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Abstract

This study assesses the feasibility and profitability of marine hybrid clusters, combining
wave energy converters (WECs) and offshore wind turbines (OWTs) to power households
and marine aquaculture. Researchers analyzed two coastal sites: La Serena, Chile, with
high and consistent wave energy resources, and Ensenada, Mexico, with moderate and
more variable wave power. Two WEC technologies, Wave Dragon (WD) and Pelamis (PEL),
were evaluated alongside lithium-ion battery storage and green hydrogen production for
surplus energy storage. Results show that La Serena’s high wave power (26.05 kW /m)
requires less hybridization than Ensenada’s (13.88 kW/m). The WD device in La Ser-
ena achieved the highest energy production, while PEL arrays in Ensenada were more
effective. The PEL-OWT cluster proved the most cost-effective in Ensenada, whereas the
WD-OWT performed better in La Serena. Supplying electricity for seaweed aquaculture,
particularly in La Serena, proves more profitable than for households. Ensenada’s clusters
generate more surplus electricity, suitable for the electricity market or hydrogen conver-
sion. This study emphasizes the importance of tailoring emerging WEC systems to local
conditions, optimizing hybridization strategies, and integrating consolidated industries,
such as aquaculture, to enhance both economic and environmental benefits.

Keywords: marine renewable energy; renewable hybrid systems; marine clusters; techno-
economic feasibility; Levelized Cost of Energy; green hydrogen; battery energy storage

1. Introduction

The search for innovative solutions to meet energy demand, mitigate climate change,
and reduce pressure on ecosystem services has driven technological developments in
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renewable energy (RE) [1]. The main research areas in the quest to increase the competitive-
ness and global installed capacity of RE facilities have sought to enhance their technological
readiness and supply chain resilience, and reduce commissioning costs [2].

Reducing the levelized cost of energy (LCoE) of RE below the cost range of fossil fuels is
also a key aim [3]. However, the commercial viability of RE technologies is irregular, and all
are in different stages of commercialization. Their cost effectiveness needs to be improved to
accelerate their deployment and therefore their contribution to climate quotas [4].

Diversification and modernization of the energy mix through affordable, secure,
and sustainable harvesting of marine renewable energies (MRE) are possible means to
improve the well-being of coastal communities [5]. MRE includes ocean currents, tides,
thermal and salinity gradients, waves, and offshore wind. Driven by the accumulated
experience and technological maturity in the onshore wind sector, with a global 83 GW of
cumulative installed capacity in 2024, offshore wind is considered the most competitive
source of MRE and crucial in the drive towards energy transition and decarbonizing the
power sector [6]. With its rapidly increasing role in electricity generation, offshore wind
energy has advantages over onshore wind energy, such as greater wind power availability,
larger areas to install wind farms, and lower generation variability [7]. Shadman et al. [8]
conducted a comprehensive review of the current status and future perspectives of MRE
in South America. By surveying the existing scientific literature, national electricity grids
and infrastructure, and assessing resource potential, the study highlighted the critical
need to increase investment, establish appropriate legal frameworks, launch full-scale
demonstration projects, and consider the synergies and conflicts associated with ocean
space utilization in the region. The study by Hernandez-Fontes et al. [9] performed a
comprehensive assessment of Mexico’s potential for MRE. By analyzing global datasets
and establishing availability thresholds, the study offered a prospective coastal zone with
consistent energy availability while also considering environmental and socioeconomic
constraints. This innovative approach revealed that Mexico has substantial and sustainable
marine energy resources, which could contribute significantly to diversifying the nation’s
energy portfolio.

Wave energy is another promising source of MRE that is expected to be exploited soon.
The energy in ocean waves has been estimated to be approximately the same as the world’s
electricity consumption [10]. The high energy density of wave power per unit area, its
predictability, and the fact that waves naturally flow toward our coasts make harnessing
it profitable [11]. However, most wave energy converter (WEC) projects are still in the
developing stage [12,13]. The wide range of LCoE, 75 - 500 USD/MWHh, translates into low
competitiveness in the electricity market, and non-representative economic models translate
into low competitiveness in the electricity market and uncertainties in the performance
of the WEC at the commercial scale [14-16]. Corrales-Gonzélez et al. [17] conducted
an unstructured wave hindsight, assessing wave energy availability and its exploitation
through WECs in the Central American Pacific region using high-resolution wave data.
The resulting dataset laid the groundwork for diversifying WEC portfolios tailored to
Exclusive Economic Zone conditions, highlighting the need for sound regulatory and
economic frameworks that boost profitability and support the sustainable development
of WEC projects in the region. A study by Meneses et al. [18] assessed the long-term
techno-economic potential of integrating WECs into the isolated power system of the
Galapagos archipelago. Using a comprehensive OSeMOSYS model, the research projected
that while WECs are not currently cost-competitive, their LCoE is expected to decline
over time. This suggests that by 2050, these devices could become a vital component
of a diversified, low-carbon energy portfolio, thereby reducing fossil fuel reliance and
improving the resilience of the region’s energy infrastructure. The study of Sdnchez and
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Mendoza [19] assessed the techno-economic feasibility of WEC farms along the southwest
coast of Baja California, Mexico. The study determines the theoretical installed capacity and
the LCoE for a farm configuration. Sensitivity analysis confirmed that site selection was the
most significant factor influencing LCoE, where Archimedes Wave Swing farms provided a
more economically viable and competitive option than Wave Dragon WEC arrays.

Although previous work focused on high-resolution assessment of wave energy re-
sources at a single site in Chile [20] or techno-economic analyses of standalone WECs in the
region [21], a need persists for a holistic analysis of hybrid systems. This research gap drives
the growing interest in marine hybrid clusters (MHCs), which integrate diverse coastal
industries with multiple MRE sources [22]. This symbiotic approach enhances overall
system performance by mitigating electrical intermittency and maximizing annual energy
production (AEP). Consequently, hybridization makes renewable energy more competitive
than traditional sources, ensuring a sustainable and reliable energy supply. Furthermore,
it facilitates the production of high-value commercial by-products, promoting the blue
economy and strengthening the resilience of coastal communities [23—-25]. Furthermore,
the joint coupling of emerging WEC and offshore wind turbine (OWT) sectors with the
established marine aquaculture sector (e.g., the farming of fish, mollusks, crustaceans,
or seaweed in commercial floating cultures) can generate symbiotic benefits based on
energy and food security and increase the profitability of projects [26,27]. During the
last decade, marine aquaculture has experienced the highest growth rate among all food
production systems [27]. With an annual production of 32.4 million tons (wet weight)
in 2018, valued at USD 11.80 billion, it is projected that the seaweed sector will grow to
USD 22.13 billion by 2024 [28,29]. Gorr-Pozzi et al. [30] analyzed the techno-economic
feasibility of integrated MHCs with WECs, seawater desalination, and marine aquaculture
modules to create a sustainable water-energy—food nexus in the arid coastal regions of Baja
California, Mexico. The finding indicated that while an individual WEC was not profitable,
the economic scaling of the WEC array enhanced its viability. Although the desalination
component was not economically viable on its own, the seaweed aquaculture module was
identified as the main driver of profitability.

