https://www.rse-web.it/pubblicazioni/wavesax-device-conceptual-design-and-perspectives-317248/
https://www.rse-web.it/pubblicazioni/wavesax-device-conceptual-design-and-perspectives-317248/
https://www.rse-web.it/pubblicazioni/wavesax-device-conceptual-design-and-perspectives-317248/
https://www.rse-web.it/pubblicazioni/wavesax-device-conceptual-design-and-perspectives-317248/
https://www.rse-web.it/pubblicazioni/wavesax-device-conceptual-design-and-perspectives-317248/
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Name Developer Developer 
Country 

Recent 
Deployment Type Stage of 

Development 2023 Status Reference  

Wave Star Wave Star ApS Denmark 

Roshage 
Pier, 
Hanstholm, 
Denmark 

OB 
Prototype,  
1:2 scale 

N/A 
Kramer, Marquis, 
and Frigaard 
(2011) 

Sea Horse 

SEAHORSE, Alberto Luiz 
Coimbra Institute for Engineering 
and Research (Coppe), Brazilian 
Electricity Regulatory Agency 
(ANEEL) 

Brazil 
Port of 
Pecem, 
Brazl 

OB Prototype 
Decommissioned 
2017 (Clemente et 
al. 2023) 

Clemente et al. 
2023 

Recent Notable Hybrid Breakwater WECs 

WEC4PORT
S Hybrid 

International Marine and 
Dredging Consultants (IMDC), 
University of Porto, Institute of 
Science and Innovation in 
Mechanical and Industrial 
Engineering (INEGI), Eire 
Composites Teo (ECT) 

Belgium, 
Portugal, 
Spain 

N/A 

OWC-
OTD 
hybrid 
(HWE
C) 

Concept N/A Koutrouveli et al. 
(2021) 

OWC-OB 

Jiangsu University of Science 
and Technology Zhenjiang, 
China, University of Strathclyde, 
Glasgow, UK, National Ocean 
Technology Center, Tianjin 

China, 
Glasgow, 
UK 

N/A 

OWC-
OB 
hybrid 
(HWE
C) 

Concept N/A Cheng et al. 
(2022) 

O²WC 
University of Florence, Italy, 
AM3 Spin-Off, Joint Laboratory 
A-MARE, Italy 

Italy N/A 

OWC-
OTD 
hybrid 
(HWE
C) 

Concept N/A Simonetti et al. 
(2022) 
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Name Developer Developer 
Country 

Recent 
Deployment Type Stage of 

Development 2023 Status Reference  

pWEC-
breakwater 

Tsinghua University, China, 
University of Plymouth, UK, The 
University of Newcastle, 
Australia, Shanghai Jiao Tong 
University, China, University of 
College Cork, Ireland 

China, UK, 
Australia, 
Ireland 

N/A pWEC Concept N/A Zheng et al. 
(2021) 

OB-parabolic 
breakwater 
WEC 

South China University of 
Technology, China, Donghai 
Laboratory, China, Dalian 
University of Technology, China 

China N/A OB 
hybrid Concept N/A Zhou et al. 

(2023) 

Floating 
breakwater-
OB WEC 

Harbin Engineering University, 
China, University of Oxford, UK, 
University of Bath, UK 

China, UK N/A OB 
hybrid Concept N/A Zhang et al. 

(2020) 
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Appendix B. Review of Additional Energy End Uses 
The research team conducted a literature review to identify additional possible applications of CSI-WECs that fall into non-grid-scale 
onshore marine energy end-use categories. CSI-WECs can supply direct electrical power for fixed assets, processes, and events and to 
potentially improve/support coastal ecosystem health. In addition, CSI-WECs can provide direct mechanical energy for pumping 
seawater or air. These types of activities can benefit coastal population centers and ports in various ways, as summarized in Table B-1.  

Table B-1. Potential CSI-WEC End-Use Applications 

End-Use 
Category 

Application Description Power Need 

Electric Power 
Generation for 
Fixed Assets 

Powering ports 
(ports/marinas) 

Direct power 
supply to port 
operations 

Ranges of total energy consumption for ports of different sizes: 
• 20–40 MWh: 2018 energy consumption of a small Latvian port (Heikkinen and Sutela 

2022) 
• 491 MWh: 2020 energy consumption of a medium-sized port in Egypt (Tawfik et al. 

