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Abstract

Marine renewable energy could support Costa Rica’s decarbonization pathway, but its
offshore resource base and enabling conditions remain poorly characterized in the body of
knowledge. This study provides the first integrated assessment of marine energy resources,
grid integration opportunities, and governance challenges in Costa Rica. A meta-analysis
of 76 technical, legal, and policy sources is combined with qualitative doctrinal analysis,
GIS-based multi-criteria evaluation for Ocean Thermal Energy Conversion (OTEC), and
satellite and reanalysis data for winds, waves, currents, and sea surface temperature to
estimate power densities and extractable energy. Results show a contrast between the
Pacific and Caribbean coasts. For instance, on the Northern Pacific coast, there are strong
Papagayo winds, and persistent swells yield high offshore wind and wave energy poten-
tials, with technical offshore wind resources of around 14.4 GW and Pacific wave power
frequently exceeding 20-25 kW /m with relatively low seasonal variability. Furthermore,
twelve OTEC-suitable zones are identified with two priority areas in the southern Pacific
that combine steep bathymetry and strong thermal gradients with limited environmental
conflicts, but they overlap with sensitive conservation and Indigenous territories. Current
energy potential is more localized and modest in the Caribbean coast. The analysis high-
lights major infrastructural, legal, and social barriers but concludes that marine energy can
play a pivotal role in diversifying Costa Rica’s renewable-dominated electricity market.

Keywords: marine renewable energy; ocean energy; wave energy; offshore wind; ocean
thermal energy conversion (OTEC); Costa Rica; energy transition; blue economy; grid
integration; marine spatial planning
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1. Introduction

The current global crisis clearly demonstrates the rapid energy transition, which has
become increasingly relevant. In addition, geopolitical agendas have created uncertainty
about the security of the global energy supply. The impacts of climate change are also
becoming more visible, with prolonged heatwaves, droughts, wildfires, and storms that
harm people and ecosystems around the world [1]. Providing affordable energy to cit-
izens and limiting the global temperature rise to no more than 1.5°C of pre-industrial
levels requires a rapid shift away from centralized energy systems highly dependent on
fossil fuels [2]. For this reason, the global energy industry is entering an unprecedented
period of transformation, as states and international institutions continue to prioritize
decarbonization, climate resilience, and sustainable grid integration. Marine renewable
energy (MRE) is positioned at the core of the ongoing transition of energy systems and
the reduction in dependency on fossil fuels. MREs usually include energy from waves,
tides, and ocean currents, as well as salinity and temperature differences, and a broader
definition also encompasses marine biomass, offshore wind, and offshore solar energy
that utilize the ocean’s surface [3]. MRE has proven to be the fastest-growing sector in
the renewable energy market due to advances in technology, decreasing production costs,
and robust regulatory schemes implemented in leading nations in Asia, Europe, and North
America [4,5]. With a global market potential of 350 GW, by 2050, ocean energy provides
clean, local, and predictable electricity to coastal countries and island communities around
the world [6].

The further deployment of ocean energy technologies can create new revenue streams
and increase cash flows for coastal territories (e.g., Costa Rica), thus reducing the levelized
cost of electricity (LCOE) in these locations. The business case for ocean energy can be
based on the mitigation of climate change, the creation of new employment opportunities,
and the support of the resilience of the grid [6]. New renewable energy technologies
must be brought to market to balance grids powered by an increasing amount of low-cost
variable renewable energy. The energy coming from oceanic forces complements wind and
solar power, bringing the highly requested grid flexibility and securing the energy supply.
To achieve appropriate volumes and LCOE at industrial scale, we will need to develop
utility-scale projects connected to main electricity grids for ocean energy [4]. In addition,
ocean energy has the potential to create approximately 680,000 direct jobs globally by
2050 [7]. Many of these positions might be located near relevant resources and may support
new livelihoods in coastal communities with historical ties to shipbuilding, the oil and gas
industry, and fishery.