However, hybrid systems that integrate MRE face challenges associated with inte-
grating, coordinating, and synchronizing the different renewable systems. These require
complex engineering and control mechanisms for a reliable power supply and sophisticated
energy management [31]. Moreover, high upfront investment costs and regulatory and
policy frameworks do not incentivize or support deployment [32]. Naderipour et al. [33]
developed MHC integrating tidal, photovoltaic, and wind energy with a hydrogen en-
ergy storage system. Their study assessed three sites, comparing the RE potential at each
location. The findings revealed that the combined contribution of these energy sources
effectively minimized the net present cost of the hybrid system while enhancing reliability
and reducing load deficits. Petracca et al. [34] conducted a techno-economic analysis of a
novel hybrid concept based on the Nautilus semi-submersible platform, integrated with
OWT and four-point absorber WECs in the deep waters of Belmullet, Ireland. Diversi-
fication through hybrid OWT and WEC configurations offered a promising solution for
the future of the MRE sector, representing a crucial step towards the energy transition
by enabling a more robust and cost-effective energy mix. The hybrid systems were able
to significantly reduce power fluctuations and investment costs, enhancing the economic
competitiveness of MRE with a 10% reduction in LCoE, improved performance indicators,
and hydrodynamic stability compared to stand-alone systems. Coles et al. [35] developed a
hybrid tidal stream and wind energy system with short-term battery storage and backup
oil generators. The tidal and wind hybrid systems reduce annual carbon emissions by 77%
and 68%, respectively. Additionally, the performance of the tidal hybrid system improves
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significantly as battery storage capacity increases from 1 MWh to 3 MWh, enabling energy
discharge to meet demand during most low-water periods in spring.

The stability and reliability of the power supply are greater if the MHC includes energy
storage technology. Batteries or hydrogen can be used as storage options during periods
of low renewable energy generation or high demand. While these technologies’ storage
improves the stability, reliability, and sustainability of energy production and distribution,
this will also increase capital, operating, and maintenance costs [29,36]. Other research,
such as that of Sanchez-Dirzo et al. [37], describes the technical feasibility of hydrogen
generation using wave energy. The Blow-Jet device converts wave energy into electricity
using an impulse turbine with an electric generator and can produce hydrogen in an
electrolyzer with an efficiency of 90.58%.

The geopolitical context has driven the uneven technological maturity of WECs. Devel-
oped countries lead the sector, with devices designed and adapted to generate maximum
performance in high-wave energy conditions [17,38]. This creates uncertainties in the
flexibility and performance of WECs in regions with different climatic conditions, with gen-
erally lower energy availability. Diverse studies have demonstrated the need to adapt
WECs in developing countries to give better performance in local conditions, different from
design conditions [11,17,18]. In turn, performance outside of the WEC design conditions
can decrease the capacity factor and profitability of a WEC project. Therefore, accelerating
the commercial deployment of the emerging WEC sector requires innovative solutions to
improve performance, viability, and competitiveness in the electricity market. Optimiz-
ing hybridization and storage strategies, integrating complementary consolidated coastal
industries, assessing the diversification of electricity uses, and supporting public policy
instruments and regulatory frameworks are novel strategies designed to help boost the
WEC sector among developing countries with similar social, economic, and electricity
consumption conditions.

Although this study focuses on Mexico and Chile, it provides a comprehensive proof
of concept for hybrid MRE production integrated with aquaculture, establishing a critical
baseline for future regional expansion throughout the American continent and other global
coastal areas. Although previous investigations have explored similar concepts at latitudes
with a high potential for wave and offshore wind energy, this research distinguishes
itself due to the specific environmental and oceanographic conditions of the study sites,
including local marine seaweed cultures. As such, this analysis contributes novel data
that significantly diverges from the existing literature. Specifically, this paper presents
the first explicit, comparative techno-economic analysis of MHCs across two different
Latin American coastal regions: La Serena, Chile (a high-energy, consistent wave regime),
and Ensenada, Mexico (a moderate, more variable regime). This approach allows us to
demonstrate the critical importance of tailoring WEC selection to the local wave climate,
finding that the WD device is most profitable in Chile’s high-energy conditions and the
PEL device shows enhanced adaptability and superior economic performance in Mexico’s
moderate wave climate.

A major innovation of this research is the shift from evaluating mere energy produc-
tion viability to a holistic assessment of market profitability by evaluating two distinct
energy consumption scenarios: household electrification and marine seaweed aquaculture.
The investigation yields a pivotal strategic finding for MRE deployment: in most scenarios,
especially in La Serena, powering marine seaweed aquaculture offers greater profitability
than household energy supply. This outcome highlights a symbiotic deployment pathway
whose potential has been significantly underestimated in the existing literature. Further-
more, this study includes a detailed economic viability assessment of BES and HES solutions
for managing energy surpluses in these Latin American markets. This analysis not only
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quantifies monthly energy surpluses but also compares the economic return of BES versus
HES across sites and WEC types, concluding that BES often yields higher returns than HES
for aquaculture in La Serena. In summary, this work moves beyond foundational technical
studies to provide a robust, comparative, and market-oriented framework that directly
informs the commercial strategy and policy decisions required to unlock the potential of
wave energy in diverse coastal regions.

This study examines the techno-economic feasibility of an MHC of WEC and OWT
systems at two potential sites in Latin America. The paper is structured as follows: The
Materials and Methods section provides a detailed description of the MHC components and
associated by-products, the selected study areas, the market potential for MHC systems,
and the methodology employed for the techno-economic assessment. This assessment uses
data from several existing markets to evaluate the performance, cost-effectiveness, and the
proposed hybrid system’s scalability. The Results and Discussion sections present and
analyze the profitability of MHC scenarios, while the Conclusions summarize the findings.

2. Materials and Methods

A techno-economic analysis was carried out to assess the feasibility of marine hybrid
clusters (MHCs) by evaluating wave and offshore wind energy through Pelamis (PEL) and
Wave Dragon (WD) WECs and offshore wind turbines (OWT). The MHC was analyzed
for two locations, La Serena, Chile, and Ensenada, Mexico, to compare the influence of the
location on the wave and offshore wind potential. The electricity assessment was divided
into two scenarios (Figure 1), which were used for aquaculture production or household
electrification. In those scenarios, the feasibility of surplus energy was also evaluated
through battery energy storage (BES) or hydrogen energy storage (HES).

Site MHC Scenarios
Without energy storage
PEL-OWT ﬁquacﬁltﬁife{ggs
ouseho HES
Ensenada
Without energy storage
WD-OWT ﬁqua‘?ﬁ“&re{BEs A
ouseho HES
Without energy storage
PEL-OWT ﬁquacEltludre {BES By s
ouseho HES
La Serena

WD * Aquaculture
Household

Without energy storage
BES

HES

Figure 1. Scenarios for evaluating the feasibility of marine hybrid clusters (MHCs) integrating wave
and offshore wind energy for aquaculture production and household electrification. PEL and WD
are the Pelamis and Wave Dragon WECs, respectively, and OWT is the offshore wind turbine. BES
and HES are the battery and hydrogen energy storage systems. WD* represents an MHC that could
supply energy with a single WEC device, without the need for hybridization, used as a baseline for
designing other scenarios.