2022) 
• 600 MWh: 2018 energy consumption of a small to medium sized Greek port (Sifakis 

and Tsoutsos 2020) 
• 19,204 MWh: 2011 electrical consumption of a terminal in the second largest port in 

Spain (i.e., Valencia): 48% went to refrigerated containers, 34% to ship-to-shore 
cranes, 13% to lighting (Martinez-Moya et al. 2019) 

Electric Power 
Generation for 
Fixed Assets 

Port lighting 
(ports/marinas) 

CSI-WEC 
generation sent 
directly to the 
port’s lighting 
system 

Port lighting requirements: 
• 98 MWh in 2020 in medium-sized Egyptian port (Tawfik et al. 2022) 
• >480 MWh in a small to medium sized port in Greece (Sifakis and Tsoutsos 2020) 
• 2,500 MWh in the port of Valencia, Spain (Martinez-Moya et al. 2019) 

Electric Power 
Generation for 
Fixed Assets 

Ship-to-shore 
power 
(ports/marinas) 

CSI-WEC 
generation used 
for ship-to-shore 
power  

Smaller vessels require less than 50–100 kW of power each (Global Maritime Energy 
Efficiency Partnerships n.d.) 
Larger vessels range from 100 kW up to 10–15 MW 

Electric Power 
Generation for 
Fixed Assets 

Navigation aids 
and ocean 
observation 
buoys 
(ports/marinas) 

CSI-WEC 
generation used 
for navigation 
aids for ships 
coming in and out 
of the port and 

Power requirements for ocean observation buoys and navigation aids: 
• 10–600 kW per installation (LiVecchi et al. 2019)  
• 40–200 W for NOAA-handled buoys  
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End-Use 
Category 

Application Description Power Need 

observation 
buoys for 
meteorological 
and 
oceanographic 
measurements 

Electric Power 
Generation for 
Processes 

Green hydrogen 
production 
(coastal 
population 
centers) 

CSI-WEC 
generation 
powers:  
A reverse 
osmosis process 
to desalinate 
seawater and an 
electrolyzer to 
produce green H2 
OR 
A seawater 
electrolyzer 

9 liters of water and 50 kWh of electricity are required to produce 1 kg of hydrogen 
(Harrison and Levene 2008)  
If reverse osmosis requires 2 kWh/m3 water, then to produce the 9 liters of water needed 
for 1 kg of hydrogen, 0.018 kWh of energy is required (Folley and Whittaker 2009) 
 

Electric Power 
Generation for 
Processes 

Nearshore 
aquaculture 
(coastal industry) 

CSI-WEC 
generation 
directly powers 
various needs for 
nearshore 
aquaculture 
 

Offshore finfish aquaculture plant used 239–534 kWh/day (Syse 2016) 
Total electric consumption of growth-phase aquaculture was roughly 700 kWh/day for the 
various electrified loads (Garavelli et al. 2022) 
Peak cumulative demand of 100–120 kW during daytime feeding (Garavelli et al. 2022) 

Direct 
Mechanical 
Energy 

Water pumping 
for reverse 
osmosis 
desalinationa 
(coastal 
population 
centers) 

CSI-WEC 
powers a pump 
to move 
seawater 
through the 
system 

About 2 kWh/m3 water (Folley and Whittaker 2009) 
In a theoretical OBREC to RO desalination system, “final desalinated water is about 6% of 
the total overtopping water collected by the system” (Contestabile and Vicinanza 2018) 

Electric Power 
Generation for 

Ecosystem 
restoration 

CSI-WEC 
generation used 

Goreau (2012) assumed 1 kg growth/kWh 
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End-Use 
Category 

Application Description Power Need 

Coastal 
Ecosystem 
Health 

through biorock 
growth strategies 
(coastal 
population 
centers) 

to send low 
voltage current 
through steel 
structures to 
grow oyster or 
coral reefs 

Melnikov (2021) found growth rate and survival rate benefits from 450mA current 
Miller (2020) reviewed use of mineral accretion technology for artificial reefs 

Electric Power 
Generation for 
Events 

Disaster 
response: energy 
storage 
(coastal 
population 
centers, U.S. 
Department of 
Defense) 

CSI-WEC 
generation is 
stored in 
batteries 

Depends on community needs/loads 
One example is Ta’u Island, American Samoa (population 600 (U.S. Census Bureau 
2020b)): has 7.8 MW battery storage (NREL 2021) 

a OBREC-specific desalination advantage: lessened environmental impact of brine discharge as it is diluted by combination with unused overtopped water 
(Contestabile and Vicinanza 2018).
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Appendix C. Geographic Information Systems for Site 
Selection and Assessment 
Promising CSI-WEC installation sites—beyond the four case study sites examined in Section 
3—could be identified leveraging the power and promise of geographic information system 
(GIS) interfaces and geospatial data. These tools play a crucial role in marine energy site 
selection (Mueller and Wallace 2008).  