Costa Rica is well known worldwide as an example of energy transition. Located
in the middle of the tropical belt of Central America, Costa Rica represents a core zone
with produced energy ranging from 15 to 21 gigawatts [8] of non-conventional offshore
energy available on the Pacific and Caribbean coasts. This small, middle-income economy
has shown a commitment to renewable energy and environmental protection. In recent
years, nearly 100% of the nation’s electricity generation has been sourced from onshore
low-emission energy technologies, and according to the Electrical System Operation and
Control Division of the Costa Rican Institute of Electricity (2025) [9], the total electricity
demand in the first portion of 2025 is as follows: 70.6% hydropower, 14.1% onshore wind,
12.2% geothermal energy, and 1.8% biomass plus solar photovoltaic technology, with
fuels generating only 1.6% of electricity. In 2024, national electricity consumption reached
12,791 GWh, representing a 4.1% increase compared to the demand recorded in 2023 [9].

In addition, in accordance with the Paris Agreement, Costa Rica has been working
to develop a strategy for the generation of electricity from clean energy sources and to
support the economy to achieve net-zero carbon dioxide emissions by 2050. To achieve this,
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the country is using a long-term decarbonization approach through the green economy
route, electro-mobility, energy efficiency, waste management, sustainable production, smart
cities and low carbon territorial management [10]. Consequently, the combined actions of
this plan will allow the reduction in primary energy production and are projected to install
about double the current renewable power capacity by the mid-20th century [11]. However,
this pathway will require an expansion of renewable electrification into end-use sectors
such as public and private transportation, use of residual heating, cooling districts, and the
industrial sector. Therefore, this method will entail a corresponding growth of electricity
generation capacity to meet the projected increase in demand while safeguarding system
reliability and advancing long-term energy sustainability.

Despite a long history of success with onshore renewable energy, the marine energy
power capacity remains unexplored, and research on this topic is in its infancy [12-14].
Existing studies, coupled with international experience, indicate promising conditions for
its development [15-17]. Given this context, offshore renewable energy is expected to play
an increasingly important role in diversifying Costa Rica’s electricity mix—not only as a
strategy to mitigate the impacts of global warming but also as a means of integrating marine
energy solutions capable of stimulating coastal economic development and generating
innovative employment opportunities. Achieving this goal will require scaling up efforts
in the coming years to explore and deploy emerging clean energy technologies, such as
wave, tidal, and ocean current energy, ocean thermal conversion, and offshore wind. Costa
Rica has approximately 574,725 km? of marine territory wherein significant marine energy
potential has been estimated. Integrating this resource into the national grid would not only
help reduce the carbon footprint of the country’s energy system but also advance the blue
economy agenda and promote the sustainable development of economically disadvantaged
coastal regions [18].

This study presents Costa Rica’s marine energy status through a collaborative ap-
proach, and it is structured as follows: Section 1 presents the introduction; the methodology
is presented in Section 2; and an extended overview of different state-of-the-art technolo-
gies used to produce marine energy, in addition to their challenges and opportunities
for grid integration in Costa Rica, is presented in Section 3. Then, Section 4 presents the
main findings in respect to the environmental, social and legal aspects of the MRE. Finally,
Section 5 highlights the mains conclusions.

2. Materials and Methods

The meta-analysis comprises 76 scientific publications produced between 2000 and
2025, including approximately 9 peer-reviewed journal articles, 3 conference proceedings,
1 book, and more than 60 technical reports, institutional documents, and working papers.
Based on the information gathered and estimations related to both marine energy poten-
tial and energy production through MRE, the methodology was based on an extensive
SWOT (Strengths, Weaknesses, Opportunities, Threats) study, which allowed for the extrac-
tion of integrative findings that had not been defined until now. The characterization of
MRE in Costa Rica is presented through state-of-the-art studies regarding marine energy
sources such as OTEC (Ocean Thermal Energy Conversion), wave, tidal current energy,
and offshore wind.

From a technical perspective, this study employs a qualitative and interpretive ap-
proach grounded in doctrinal social and legal analysis. The information was gathered
through a comprehensive review of multidisciplinary databases covering academic reports,
national legislation, decrees, policy documents, and other technical instruments relevant
to marine energy development. The analysis further draws on reports from authoritative
institutions such as the Costa Rican Institute of Electricity, the Ministry of Environment and
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Energy of Costa Rica, and the International Renewable Energy Agency (IRENA), as well as
on broader policy instruments shaping the sustainable use of marine energy resources in
this Central American nation [19].