The analysis considered an interconnected microgrid capable of supplying electricity
to 5000 households or 68 hectares of aquaculture production, with a maximum monthly
electricity consumption of 620 MWh. The household consumption profile for La Serena
was obtained from an electricity company, while the consumption profile for Ensenada
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was sourced from the Baja California INEGI statistical yearbook [39,40]. The aquaculture
consumption profile for both locations was based on information provided by Productos
Marinos de las Californias S. de R.L. de C.V,, an experienced company specializing in
seaweed aquaculture [41].

Numerical simulations were used to evaluate the performance of the WEC and OWT
technologies at La Serena and Ensenada. The third-generation wave model SWAN Cycle
IV version 41.20AB [42] was used to determine wave characteristics and evaluate wave
energy availability and extraction capacity. The SWAN model was forced at the boundaries
with directional wave spectra from the IOWAGA wave hindcast [43].

The model was run in a non-stationary two-dimensional mode from 1 January 2008,
to 31 December 2018, with hourly output data. The spatial domain was discretized in a
regular grid, with a spatial resolution of 0.0025° (approximately 280 m). A logarithmically
spaced frequency resolution with 41 frequencies, from 0.04 to 0.7 Hz, and a directional
resolution of 5° were used.

The numerical results were validated using wave data from GlobalWavedata satellite
data for La Serena and Acoustic Doppler Current Profilers (ADCPs) for Ensenada. Further
details of the wave model setup and validation can be found in [11,44].

Based on previous studies evaluating the performance of various wave WECs [11,44],
the present study selected the PEL and WD devices for their suitable designs, performance,
and maximum wave energy extraction capacity under the specific sea state conditions of the
chosen sites. The PEL device was chosen for its efficiency in mild wave conditions, while the
WD device was selected for its performance under high-energy sea states. The harvested
wave power (HP) was computed as

HP =YY HR(H,, T,) - PWEC(H;, Ty) (1)

where HR is the availability matrix, which represents the probability of occurrences of the
different sea states, expressed as a fraction of the total number of observations, using the
hourly significant wave height (Hs) and spectral peak period (T,), and where PWEC is the
power matrix of the PEL and WD devices. Power matrices for PEL and WD were obtained
from [45], respectively, and the PWEC for WEC farms was computed as in [11].

The wind power was evaluated using wind speeds from the ERA5 reanalysis [46].
ERAD5 has a global coverage from 1940 to date, with a spatial resolution of around 30 km.
Here, we used hourly data from 2000 to 2019 from the closest node to each site. Available
wind power, P, was estimated as

Py = %pu?’ 2)

where U is wind speed and p is air density. The mean extractable wind power Py, .t was
computed as

Pw ext = Zi’l Cp (3)

where 7 is the wind speed distribution (U;) at the turbine height (z), and Cy, is the wind
turbine power curve. Several estimations for P, .t were obtained using various wind
turbines with nominal capacities of 225 kW-3.3 MW. The C, was obtained from the NREL
wind power curve archive. U, was estimated from ERA5-wind speed at a height of 100 m,
assuming a wind profile power law with an exponent of « equals to 0.14 [47].

(1) = (o) ®

The energy generation profiles were obtained from the energy production of the WECs

and OWTs analyzed. Since the WD device at La Serena generated the maximum monthly
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energy production (close to 875 MWh), it was taken as the reference capacity to size the
rest of the scenarios (Table 1).

For the remaining scenarios, a 3.3 MW OWT was combined with a varying number of
PEL devices (0.75 MW nominal power, with an installed capacity of 4.5 MW for La Serena
and 3.75 MW for Ensenada) or WD devices (7 MW nominal power, corresponded to an
installed capacity of 7 MW for La Serena and 21 MW for Ensenada) to meet the energy
consumption demands of the microgrid or aquaculture production.

The MHC was designed using the load analysis method, which involved balancing
energy consumption and generation profiles to meet the maximum monthly electricity
consumption for each scenario. The analysis considered an electricity-generating (syn-
chronous generator) efficiency of 90% and an electricity transmission efficiency of 78% [44].
The MHC systems were conceptualized and designed to assess the feasibility of wave
energy deployment, with a key design criterion being the minimization of OWT devices.
The term “hybridization” quantifies the contribution of wave energy relative to offshore
wind energy within the system [32,34]. In this study, hybridization is defined as the percent-
age of energy supplied by WECs to the MHC. Load analysis was also used to calculate the
monthly energy surpluses for energy storage, with BES and HES, considering the power
balance between the electricity generation and power demand profiles.

The profitability of the MHC was analyzed by adapting the methodology of Vega and
Michaelis [48]. Capital (CapEx) and operating (OpEx) expenditures for each MHC module
were adjusted and updated to the value of the USD in 2024 based on similar projects and
economic data available in the literature. A projected useful life of 20 years was considered
for the project, with expenses corresponding to cash flow from CapEx and OpEx and
revenues from by-product sales. Specific employee benefits and taxes for Chile and Mexico
were also considered to generate an accurate cash flow model. The CapEx of WEC farms
was calculated from Astariz and Iglesias [14]. The impacts of operation and maintenance
aspects were considered, and the OpEx of WECs was defined as 8% of CapEXx, as suggested
in several studies [49,50].

The CapEx of the PEL and WD devices was calculated by considering and adapting the
costs of pre-operation, individual devices, and their installation from [14,51], the mooring
systems from [51,52], the underwater cables from [53], the electricity substation from [14],
underground cables from [54], and decommissioning from [55]. The CapEx and OpEx
of the OWT module were adapted from the Annual Technology Baseline of the National
Renewable Energy Laboratory (NREL) [56].

For each scenario, the cluster cost for its 20-year life cycle was estimated through
LCOoE, as in the work of [57]. A cash flow model was used, and financial indicators were
calculated to provide a first-order approximation of the profitability of the MHC in each
scenario. The cash flow model (Figure 2) includes the income generated by the sale of the
by-products (electricity, clean energy certificates, dried seaweed, and carbon credits) and
the expenses associated with the operating and financial costs, depreciation, and taxes.
The financial analysis included the net present value (NPV) and the Internal Rate of Return
(IRR) economic indicators.

The selling price of the electricity produced was strategically determined to ensure the
project’s economic feasibility and market competitiveness within the renewable energy sec-
tor. Electricity distributed within the microgrid was priced at approximately 0.8 USD/kWHh,
whereas electricity sold to the grid commanded a price of 0.22 USD/kWh. These distinct
pricing structures highlight the critical balance between cost-effectiveness and market com-
petitiveness necessary for widespread renewable energy adoption [58-61]. Furthermore,
the project leveraged renewable energy certificates, valued at 7 USD/MWh, underscor-
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ing the significant role of policy mechanisms in incentivizing and promoting renewable
energy generation.

Unit Module By-products
—  Electricity
Lithium-ion | |
batteries
|| Clean energy
Wave energy certificates
converters
| | Offshore N Green
wind turbine hydrogen
Marine
hybrid cluster [ |
Food for
human
consumption
Seaweed
aquaculture
Carbon
Credits

Figure 2. Marine hybrid cluster components and by-products.