GIS interfaces allow for a quick visual inspection of geospatial data, for example, enabling an 
easy identification of high and low values and the spatial distribution of a particular variable. 
Different data types can also be visualized in geospatial layers, so data that are typically 
incompatible in traditional analyses can be evaluated in unison through the use of overlaying 
layers. One can also quickly identify areas where projects can be sited by including exclusionary 
layers such as marine protected areas.  

Because CSI-WECs can function at much lower wave power inputs than typical WECs, 
identifying areas with the highest wave resource is less important than would be the case for a 
typical WEC (Foteinis 2022). Therefore, other site attributes such as locations with hardened 
shoreline, the need for and cost of structure upgrades/replacements, port size and activities, and 
flood risk are key factors to consider in site selection for CSI-WECs. GIS allows for the 
integration of these factors into the site selection process. 

Geospatial analysis can be used to formalize the examination of data layers through a replicable 
framework. Such frameworks facilitate greater transparency in site selection, which is 
particularly important in engaging stakeholders in the decision-making process and fostering 
trust. Multi-criteria decision analysis (MCDA) is a simple yet powerful geospatial analysis 
method that consists of ranking multiple (usually overlapping) criteria to make site selection 
decisions, or provide a narrowed list of options (Vasileiou, Loukogeorgaki, and Vagiona 2017; 
Shao et al. 2020).  

The customizable nature of this framework also allows for the creation of bespoke models that 
account for different communities’ resources, priorities, and limitations. The research team has 
been working on creating an internal GIS tool that utilizes MCDA methods for site selection 
analysis. For a preliminary GIS case study analysis, the research team selected Puerto Rico. 
ESRI GIS software ArcMap 10.8.2 was used for data preparation and GIS analysis. The study 
area extent was 3.0 nautical miles from the coastline. The following data layers, mapped in 
Figure C-1 and Figure C-2, were used as criteria for the MCDA analysis of Puerto Rico:  

1. Coastal populated places (city locations), labeled by size 
2. Ports 
3. Electric power transmission lines to demonstrate proximity to infrastructure and grid 

connections 
4. Census tracts that are at or above the 90th percentile for projected flood risk (Figure C-2) 
5. 42-year average omnidirectional wave power to demonstrate theoretical wave resource 

(Allahdadi et al. 2021) 
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6. Danger zones/restricted areas by U.S. military (exclusionary criteria used as an overlay to 
restrict potential project sites). 

Because CSI-WECs offer a unique solution to enhance coastal defense, during the criteria 
weighting process for this study the research team prioritized a GIS layer that represented 
populated or developed areas vulnerable to flooding. Puerto Rico’s coastal municipalities could 
benefit from additional infrastructure to reduce storm surge, and combining this infrastructure 
with a WEC can ensure available energy supply during and immediately after weather events. 
For these reasons, CSI-WECs could also reduce some costs associated with recovery efforts. 

 

    
Figure C-1. Map of Puerto Rico displaying estimated wave resource, port locations, cities, 

electrical transmission lines, and restricted military zones 
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Figure C-2. Map of Puerto Rico displaying the census tracts that are at or above the 90th 

percentile for flood risk. 

C.1 Methods  
The specific MCDA method selected for this analysis was the analytic hierarchy process (AHP). 
AHP provides a structured approach to tackle complex and subjective decisions. For this reason, 
it is the most used MCDA method for renewable energy site selection (Vasileiou, 
Loukogeorgaki, and Vagiona 2017).  

AHP involves pairwise comparisons of the site selection criteria, where two criteria are evaluated 
at a time and assigned values (listed in Table C-1) that represent the relative importance of one 
criterion compared to another. These values are used to create a decision matrix that calculates 
the overall criteria weights used for the suitability analysis. To assess reliability and logical 
consistency of the weightings, a consistency ratio (CR) and consistency index (CI) are calculated 
using Equations (1) and (2). 