In the case of OTEC, a mixed-methods approach was applied to identify suitable
deployment areas using Geographic Information Systems (GISs) [20]. A comprehensive
classification framework was subsequently developed, integrating social, environmen-
tal, oceanographic, and engineering variables. These criteria were incorporated into a
weighted matrix to assess site suitability, resulting in three categories: optimal, medium-
quality, and low-quality sites. Satellite data obtained from microwave sensors aboard
multiple orbiting missions, integrated within the Cross-Calibrated Multi-Platform (CCMP)
product [21], were utilized in this study. This database provides wind information at a
height of 10m above the ocean surface, with a temporal resolution of 6h and a spatial
resolution of 0.25°. The analysis considered the seasonal averages of the zonal (1) and
meridional (v,) wind components over the period of 1990-2019. It is important to empha-
size that the seasonality indicated throughout this study refers to the seasons that occur in
the Northern Hemisphere.

The wind power density was subsequently estimated using the following expression [22]:

1
Pying = Epairuimd, @)

where p,;, corresponds to the density of air, considered to be 1.225kg/m3, and ;4
represents the wind speed measured at a specified height. As wind speed is measured at a
height of 10 m above sea level (119 = /12, 4+ v2) and the power from the wind is estimated
at the wind turbine hub height, for this work, the value of 80 m is chosen as an international
standard height. It is necessary to apply the following conversion to the wind speed:
80
In ZZ—
uwind = ulO ZlOO 7 (2)
n—
20

where zp = 0.002 denotes the sea surface roughness, and z10 and z80 are the reference
heights at 10 m and 80 m, respectively.

In the case of surface currents, reanalysis fields provided by the Copernicus Marine
Environment Monitoring Service (CMEMS) [23] were employed. The dataset corresponds
to monthly averages of the zonal (u.) and meridional (v.) components of the current
velocity at a depth of 0.5 m, covering the period of 1993-2020, with a spatial resolution of
0.083° x 0.083°.

The power associated with ocean currents was estimated using the following relation-
ship [22]:

1
Peyr = Epsea Mg’w, 3)
where pg., represents the density of seawater, assumed to be 1025 kg/m?, and ug,r = /(12 + v2)

is the magnitude of the current.

Furthermore, wave energy estimations are derived from the kinetic and potential
energy of ocean waves. This marine energetic source is widely recognized as one of
the most promising renewable energy sources due to its high energy density, persistence,
and predictability compared to other renewable energy sources [24-26]. For the waves, data
from numerical wave simulations forced with ERA5 winds and CMEMS-GLOBCURRENT
surface currents [27] were used. This database covers the period of 1993-2024, with hourly
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temporal resolution and a spatial resolution of 10" in the Pacific domain. The wave power
is estimated according to the following expression [28]:

Pyave = CgE/ (4)

1
where C represents the group velocity of the wind waves, E = 1gPsea gH? corresponds

to the wave energy density and ¢ = 9.81 m/s? represents the acceleration due to gravity,
and significant wave height is denoted by H;. For sea surface temperature (SST) infor-
mation, data from the NOAA Coral Reef Watch program [29] were utilized. Monthly
SST records covering the period of 1985-2024 were analyzed. From these data, seasonal
temperature averages were derived for winter, spring, summer, and fall in the Northern
Hemisphere, with a spatial resolution of 5km.

3. Status of Marine Energy Resources Across Costa Rica

The evaluation of wave energy, tidal currents, offshore wind, and OTEC enables
the identification of suitable deployment areas and highlights the complementary nature
of these technologies within diversified offshore energy capabilities. The geographic
location of Costa Rica, between the Eastern Tropical Pacific and the Caribbean Sea, provides
favorable meteo-oceanic conditions for such development, including persistent trade winds,
long-period ocean swells, identifiable tidal currents, and stable vertical thermal gradients.
These natural features create an enabling environment for marine energy exploitation,
positioning the country as a representative case for integrated offshore renewable energy
assessment in tropical regions.

3.1. Meteo-Oceanic Conditions in Costa Rica

The main meteo-oceanic features evaluated here are wind, ocean currents, average
wave conditions, and conditions conducive to marine energy from thermal gradients.