Regarding seaweed cultivation, the annual seaweed crop of one effective hectare (or
10,000 m?) was taken as a substantial dry-weight production of 63.6 tons per hectare per
year. The seaweed crop also plays a crucial role in carbon sequestration, with a carbon
sequestration rate of 19 tons per hectare per year, assuming a 30% carbon content [62]. This
highlights the environmental significance of seaweed cultivation as a potential solution for
mitigating carbon emissions.

The energy consumption for seaweed cultivation was estimated to be 85.1 MWh ha~! year—!,
underscoring the energy-intensive nature of this form of aquaculture. The sales revenue
from Ulva sp. seaweed for human consumption, set at 10,000 USD/ton, indicates the eco-
nomic value and market demand for this sustainable and nutritious food source. The pric-
ing of carbon credits, at 12 USD/ton, emphasizes the recognition and economic potential of
carbon sequestration through seaweed cultivation, promoting sustainable practices and
providing financial incentives for climate change mitigation [23].

The MHC system is sized based on the minimum seasonal generation and the max-
imum monthly energy demand. The economic feasibility of utilizing surplus energy is
assessed through two storage technologies: batteries for grid sales and green hydrogen
for commercial use. An energy storage system was integrated to manage the intermittent
nature of the renewable energy output of the MHC system. It allows surplus electricity to
be stored and used later, when demand is high or generation is low. To mitigate the high
costs and inherent efficiency losses of storage systems, our main objective is to optimize
the hybridization of WEC and OWT. This strategy minimizes the system’s reliance on
storage to satisfy the electricity demand of aquaculture farms and household consumption.
A BES based on lithium-ion batteries with a storage efficiency 90% was selected, as it
provides an effective solution to store excess electricity generated by the MHC. The BES
was sized and modeled using the methodology detailed in a previous study [63]. A CapEx
of 2800 USD/kW and an OpEx of 70 USD/kW per year ensures a reliable electricity supply
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during periods of low generation or high demand [64]. The HES, based on water electroly-
sis where hydrogen is produced by water splitting using an alkaline electrolyzer, has an
efficiency of 68%, the CapEx is 1,460 USD/kW, and the OpEx is 21.9 USD/kW per year [65,66].
The selling price of green hydrogen was set at 8 USD/kg to compare the revenue in the
different MHC scenarios [67].

The analysis focuses on two study sites located on the Pacific coast (Figure 3). La Serena
in northern Chile, and Ensenada on the east of the Baja California peninsula, in Mexico.
The two coastal locations were selected based on their dual potential of sufficient mean
annual wave power availability and significant local energy needs. Both regions face
challenges in meeting local electricity demand due to their isolation from the national
power grid, constraining local energy security and industrial development [11,20,30].
Harnessing wave energy through WEC deployments can offer a direct solution to mitigate
electricity shortages, enhance energy resilience, foster the growth of new markets in the
blue economy, and contribute to the sustainable development of their coastal communities.

The wave climate at both sites is dominated by simultaneously coexisting high-energy
extratropical and low-energy local wave systems [11,68]. La Serena, in the southern hemi-
sphere, is exposed to energetic swell propagating from the extratropical South Pacific region
in the southern winter (June-August) and from the North Pacific region in the summer
months (December—January) [69]. The most energetic swell reaching Ensenada in the
northern hemisphere comes from the extratropical region of the North Pacific and from
the boreal winter and summer in the South Pacific, respectively. Storms associated with
the subtropical low-level coastal atmospheric jets and extratropical winds occur at both
sites. At both sites, storms are related to low-level subtropical coastal atmospheric jets and
extratropical winds.
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Figure 3. Study areas: (a) La Serena, Chile, and (b) Ensenada, Mexico. The color bar represents the
bathymetry, with values expressed in meters. The test sites at Panul (PAN) and Punta Santo Tomas
(PST) coincide with the wave power hotspots. The text legends are La Serena Bay (LSB) and Todos
Santos Bay (TSB), and Todos Santos Islands (TSI).

Ensenada has moderate mean wave power availability (P), and an annual mean close
to 10 kW/m [11]. There is marked seasonal variability, with a maximum in the boreal
winter (16 kW/m) and a minimum in the boreal summer (5.3 kW/m) [11]. La Serena has
a high P, close to 24 kW /m [44]. The intra- and inter-annual variability of the resource is
medium-moderate, with a maximum P in the austral winter (27 kW/m) and a minimum in
the austral summer (19.5 kW /m). For the analyses in this work, the small communities
of Panul (La Serena) and Punta Santo Tomés (Ensenada) were selected (PAN and PST in
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Figure 2, respectively), as they were identified as wave energy availability hotspots in
previous works [44]. The mean annual offshore wind speed at Ensenada is almost 3.5 m/s,
predominantly from the northwest, with a marked seasonality and higher speeds in spring-
summer [70]. La Serena is one of the most suitable areas for offshore wind exploitation
worldwide, with an average annual wind power density of 730 W m~2 and a capacity
factor of 45% [71]. It has marked seasonality, with maximum wind speeds in November
(12.8 m/s) and minimums in May (1.15 m/s).

3. Results

The inter- and intra-annual mean wave power (P) at the sites chosen is shown in
Figure 4. A higher intra-annual (Figure 4c,d) than inter-annual (Figure 4a,b) P variability is
observed at both sites. The influence of extratropical generation zone geolocations generates
a high mean annual P availability of 26.05 kW /m at La Serena (Figure 4a), 88% higher than
at Ensenada, with a moderate P availability of 13.88 kW /m ( Figure 4b). A marked seasonal
trend, higher in Ensenada than in La Serena, is observed with a maximum P during winter
and a minimum during summer for both sites. The month with the most P in La Serena is
July (32.44 kW /m, Figure 4c), and in Ensenada, January Boreal (20.68 kW /m, Figure 4d).
The month with the lowest at La Serena is January Austral (17.78 kW /m, Figure 4c), and at
Ensenada, August Boreal (8.17 kW /m, Figure 4d). The spring and autumn seasons have an
intermediate P availability between winter and summer, with spring being more energetic
than autumn.
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Figure 4. Mean annual and monthly wave power availability at La Serena (a,c) and Ensenada (b,d) over
the full hindcast period.
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The monthly electricity consumption of households and aquaculture in La Serena and
Ensenada (Figure 5) shows that households demand more electricity in summer than in
winter. In contrast, for aquaculture, the electricity consumption profiles show that there
is more electricity consumption in the autumn, and the lowest is in winter. The average
annual electricity consumption of households is also higher than for aquaculture at both
sites, while the average monthly variability is higher in aquaculture consumption.
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Figure 5. Electricity consumption for aquaculture and domestic use in La Serena and Ensenada.

The design parameters for MHC scenarios are summarized in Table 1. It is observed
that La Serena requires less hybridization than Ensenada to satisfy the energy demands
of both aquaculture and household scenarios. Even some La Serena scenarios with a
single WD device demonstrate self-sufficiency and unnecessary hybridization requirements.
Conversely, all scenarios in Ensenada necessitate a higher installed WEC capacity relative to
OWT capacity, with hybridization levels approaching 60%. All hybrid WEC-OWT system
configurations consistently show a greater demand for PEL than WD devices. This disparity
is more pronounced in La Serena, where a significantly higher number of PEL devices are
required, while in Ensenada, the systems tend to incorporate a relatively higher number of
WD devices.