𝐶𝐶𝐶𝐶  =
(𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚  −  𝑛𝑛)

(𝑛𝑛 − 1)   

 

(1) 

 

𝐶𝐶𝐶𝐶  =  
𝐶𝐶𝐶𝐶
𝑅𝑅𝑅𝑅

 
 

(2) 

 

Here, 𝑛𝑛 represents the number of criteria in the decision matrix, and 𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum 
eigenvalue of the matrix. CI indicates the level of consistency in the judgements within the 
matrix. The random index (RI) is a reference value determined from the matrix size (Saaty 
1990). By comparing CI, the actual matrix consistency, to RI, one can determine whether the 
pairwise judgements are reasonable or need adjustment. A CR greater than 10% indicates that 
the criteria weightings are logically inconsistent and should be repeated. The AHP analysis was 
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conducted by the research team using Python. For further information on the MCDA method 
employed, please consult Hall et al. (2024). 

Table C-1. AHP Value Scale Chart Based on Saaty’s Methodology (Saaty 1990) 

Intensity of 
Importance  

Definition  Explanation  

1 Equal importance Two criteria contribute equally to the 
objective 

3 Moderate importance  Experience and judgment slightly 
favor one criterion over another  

5 Essential or strong importance  Experience and judgment strongly 
favor one criterion over another  

7 Very strong importance A criterion is favored very strongly, 
and its dominance is demonstrated in 
practice  

9 Extreme importance The criteria favoring one activity over 
another is of the highest order of 
affirmation  

2, 4, 6, 8  Intermediate values   
 

After completing the AHP, the geospatial layers were prepared for analysis. Proximity to feature 
class data (ports, electric transmission lines, cities, and flood risk) was calculated using the 
Euclidean distance tool. To ensure data compatibility, all data layers were reclassified to a 
standard scale of 0 to 1, where 1 represents the highest rank and 0 the lowest rank. This was done 
using Equation (3) in the raster calculator. 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅  =  1  −  
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 −  𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 − 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
 (3) 

 

The data layers were then combined applying the criteria weightings in the weighted sum tool. 
The final raster mapped the suitability of sites across the study area. The raster was displayed 
using the standard deviation stretch.   

C.2 Results and Discussion 
In this demonstration of the GIS MCDA tool with Puerto Rico as a case example, the research 
team prioritized data representing census tracts with high flood risk. This prioritization was to 
highlight the coastal defense value of CSI-WECs. The criteria weightings derived from the AHP 
analysis are shown in Figure C-3.  

The MCDA methodology in this study allowed the research team to include data, such as the 
flood risk census tracts, that are not traditionally considered in typical siting practices for marine 
energy projects. This GIS analysis can be applied to site selection where other attributes are 
important, such as geological or oceanographic features. Applying MCDA in GIS allows users to 
conduct a more nuanced and bespoke site selection. 
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The output of the MCDA in this study (Figure C-4) is a single data layer, which is a heat map of 
highly suitable areas for CSI-WEC siting. Within the highly suitable areas, there are numerous 
potential project sites. Several of these sites extend from San Juan along the north shore to the 
northeast coast. Additional suitable areas were identified along the southern coast, though these 
sites contained less wave energy resource as compared to those in northern areas. Though more 
remote, these southern coastal sites are adjacent to flood risk census tracts, which would benefit 
from the coastal protection offered by infrastructure such as breakwaters and jetties, as well as 
the access to energy they could provide for emergency operations or desalination. 

 

 
Figure C-3. Criteria weightings used for the Puerto Rico site analysis calculated from the AHP 

analysis 

 
Figure C-4. Map of suitability results of the GIS MCDA site selection analysis for Puerto Rico, with 
the suitability of an area ranging from high (red) to low (blue). The data layers used in the analysis 

were the omnidirectional wave power, port locations, electric transmission lines, city locations, 
and flood risk. 
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This Puerto Rico case study demonstrates that GIS analyses can assist CSI-WEC developers in 
optimizing site selection in a replicable and systematic way. Moving forward, integrating 
additional oceanographic and economic geospatial data will be crucial for conducting 
comprehensive analysis. This approach may also facilitate management of marine use conflicts 
and early engagement with stakeholders. The flexibility of GIS-based MCDA enables its 
application across various site selection scenarios where sufficient spatial data are available. 

  



57 

This report is available at no cost from the National Laboratory of the Rockies (NLR) at www.nlr.gov/publications. 

Appendix D. Federal Funding Programs Relevant to 
CIS-WEC Harbor Protection Breakwaters 
To further support the techno-economic opportunity offered by CSI-WECs, this section describes 
two non-U.S. Department of Energy (DOE) federal funding programs that could support CSI-
WEC deployment.   