Figure 1 illustrates the seasonal averages of the wind field. The trade winds are
prominent north of 8° N, whereas westerly winds prevail south of 9° N, particularly
during summer (Figure 1c) and fall (Figure 1d). During winter, maximum wind speeds
are observed over the Pacific Ocean, reaching approximately 11m/s around 11° N, be-
tween Nicaragua and Costa Rica. As the region transitions from winter to spring and
summer, wind intensity in this area gradually decreases, reaching a minimum of about
4m/s in autumn. In the central and southern Pacific off Costa Rica, average wind speeds
remain below 4m/s throughout the seasonal cycle. In contrast, in the Caribbean sec-
tor, a pronounced offshore wind gradient is observed, with speeds reaching up to 8m/s.
This gradient weakens progressively from winter to fall, indicating a distinct seasonal
transition pattern.
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Figure 1. Cont.
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Figure 1. Mean wind speed and mean direction of wind. (a) December— January-February (winter).
(b) March—-April-May (spring). (c) June-July—August (summer). (d) September—October—-November
(fall). Wind speed is shown in colors, and vectors represent wind direction.

On the other hand, Figure 2 depicts the seasonal distribution of the average wave
field. Overall, waves reaching the Pacific coast of Costa Rica predominantly originate
from the southwest, a pattern that remains consistent year-round. The mean H; is approxi-
mately 1 m, with slightly higher values in the Northern Hemisphere during summer and
fall. In contrast, during winter, the central and southern Pacific experience lower wave
heights—typically below 1 m—while in the Papagayo region, Hs values exceeding 1.6 m
are recorded, particularly in offshore areas.
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Figure 2. Mean significant wave height and mean wave direction for the Pacific coast of Costa Rica.
(a) December—January—February (winter). (b) March-April-May (spring). (c) June-July-August
(summer). (d) September-October-November (fall). Wave height is shown in colors, and vectors
represent wave direction.

Figure 3 presents the seasonal averages of the surface current field. In the Caribbean
Sea off Costa Rica, a cyclonic eddy is observed year-round, reaching its maximum intensity
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Latitude

Latitude

during the northern autumn, with velocities of up to 0.9 m/s near the continental coast.
The eddy weakens during the northern spring, when minimum current speeds are recorded
(Figure 3b). In the Pacific region, two dominant flow patterns are identified: a westerly
current south of 9° N that persists year-round, and a coastal current flowing northward
along the coast, originating near the Osa Peninsula in southern Costa Rica. During winter,
this coastal current shifts westward around 10.5° N, reflecting a seasonal change in circula-

tion. On average, surface current velocities in both winter and spring reach approximately
0.6m/s.

Latitude

84.0°W 84.0°W
Longitude Longitude

(a) (b)

Latitude

84.0°W
Longitude Longitude

(o) (d)

Figure 3. Mean ocean surface current speed and direction. (a) December—January—February (winter).
(b) March-April-May (spring). (c) June-July—August (summer). (d) September-October-November
(fall). Current speed is shown in colors, and vectors represent direction.

Additionally, Figure 4 illustrates the seasonal average of sea surface temperature (SST)
in the Costa Rican maritime zones. The highest SST values are recorded during the boreal
spring in the central and southern Pacific, reaching up to 29.5 °C across an extensive area
of approximately 300 km x 200 km. In contrast, in the Caribbean region, maximum surface
temperatures occur in the boreal fall, with average values of around 28.5 °C.

A pronounced thermal gradient is observed in the northern Pacific of Costa Rica
during the boreal winter, where minimum temperatures approach 25 °C between 8° N and
10° N. This seasonal cooling is associated with upwelling processes driven by intensified
trade winds, which displace surface waters offshore and promote the vertical advection of
colder subsurface waters. Such thermal variability plays a key role in regulating marine
productivity and may influence the feasibility of OTEC applications in the region.
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Figure 4. Mean sea surface temperature. (a) December-January—February (winter). (b) March-April-
May (spring). (c) June-July—August (summer). (d) September-October—-November (fall).

3.2. Offshore Wind Energy

Figure 5 presents the average seasonal distribution of wind energy potential across
Costa Rica’s maritime domains. Two dominant patterns emerge from the analysis. First,
the Caribbean region exhibits very low to negligible wind energy potential year-round,
reflecting the relatively weak and stable trade winds in that basin. In contrast, the Pacific
region, particularly the northern sector between Nicaragua and Costa Rica, has markedly
higher values, reaching up to 750 W/m? during the boreal winter. This seasonal peak is
linked to the intensification of offshore trade winds and regional pressure gradients. As the
region transitions into the boreal fall (Figure 5d), these values decline sharply, approaching
near-zero conditions, consistent with the weakening of the Papagayo jet and reduced
synoptic wind forcing.