Power generation of the WEC and OWT devices in Ensenada and La Serena, based
on the MHC design, is determined through energy and power balance analysis. Figure 6
presents the energy balance of the MHC scenarios at La Serena, detailing its electricity
consumption and generation. For PEL devices, the maximum monthly generation reaches
391 MWh (65.2 MWh per device). However, the highest annual energy production comes
from the WD devices at La Serena, which generate 8990 MWHh, with a single device capable
of producing a maximum of 875 MWh. The monthly electricity production for OWT
peaks at 607 MWh during the spring, while the lowest production is recorded in the fall.
The maximum monthly electricity consumption for aquaculture and household scenarios
occurs during the austral autumn and summer, respectively, coinciding with periods of
minimal energy generation from the WEC-OWT hybrid system. To meet the electricity
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demands of these scenarios, PEL devices require hybridization with OWT. In contrast,
a single WD demonstrates self-sufficiency, providing 100% of the electricity required
throughout the year. For both scenarios analyzed, the maximum monthly electricity
generation from hybrid PEL-OWT systems occurs during the austral spring, while that
from WD devices peaks in the austral winter. The OWT constitutes the largest contribution
to the MHC'’s energy supply, fulfilling 51% and 75% of the annual electricity demand in the
aquaculture and household-PEL scenarios, respectively.

Table 1. Design parameters for marine cluster scenarios.

Energy Consumption Energy Generation Hybridization Number Number
Scenarios GWhlyear MWh/month GWhlyear MWh/month of WECs of OWT
(average) (average)
La Serena
PEL-OWT 5.87 489.06 9.43 785.98
Aquaculture
44.23% 6 1
La Serena
PEL-OWT 6.59 549.39 9.43 785.98
Household
La Serena WD 5.87 489.06 8.98 747.93
Aquaculture
La Serena WD N/A 1 0
Household 6.59 549.39 8.98 747.93
Ensenada
PEL-OWT 5.88 489.81 10.49 874.55
Aquaculture
59.56% 5 1
Ensenada
PEL-OWT 6.62 552.03 10.49 874.55
Household
Ensenada
WD-OWT 5.88 489.81 10.74 895.40
Aquaculture
60.48% 3 1
Ensenada
WD-OWT 6.62 552.03 10.74 895.40
Household

The energy balance between electricity consumption and generation for the MHC at
Ensenada is presented in Figure 7. The maximum monthly generation for PEL devices is found
at Ensenada, equal to 730 MWh, which breaks down to 146 MWh per device. The maximum
output for a single WD device is approximately 292 MWh per month. Meanwhile, the OWT
monthly electricity production peaks in the spring at 475 MWh, with the lowest production
occurring in the fall. The scenarios at Ensenada show an inverse trend, with peak electricity
consumption during the boreal summer—autumn months coinciding with the lowest energy
generation. There is surplus energy generation during the boreal winter and spring for both
aquaculture and household scenarios. In all scenarios, the WEC-OWT hybrid system achieves
maximum electricity generation during the boreal spring months. The WECs provide the
highest contribution to electricity generation in the hybrid system at Ensenada. The OWT-
WEC hybrid system with five PEL devices meets 58.4% of the annual electricity demand for
both scenarios. In contrast, hybrid systems with three WD devices supply 58.4% of the annual
electricity demand for aquaculture and 51% for household scenarios. WEC farms at Ensenada
require more PEL devices than WD devices.

Figure 8 illustrates the energy surpluses available for storage in battery energy storage
(BES) and hydrogen energy storage (HES) systems. A marked intra-annual variability in
energy surplus can be observed, with this fluctuation being more pronounced in Ensenada
than in La Serena. During the spring, surpluses in Ensenada (Figure 8b) reach up to
980 MWh/month for BES and approximately 22 Tons/month for HES. In contrast, La
Serena (Figure 8a) exhibits lower spring surpluses, with BES reaching 600 MWh/month and
HES near 15.1 x 10* Tons/month. Conversely, during the summer and autumn, surpluses
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significantly decline. For Ensenada, BES surpluses drop to approximately 50 MWh/month,
and HES surpluses decrease to about 1 Tons/month. Similarly, in La Serena, BES surpluses
fall to around 80 MWh/month, while HES surpluses are close to 2 Tons/month.
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Figure 6. Electricity generation and consumption for La Serena. Blue and yellow bars represent
power generation from the PEL-OWT systems and green ones from the WD systems. The red and
purple profiles represent the consumption of aquaculture and household, respectively.
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Figure 7. Electricity generation and consumption for Ensenada. Blue and yellow bars represent
power generation from the PEL-OWT systems and green ones from the WD systems. The red and
purple profiles represent the consumption of aquaculture and household, respectively.
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Figure 8. Surplus energy for battery energy storage (BES) and hydrogen energy storage (HES) systems
for aquaculture and household use in La Serena (a) and Ensenada (b).

The levelized costs of energy (LCoEs) generated by the WEC-OWT hybrid systems
are presented in Figure 9. The LCoE exhibits a clear dependence on the adaptive flexibility
of the WEC-OWT hybrid systems on the climatic conditions of each specific deployment
site. While in La Serena, the LCoE values are slightly similar, in Ensenada, they diverge
significantly. The PEL-OWT system demonstrated superior performance in Ensenada,
yielding the lowest LCoE of 390 USD/MWh, lower than the 420 USD/MWh achieved in La
Serena. However, the WD-OWT systems exhibit a more significant LCoE variation between
sites. The WD hybrid system at La Serena exhibits a more favorable production cost of
energy (400 USD/MWh) compared to Ensenada (1020 USD/MWh), reflecting site-specific
differences in performance and wave energy potential.

The net present value (NPV) of various MHC scenarios at La Serena and Ensenada
is presented in Figure 10. Using energy to meet the demands of the seaweed aquaculture
sector yields higher profits than serving households; note that the NPV scale used for
aquaculture (panels a and c) is different from households (panels b and d), and La Ser-
ena shows significantly higher profitability compared to Ensenada. Among the revenue
streams, the sale of dried seaweed consistently generates the highest profits across all
scenarios. For the seaweed aquaculture industry in La Serena, scenarios involving storage
systems deliver similar NPV yields, regardless of whether PEL or WD devices are used.
However, in Ensenada, PEL farms outperform those using WD devices in terms of returns.
In Ensenada, the presence or absence of electrical storage systems has minimal impact
on NPV values. In contrast, at La Serena, BES configurations yield higher returns than
HES, and scenarios without storage often outperform those incorporating HES. Electricity
offers the highest returns for household energy supply among all by-products, higher
at La Serena than at Ensenada. In Ensenada, however, only PEL farms generate profits.
Furthermore, MHC incorporating energy storage systems generally exhibit higher NPV
values than those without storage, with HES providing greater returns than BES in specific
scenarios, particularly in La Serena.
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Figure 9. Levelized cost of energy (LCoE) for the marine hybrid clusters at La Serena and Ensenada.
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Figure 10. Net present value (NPV) for the marine hybrid clusters at La Serena (a,b) and Ensenada
(c,d). Only positive values are shown.