Though designed primarily for harbor protection, revenues from breakwater-based production of 
electricity and/or fresh water could provide a mechanism for funding a local harbor district’s 
non-federal cost share (20% to 40%, depending on water depth). This would allow the project to 
meet USACE’s requirement to design and build the federal portion of the project (i.e., 60% to 
80%, depending on water depth).  

Section D.1 describes the U.S. Maritime Administration (MARAD) Port Infrastructure 
Development Program (PIDP), which could provide grant funding to enable the above-described 
techno-economic evaluation, including optimization and the front-end engineering design of a 
CSI-WEC breakwater. Section D.2 describes how these results would then provide the basis for a 
credible proposal to USACE for detailed planning and construction of the CSI-WEC breakwater. 

D.1 MARAD Grant Funding of Port Improvement Studies and Capital 
Projects 
PIDP is a discretionary grant program administered by the U.S. Department of Transportation’s 
MARAD, through the MARAD Office of Port Infrastructure. Funds for the PIDP are awarded on 
a competitive basis to projects that improve the safety, efficiency, or reliability of the movement 
of goods into, out of, around, or within a port (U.S. Department of Transportation 2022).  

The PIDP provides grant funding to ports—in both urban and rural areas—for planning and 
capital projects. It also includes a statutory set-aside for small ports to continue to improve and 
expand their capacity to move freight reliably and efficiently and support local and regional 
economies. 

The PIDP program was funded $2.25 billion over 5 years (2022–2026), one-fifth of which ($450 
million) was made available in Fiscal Year 2024. The following features are notable for the 
Fiscal Year 2024 PIDP solicitation: 

• Projects that support seafood and seafood-related businesses are eligible for PIDP 
funding. 

• MARAD reserved 25% of the appropriated funds ($112.5 million) for projects meeting 
certain requirements described in this notice for “small projects at small ports.” 

• Of the reserved amount set aside for small projects at small ports, not more than 10% 
($11.25 million) may be used to support development phase activities at such ports. 

• Development phase activities include planning, feasibility analysis, revenue forecasting, 
environmental review, permitting, and preliminary engineering and design work. 

• MARAD placed an $11.25 million cap on any single award to a small project at a small 
port. 
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PIDP grants normally require at least 20% nonfederal cost share. Per 46 U.S.C. 54301(a)(8), the 
federal share of the total costs of an eligible PIDP project must not exceed 80%; however, the 
U.S. Secretary of Transportation may increase the federal cost share above 80% for (1) a grant 
for a project in a rural area or (2) a grant awarded to a small project at a small port. 

In future MARAD solicitations under this program, PIDP grant funding could enable rigorous 
techno-economic evaluation, optimization, and front-end engineering design of a CSI-WEC 
breakwater. The results of such a study would provide the basis for a credible proposal to 
USACE for detailed planning and construction of the CSI-WEC breakwater. 

D.2 U.S. Army Corps of Engineers Cost Sharing of Harbor Navigation 
Construction Projects 
As the federal agency responsible for maintaining and improving the nation’s navigable 
waterways and ensuring their safety, USACE: 

• Manages infrastructure such as locks, dams, and channels 
• Plans and constructs new navigation channels and associated structures, such as surge 

barriers, jetties, and breakwaters 
• Performs channel dredging and clearance activities to ensure that seagoing access to the 

nation’s harbors and waterways remains safe, reliable, and efficient for commerce.  
The USACE cost share available for construction of harbor navigation projects varies depending 
on the water depth (USACE n.d.):  

• For projects at depths of 20 ft or less, the cost share is 80% federal and 20% nonfederal. 
• At depths between 20 and 45 ft, the cost share is 65% federal and 35% nonfederal.  
• At depths greater than 45 ft, the cost share is 40% federal and 60% nonfederal.  
• The cost share for inland navigation projects is 100% federal.  

In addition, funding of operation, maintenance, repair, replacement, and rehabilitation for 
USACE navigation projects is 100% federal, except at depths greater than 45 ft, where the cost 
share becomes 50/50 for the portion of the work at depths greater than 45 ft. 

Thus, for a breakwater-based CSI-WEC project, the sale of fresh water and/or electric power 
could be used to finance the 20% nonfederal cost share, as well as the operations and 
maintenance of the WEC system (but not structural maintenance of the breakwater, i.e., 
movement or breakage of rubble mound armor units, which would be covered 100% by federal 
funding). However, as no CSI-WEC projects have been deployed in the United States, these 
assumptions have yet to be tested.  
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