In turn, the Costa Rican Institute for Electricity and World Bank Group-ESMAP report
additional information (Instituto Costarricense de Electricidad, internal technical report,
2021) [30,31]; Costa Rica has around 14.4 GW of technical potential for offshore wind across
1 GW of fixed foundation potential at water depths of up to 50 m and the rest of floating
foundation potential at water depths in the range of 50-1000 m.

The study area is located off Punta Descartes in the north Pacific of Costa Rica,
within the Province of Guanacaste, covering the coastal marine front of Santa Elena Bay
(see Figure 6). Available data indicate that this corridor exhibits high wind speeds in the
range of 10-10.5m/s [32]. This phenomenon is known as the Papagayos jet wind. This
strong permanent wind blows approximately 70 km north of the Gulf of Papagayo.

Due to a unique combination of synoptic-scale meteorology and orographic phenom-
ena, jet winds may blow as far as 500 km off the Pacific coast and have a time scale in
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the order of weeks [33]. Water depths in the area are in the range of 50-70m, suitable for
bottom-fixed offshore wind systems (see Table 1). Significant wave heights were in the
range of 1.86-3.58 m, and the annual average maximum wave height was 2.90 m [34].
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Figure 5. Average wind power density. (a) December—January—February (winter). (b) March—-April-
May (spring). (c) June-July—August (summer). (d) September—October—-November (fall).
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Figure 6. Sitingand bathymetry within the defined scenarios for feasibility of offshore wind farms [34].
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Table 1. Project location within the defined scenarios. Hypothetical 15 MW wind turbine generator,
with a 240 m rotor diameter and 150 m hub height [34].

. Foundation Target Installed Capaci Average Water
Scenarios Layout Technology Ca}gaacity (MW) DensityI:MVt\;,/kmz) Area (km?) Depgth (m)
Fixed scenario 1 Areal Fixed 255 10.2 25.0 65.2
Fixed scenario 2 Areal + Area 2 Fixed 495 10.6 46.7 65.3
Floating scenario 1 Area Floating 495 32 153.4 84.4
Floating scenario 2 Area Floating 1005 3.2 315.4 93.6
Fixed scenario3  Area 1l + Area2 + Area 3 Fixed 750 11.0 68.3 64.3

3.3. Energy from the Ocean Thermal Gradient

OTEC has emerged as one of the most promising renewable energy options for the
coming decades, owing to its broad environmental and socioeconomic benefits. This tech-
nology exploits the natural thermal gradient between warm surface seawater and cold deep
seawater to generate electricity via a closed or open cycle heat exchange process. Despite
its versatility and considerable theoretical potential, the technological development and
deployment of OTE facilities have been limited to a few regions of the world. In tropical
countries such as Costa Rica, there remains a lack of technical expertise, field data, and lo-
calized assessments related to this technology, despite the fact that these regions offer ideal
oceanographic conditions for its deployment, characterized by sea surface temperatures
typically exceeding 25 °C and access to cold deep waters at relatively short distances from
the coast [35].

The multicriteria analysis identified zones with favorable conditions for harnessing
ocean thermal energy in Costa Rica. The assessment revealed 12 potential areas, classified
according to thermal gradient values, oceanographic context, human activities, environ-
mental conservation priorities, and ecological connectivity. Based on these criteria, two
areas exhibited the highest suitability for OTEC deployment, both located in the southern
Pacific region: one off the coast of Corcovado National Park and the other near Punta Banco.
These areas present thermal gradients exceeding 21 °C throughout the year, regardless of
Costa Rica’s seasonal variations (dry, rainy, and transition periods) (see Figure 7).

Proyection CRTMOS
Datum WGS8S
Date 11/11/2025
Prepared by: Pablo César Mora Céspedes.
Data source: GEBCO Grid 2025
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Figure 7. Bathymetry and spatial distribution of suitable sites for OTEC energy exploitation in Costa

Rica (indicated with a circle on the map). Location 1 to location 8 correspond to sites on the Pacific
coast, and location 9 to location 12 correspond to sites on the Caribbean coast. The depths are obtained
from GEBCO, the latest version of the dataset, with a spatial resolution of 15”.