Figure 11 shows the Internal Rate of Return (IRR) for the La Serena and Ensenada
scenarios. Across all scenarios, hybrid systems consistently demonstrate higher IRR values
in La Serena than in Ensenada. Furthermore, at both sites, aquaculture scenarios prove
more profitable than household scenarios. All hybrid system configurations incorporating
PEL devices generated positive IRR values at both sites and in all scenarios analyzed.
In contrast, hybrid systems utilizing WD devices only yielded positive IRRs in aquaculture
scenarios. Specifically, for household scenarios, WD-based hybrid systems are only prof-
itable in La Serena. For aquaculture applications at both sites, PEL-based hybrid systems
achieved slightly higher profitability than WD-based systems. However, the household
scenarios exhibited the opposite trend, with WD-based hybrid systems demonstrating
greater profitability than those using PEL devices.
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Regarding electrical storage, both sites and WEC types showed a slight improvement
in profitability for household scenarios when storage systems were integrated, with HES
providing a greater improvement over BES. Conversely, in La Serena’s aquaculture scenar-
ios, the integration of electrical storage systems led to a reduction in IRR values, with HES
yielding lower returns than BES. No clear pattern is observed for electrical storage in
Ensenada’s aquaculture scenarios.
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Figure 11. Internal Rate of Return (IRR) for the marine hybrid cluster scenarios in La Serena
and Ensenada.

4. Discussion
4.1. Site-Specific Wave Energy Resource Availability and Power Production of WECs and OWT

The availability of mean inter-annual and intra-annual wave power (P), higher in
La Serena (Figure 4a,c) than in Ensenada (Figure 4b,d), could be associated with the ge-
olocation of both study sites analyzed. La Serena has a more energetic wave regimen
associated with its more exposed and closer proximity to the extratropical South Pacific
generation zone. While at Ensenada, the Southern California Bight, the California Chan-
nel Islands, and the Coronado Islands of Baja California produce a shadow effect and
provide increased protection from incoming swell coming from the extratropical North
Pacific [72,73]. These results are consistent with the study of Gunn et al. [10] for the Chilean
Pacific and Hernandez-Fontes et al. [9] for the northwestern Baja California P shore zone
values. According to these studies, the mean annual P availability in La Serena is high,
near 25 kW /m, and in Ensenada is moderate, between 10 to 20 kW /m. This indicates that
both sites have sufficient mean annual P availability greater than 10 kW /m, the minimum
required for commercial-scale wave energy projects [74]. A comparison of Figure 4c,d
reveals that both sites exhibit similar annual trends in wave energy, higher during winter
than summer. It is worth remembering that the opposite effects of seasonality are due to
the sites in the northern and southern hemispheres, respectively. The seasonal wave regime
that predominates in these areas has a high wave power activity during the Boreal and
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Austral winters, associated with the presence of more energetic North and South Pacific
swells, respectively. During the summer, the opposite regime takes place, where the sea
states in the Northern and Southern Pacific regions are dominated by swells originating
from the extratropical South and North Pacific regions, respectively [20,75]. As for the high
and relatively more regular P resources at La Serena (Figure 4a,c), it suggests that this site
is more stable and has a reliable and constant energy supply throughout the year than
Ensenada (Figure 4b,d), with moderate and more variable wave energy availability.

Based on the power balance analysis for the design of the MHC system, an inverse
trend can be observed in the WEC and OWT production profiles, more pronounced in
Ensenada (Figure 7) than in La Serena (Figure 6). While both sites exhibit a similar monthly
trend in WEC electricity production, with a maximum in winter and a minimum in summer,
WEC performance varies significantly between sites. It is seen that the same type of WEC
performs differently at the two sites. The highest monthly production is generated for PEL
devices in Ensenada (Figure 7) and for WD in La Serena (Figure 6). This highlights the
adaptive capacity of the WEC to generate different performance based on different sea-state
conditions. Although the mean availability and annual regularity of P is higher in La Serena
than in Ensenada (Figure 4c,d), it can be observed that the PEL device develops a higher
adaptability and efficiency under mild local climatology in Ensenada than the WD device
under high swell conditions in La Serena. In contrast, there is a lower difference in OWT
monthly electricity production performance between sites, with higher production in the
spring and summer months at La Serena than at Ensenada. Thus, the minimum monthly
WEC electricity production in summer can be counterbalanced by the increase in OWT
electricity production during the spring—summer months, which can reduce electricity
intermittency and ensure greater regularity in the electricity production of the MHC system.

The findings of this work build significantly upon prior resource assessments and
techno-economic benchmarks in the region [20,21]. Our holistic, site-specific techno-
economic analysis of WEC-OWT hybrid systems provides two critical advancements.
First, the results emphatically show the need to tailor the selection of the WEC device to
specific local wave conditions to maximize annual energy production (AEP), since the WD
device performs better in La Serena. In contrast, the PEL device is more suitable for Ense-
nada. Second, by assessing the economic viability of supplying electricity to consolidated
markets, we found that supplying electricity to marine seaweed aquaculture yields greater
profitability than supplying households, thereby highlighting a symbiotic and economically
robust model for MRE development.

4.2. Electricity Generation of Hybrid MRE Systems and Consumption by the Analyzed Scenarios

Electricity consumption for both household and aquaculture scenarios (Figure 5)
varies across the year. Household electricity demand is highest in summer and lowest in
winter, while aquaculture energy consumption peaks in autumn. The annual household
electricity consumption surpasses that of aquaculture in both locations, though aquaculture
consumption exhibits greater monthly variability. These consumption trends influence the
energy system’s hybridization requirements, representing the proportion of wave energy
to offshore wind energy, which differs between the two sites.

The reduced or absent need for hybridization in La Serena can be attributed to its high
wave energy availability, low intra-annual variability P, and consistently high wave energy
production. These characteristics enable the system to achieve self-sufficiency for both aqua-
culture and domestic scenarios with the integration of a single WD (Table 1). In contrast,
the moderate and less constant monthly P resource in Ensenada necessitates a higher require-
ment for WEC installed capacity relative to OWT, with hybridization levels reaching the upper
end of the MHC production contributed by WECs. The observed disparity in WEC require-
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ments between sites, specifically the lower number of WD compared to PEL devices, can be
attributable to the WD system’s significantly higher nominal extractive capacity (being an
order of magnitude greater than PEL devices). Furthermore, the WD’s enhanced adaptability
to high P conditions, as exemplified by La Serena (Figure 4a), contributes to its reduced de-
ployment numbers. However, despite La Serena’s lower hybridization requirement, it exhibits
a greater demand for PEL devices compared to Ensenada, which, conversely, necessitates a
higher number of WD devices. This pattern highlights the PEL device’s enhanced adaptability
to the moderate P condition of Ensenada.