The observed suitability for OTEC is primarily associated with coastal proximity and
the strong thermal gradients resulting from local geotectonic activity. These conditions are
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linked to the subduction of the Cocos Plate beneath the Caribbean Plate, a tectonic process
that extends from Guatemala to Costa Rica and intensifies in the southern Pacific region and
parts of Panama, where the Cocos Ridge is located [36]. This tectonic interaction generates
abrupt bathymetry variations, with depths reaching approximately 1000 m within less than
20km from the coast, thereby fostering steep thermal gradients that are highly favorable
for OTEC development [37].

Beyond the favorable physical conditions, the high-potential zones identified in the
southern Pacific region exhibited environmental performance scores above 67%, reflecting
strong compatibility with existing conservation areas and sufficient distance from ecologi-
cally sensitive habitats, including mangroves, coral reefs, and seagrass beds [38]. These
results indicate that OTEC deployment in these areas could be achieved in harmony with
the natural dynamics of the marine environment. However, these environmental indices do
not fully capture potential impacts on biodiversity dynamics or levels of social acceptance.
The nearest high-potential site lies approximately 17 km from Corcovado National Park,
one of Costa Rica’s most important protected areas and a key ecotourism destination,
hosting roughly 2.5% of global biodiversity, including marine species such as dolphins,
whales, sharks, and sea turtles [39] (see Figure 8).

Proyection CRTMO5
Datum WGS85
Date 11/11/2025
Prepared by: Pablo César Mora Céspedes
Data source: GEBCO Grid 2025
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Figure 8. Environmental and social restrictions for OTEC development in selected areas.

Additionally, the Punta Banco area lies less than 6 km from the Ngobe indigenous terri-
tory, representing an important cultural place. This territory is protected under Convention
No. 169 on Indigenous and Tribal Peoples, to which Costa Rica is a signatory. The con-
vention mandates transparent and participatory consultation processes when resource
utilization is proposed within or in proximity to indigenous lands [40] (see Figure 8).

Overall, the findings indicate that Costa Rica has substantial OTEC potential along
its Pacific coast, warranting further exploration through technical and environmental
prefeasibility studies. Such analyses would support diversification of the national energy
matrix by incorporating clean, continuous, ocean-based renewable energy sources. Finally,
the integration of social and environmental criteria highlights the need for comprehensive
planning frameworks that align technological innovation with the sustainable use of marine
resources. This approach ensures that future OTEC developments contribute meaningfully
to national electricity generation while minimizing potential impacts on the social and eco-
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logical dynamics of Costa Rica’s southern Pacific, a region distinguished by its exceptional
biodiversity, migratory marine species, recreational fisheries, and ecotourism activities.

3.4. Wave Energy

The two shores of Costa Rica have very different wave dynamics, with the Pacific
offering much more wave energy potential than the Caribbean Sea. The wave energy
potential overview is based on data from numerical wave simulations forced with ERA5
wind fields, and CMEMS-Globcurrent surface currents [27] were used. This database spans
the period of 1993-2024, with an hourly temporal resolution and a spatial resolution of 10/
in the Pacific domain. The analysis considered the H;, the direction of maximum spectral
energy, and the group velocity (Cs).

Figure 9 presents the seasonal distribution of average wave energy potential along
Costa Rica’s Pacific coast. Three key patterns can be identified. First, during the boreal
winter (Figure 9a), the northern Pacific region exhibits average wave energy fluxes of
approximately 24 kW /m. Second, during the boreal summer and fall, the Pacific domain
shows the highest energy levels, with average values exceeding 25kW/m, driven by
persistent swells originating in the southern hemisphere. Third, during the boreal spring,
mean energy fluxes decrease, marking the lowest seasonal values of the annual cycle.
It is important to note that the available dataset does not include the Caribbean region,
and therefore, no wave energy estimates are presented for that area.
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Figure 9. Average [34] wave energy potential for the Pacific coast of Costa Rica. (a) December—
January-February (winter). (b) March-April-May (spring). (c) June-July-August (summer).
(d) September-October—-November (fall).

Wave energy is the most evaluated marine energy source in Costa Rica, with the most
publications on this subject. Costa Rica has a significant potential for wave energy, with an
estimated total theoretical potential of approximately 15.5 GW across both coasts, of which
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the Pacific accounts for 13.8 GW and the Caribbean 1.7 GW. The average wave power along
the Pacific coast has been estimated at 15.9 kW /m, compared to 9.1 kW /m in the Caribbean,
with the Pacific considered more suitable for energy exploitation due to its prevailing swell
conditions generated in the south Pacific [15,41].