While the research by Petracca et al. [34] has focused on the design and techno-
economic analysis of novel hybrid platforms for a specific location, demonstrating a lower
LCoE and improved hydrodynamic stability, the current study introduces a distinct and
complementary set of contributions. Petracca et al. [34] focused on a specific hybrid plat-
form, while the present work offers a site-specific comparative analysis across two distinct
markets in Latin America, focusing on the techno-economic performance of different WEC
technologies (PEL and WD) when coupled with OWTs and integrated with established
coastal industries. Notably, our results provide two key contributions: first, we find that
the WD device performs better in La Serena, while the PEL device is more suitable for
Ensenada, underscoring the necessity of tailoring WEC device selection to specific local
wave conditions to maximize AEP and overall system performance. Second, we demon-
strate that supplying electricity for marine seaweed aquaculture is more profitable than
supplying it to households, highlighting a symbiotic approach to MRE development.

Figure 6, which illustrates the energy balance for La Serena, reveals distinct electricity
consumption and generation for both aquaculture and household scenarios. The maximum
monthly electricity generation from the WEC-OWT hybrid system using PEL devices
occurs during the austral spring season, correlating with peak OWT electricity production
in October. Conversely, maximum generation from the WD device is observed during
July, associated with the high austral winter P availability. These profiles indicate whether
hybridization with OWT is required, a dependency directly linked to the type of WEC
deployed. The larger contribution of OWT to meet the annual energy demand using
PEL devices indicates its critical role in hybrid configurations for smaller-scale energy
requirements. The OWT remains the primary energy source even with a WEC array
of six PEL devices. The energy generation by six PEL devices at La Serena reflects the
characteristics of the WEC design and the wave energy availability.

Each PEL is designed to convert wave motion into electricity with a moderate rated
capacity of around 750 kW per device. This PEL array provides a combined capacity
of approximately 4.5 MW, which is significant but insufficient to fully meet the energy
demands of aquaculture scenarios without additional support from OWT. While the P
availability at La Serena is high (Figure 4a), PEL devices are optimized for moderate wave
conditions (Figures 4b and 5b). They may underperform in more energetic environments,
where higher waves could exceed their design capabilities. In contrast, the WD device,
with larger rated capacities and better adaptability to high-energy conditions, is better
suited to harness the site’s P resources, and a non-hybridized configuration is required.
This demonstrates that the WD device outperforms the PEL device, mainly due to the
higher P at La Serena, which aligns better with the WD’s design and capacity.

Similar to the energy balance at La Serena, the Ensenada scenarios exhibit inverse
trends between electricity consumption and generation (Figure 7). This highlights the
critical need for energy storage or complementary generation to ensure system reliabil-
ity, particularly during periods of high demand. Seasonal discrepancies primarily drive
this imbalance. The surplus energy generated during the winter-spring period could be
strategically utilized for secondary applications. Potential uses include energy storage,
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desalination, or powering ancillary equipment in aquaculture operations, with specific im-
plementation depending on local needs and existing infrastructure. In contrast to La Serena,
WECs provide the highest contribution to electricity generation within the hybrid system
at Ensenada, reflecting the distinct wave energy characteristics prevalent at this location.
Due to Ensenada’s moderate P availability, a larger installed capacity is required compared
to La Serena. Furthermore, the performance of WECs is slightly diminished under these
conditions, necessitating a higher device count to meet energy demands. However, it is
notable that PEL devices are better suited to moderate P than WD devices. Consequently,
only five PEL devices are required at Ensenada, whereas six are necessary at La Serena,
despite its higher wave energy potential, which is more demanding on device capacity
and durability.

4.3. Energy Storage Solutions

A key aspect considered in this study is the variability of wave energy generation
throughout the year. As shown in Figures 6 and 7, wave energy generation at Ensenada
exhibits higher variability than La Serena, resulting in higher energy surpluses. These
surpluses and their potential utilization for energy storage in the BES and HES systems
are further detailed in Figure 8. Figure 8b illustrates that the aquaculture and household
scenarios at Ensenada allow for greater annual BES and HES utilization than those at La
Serena, as shown in Figure 8a. Energy storage systems, specifically BES and HES, are
more critical in Ensenada than at La Serena. This heightened importance is directly linked
to the marked intra-annual energy surplus variability observed in Ensenada (Figure 8).
Energy surpluses peak during spring, a period characterized by maximum electricity
generation and lowest consumption. Conversely, summer and autumn surpluses are
significantly lower due to diminished electricity generation. While these storage solutions
can substantially enhance energy system reliability, their economic viability requires a more
detailed assessment to fully determine their overall feasibility and broader impact on the
energy system.

4.4. MHC Profitability and Blue Economy Opportunities

The levelized cost of energy (LCoE) varies based on the WEC-OWT hybrid systems
and deployment sites (Figure 9). The differences in the LCoE values produced by the WEC-
OWT hybrid systems among the evaluated sites highlight the importance of the availability
and intra-annual regularity of the P resource in annual energy production (AEP) [76]. It
can be observed how La Serena, with high availability and lower intra-annual variability
P (Figure 4c), enables a lower capacity requirement for the evaluated hybrid systems
adaptation, generating similar LCoE values. In contrast, Ensenada, with a lower and more
variable P (Figure 4d), highlights a greater adaptability requirement for the hybrid systems,
producing LCoE values 2.6 times lower for the PEL-OWT hybrid system than for the
WD-OWT. These results are consistent with Lavidas and Blok [50], who found that the AEP
is a major parameter that determines the LCoE behavior. Furthermore, the lowest LCoE of
the PEL-OWT hybrid systems in Ensenada is attributed to their lower CapEx and higher
efficiency under moderate wave conditions [30]. While the annual electricity generation of
the PEL and WD farms in Ensenada is similar (Figure 5), the PEL devices perform more
cost-effectively due to these factors. WD-OWT hybrid systems at La Serena demonstrate
lower LCoE than at Ensenada due to site-specific advantages, and fewer units are required
to meet energy demands (Table 1). Additionally, the WD farm benefits from a higher AEP
than the PEL farm, thanks to its suitability for higher wave energy conditions. Except for
the WD-OWT hybrid system in Ensenada, the remaining hybrid configurations exhibited
LCoE ranges comparable to those reported by [14-16]. However, it is important to note
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that these LCoE values (390-420 USD/MWh) are higher than and fall outside the 2023
LCoE range for fossil fuels, solar photovoltaic, and onshore and offshore wind renewable
energies (less than 100 USD/MWHh) [77,78]. This difference underscores the importance of
continued innovation and development of new generations of WECs that generate higher
performance, adapted to the local sea state conditions, to strengthen competitiveness and
penetration in the electricity market.

The net present value (NPV) analysis indicates that seaweed aquaculture scenarios
yield higher profitability than serving households, underscoring its commercial signifi-
cance, particularly at La Serena (Figure 10). This is mainly due to the higher selling price
of dried Ulva sp. seaweed for human consumption on the market compared to electric-
ity [23,58,59]. As expected, the WD device exhibits superior economic performance at La
Serena (Figure 10a,b), while PEL farms are more viable at Ensenada (Figure 10c,d). Regard-
ing the integration of storage systems, their application for household purposes generally
improves profitability compared to aquaculture. In La Serena, no significant differences
in profitability are observed between PEL or WD hybrid storage systems. Conversely,
in Ensenada, PEL-OWT hybrid systems consistently yield greater economic benefits across
all cases, likely due to their higher efficiency under the local wave energy conditions.

While WEC-OTW hybrid systems incorporating battery energy storage (BES) typically
offer higher returns for aquaculture than those utilizing hydrogen energy storage (HES) or
no storage, the opposite trend is observed for household scenarios. Notably, in Ensenada,
the indifference in net present value (NPV) values for electrical storage systems within
the same WEC-OWT hybrid configuration suggests that added storage costs may not
significantly enhance overall profitability.

Among all by-products, electricity consistently generates the highest profitability
for households, particularly at La Serena, where the WD device demonstrates superior
performance over the PEL device. In contrast, only PEL-OWT hybrid systems are profitable
in Ensenada, highlighting this device’s superior adaptability to the region’s specific wave
energy potential. These findings underscore the critical role of site-specific conditions and
device performance in determining the economic viability of hybrid energy systems.

The Internal Rate of Return (IRR) analysis (Figure 11) is consistent with the NPV
trends, confirming that seaweed aquaculture is the most profitable scenario. The IRR values
are highest at La Serena, a result driven by the market price of Ulva sp. and the high
local availability of P resources at that location. Notably, the aquaculture configuration
without energy storage delivers the highest IRR at both sites, indicating potentially strong
returns on investment. Hybrid systems with PEL devices achieve positive IRR values in
both locations, demonstrating flexibility across different P conditions.

A critical insight from this analysis is the economic impact of energy storage. The anal-
ysis consistently shows that systems without storage have comparable or superior prof-
itability, suggesting that the capital and operational costs of storage often outweigh its
energy management benefits. This trade-off is location-dependent; for instance, the WD
household scenario is entirely unfeasible in Ensenada but modestly profitable in La Serena.
This underscores the need for a nuanced evaluation of energy storage, as its economic
justification is not guaranteed. Future work should, therefore, develop affordable storage
technologies and establish policy incentives to support the integration of wave energy.

5. Conclusions

This study underscores the significant potential of marine hybrid clusters (MHCs),
which co-locate WECs and OWTs, as a viable pathway to diversify the energy mix and
enhance the resilience of coastal communities. The techno-economic analysis reveals several
key insights applicable to the broader MRE sector.
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The success of MHCs depends on local environmental conditions. The geolocation
and proximity to the extratropical generation zones of the Pacific result in differences in
the annual and monthly mean wave power availability at the selected sites. La Serena
has a yearly mean wave power 87% higher than Ensenada, equal to 26.05 kW/m and
13.88 kW /m, respectively. High-energy wave climates offer a more consistent resource,
potentially reducing the need for extensive hybridization with other renewable energy
sources. Conversely, locations with mild and more variable wave resources benefit signif-
icantly from a hybrid approach, where the complementary nature of offshore wind and
wave power can smooth out intermittency and ensure a more reliable yearly energy supply.

The same type of WECs individually generate different yields at the two sites analyzed.
The PEL device produces a mean annual electricity of 120% more in Ensenada than in La
Serena, while the WD generates 200% more in La Serena. The latter has a lower mean
inter- and intra-annual variability in electricity generated by the WECs and OWT than
Ensenada. La Serena, Chile, emerged as a highly favorable location due to its high wave
energy potential, which supports the effective use of WD WECs. Due to their capacity to
operate in energetic wave conditions, these devices achieved remarkable energy production
and lower levelized cost of energy (LCoE), making them ideal for this location. Ensenada,
Mexico, performed better with PEL WEC farms, which are optimized for less dynamic
wave environments. Despite requiring higher hybridization with OWTs, Ensenada’s con-
figuration achieved economic feasibility by maximizing the performance of PEL devices
in these conditions. This highlights the strategic imperative of tailoring WEC selections
and hybrid system design to the specific characteristics of a deployment site rather than
adopting a one-size-fits-all approach.

Integrating capital-intensive hybrid systems with established marine industries boosts
their economic viability and environmental value. Supplying power to the commercial
seaweed aquaculture sector proves to be a more profitable end-use than household electrifi-
cation alone, creating a powerful synergy that supports both energy and food security and
offering significant carbon sequestration benefits under the blue economy framework.

The strategic management of surplus energy through storage solutions, such as batter-
ies or green hydrogen production, presents an additional revenue stream and improves
the overall financial viability, particularly in regions with significant seasonal variations in
energy generation. Hybridization of WEC and OWT systems was more critical at Ensenada,
where the greater variability in wave energy required more integration. Ensenada also had
higher variability in wave energy production, leading to more significant energy surpluses
in periods of off-peak consumption, particularly in spring. These surpluses make energy
storage systems more necessary in Ensenada than in La Serena. However, the economic via-
bility of storage options is increasingly reliable and improves the IRR and NPV in Ensenada
scenarios. The technical evaluation shows that using BES (battery energy storage) or HES
(hydrogen energy storage), 25% and 40% of surplus energy can be utilized at La Serena and
Ensenada, respectively, in the months of higher generation. However, for the aquaculture
scenario, due to the CapEx and OpEx of energy storage, this accounts for less than 5% of
the NPV at La Serena, and less than 6% at Ensenada. In contrast, for the household scenario,
the sale of electricity from BES, or of green hydrogen, could play a more significant role,
contributing approximately 10% to La Serena and 17% to Ensenada.

This research demonstrates that while the technological components for MHC exist,
their successful commercial deployment hinges on strategic planning. Optimizing the
configuration of WECs and OWTs, selecting appropriate energy storage solutions, and iden-
tifying high-value end-users are all critical factors for success. As the marine renewable
energy sector matures, moving beyond technology-specific assessments to holistic, site-
specific system designs that integrate multiple energy sources and economic sectors will be
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crucial for unlocking the vast, untapped potential of our oceans. Future analyses should
comprehensively consider ecosystem resource availability, project feasibility, operating
costs, and environmental factors to ensure well-informed and sustainable decision-making.
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The following abbreviations are used in this manuscript:

ACDPs Acoustic Doppler Current Profilers

AEP Annual energy production

BES Battery energy storage

CapEx Capital Expenditures

ENSO El Nifio-Southern Oscillation

ERA5 European Centre for Medium-Range Weather Forecasts Reanalysis v5
HES Hydrogen energy storage

HP Harvested wave power

HR Availability matrix
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INEGI Instituto Nacional de Estadistica y Geografia
IOWAGA  Integrated Ocean Waves for Geophysical and other applications model
IRR Internal Rate of Return
LCoE Levelized cost of energy
LSB La Serena Bay
MHCs Maritime hybrid clusters
MRE Marine renewable energies
MWh MegaWatt-hour
NREL National Renewable Energy Laboratory
NPV Net present value
OpEx Operational Expenditures
OWTs Offshore wind turbines
PAN Panul
PEL Pelamis device
PST Punta Santo Tomas
RE Renewable energy
SWAN Simulating WAves Nearshore model
TSB Todos Santos Bay
TSI Todos Santos Islands
usD United States Dollar
WD Wave Dragon device
WEC Wave energy converter
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