A more detailed regional study of the north Pacific coast (between Puerto Carrillo and
the Nicaraguan border) reported an average multiannual potential of 8.5kW /m, with the
southern part of this region reaching up to 10.3 kW /m; the total theoretical annual energy
available along this coastline was estimated at 6824 GWh for a 20 m depth and 9200 GWh
for a 50 m depth, indicating favorable conditions due to both high energy potential and
accessibility [18,42].

Interestingly, the higher-resolution assessment conducted in this work shows higher
energy potential values than those reported by Brito e Melo [15] and recently by Zum-
bado et al. [42]. This recent study indicates that waves along the Pacific coast predominantly
originate from the southwest (in accordance with findings presented in [15]), maintaining a
consistent directional pattern throughout the year, with average significant wave heights
of approximately 1 m and values exceeding 1.6 m in the Papagayo region, particularly
offshore. The corresponding average wave power potential ranges from about 24 kW/m
during the boreal winter to values equal to or exceeding 25kW/m in summer and fall.
The coefficient of variation (COV) for the north Pacific coast ranges between 0.4 and 0.7,
reflecting a relatively stable and low temporal variability that enhances the reliability of
wave energy as a complementary renewable source [42,43].

Regarding the wave energy exploitation technologies, research in this field has ex-
panded considerably over the last two decades, with nearly 100 countries contributing and
valuable developments occurring in Europe, the United States of America, and Asia [24,44].
The reader could find relevant information in these references regarding the main types of
Wave Energy Converters (WECs), classified by orientation, location, and working principle,
and their respective advantages and challenges [25,45-49].

Although several devices have reached prototype or pre-commercial stages, large-
scale implementation remains limited due to the absence of a dominant WEC design,
the complexity of scaling technologies to real-sea conditions, high operational costs, and the
strong dependence of device performance on local wave climates [15,26,46,50-52].

Likewise, Costa Rica has ventured into the creation from scratch of WEC [14],
which seeks to adapt to the conditions of the Pacific coast of Costa Rica, as described
in Section Building the Foundations for Wave Energy Harvesting in Costa Rica.

Building the Foundations for Wave Energy Harvesting in Costa Rica

There is growing interest in harnessing wave energy in Costa Rica, with the Costa
Rican Institute of Electricity (ICE) and academic institutions leading initial efforts to assess it.
The Costa Rican Institute of Technology (TEC) hosts eWave, one of the first local initiatives
dedicated to the development of WECs [14]. TEC has established facilities for controlled
testing of WECs in a wave flume and researches hydrodynamic modeling, control strategies,
and device tuning to optimize WEC performance under Costa Rican sea conditions.

Figure 10 illustrates TEC’s experimental facilities and the eWave prototype, which are
presented here as examples of the research infrastructure and experimental capabilities
currently available in Costa Rica for wave energy research, rather than as a grid-scale or
performance-assessed energy technology. The eWave prototype has been used for the
first experimental validation of a Real-Time Iteration Nonlinear Model Predictive Control
(RTI-NMPC) framework applied to WECs.

The eWave system, conceptually similar to the WaveStar device, was selected for its
prior use as a benchmark platform in the Wave Energy Control Competition (WECCCOMP),
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confirming its suitability for evaluating energy-maximizing control strategies. Numerical
simulations under representative Costa Rican sea conditions demonstrated a 75 % increase
in extracted energy compared to standard control approaches, consistent with experimental
results. These findings validate the effectiveness of RTI-NMPC in enhancing WEC perfor-
mance and constitute a substantial contribution from Costa Rica to advancing wave energy
research. The University of Costa Rica (UCR), through the River, Estuarine and Maritime
Engineering Unit (IMARES by its acronym in Spanish), contributes expertise in numerical
and experimental wave modeling, coastal hydrodynamics, and the characterization of
local wave conditions, key aspects for the evaluation and deployment of ocean energy

technologies in the country.
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Figure 10. (a) Wave flume at Costa Rica Institute of Technology. (b) Wave energy converter model.
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(c) Experimental setup. (d) Results of a numerical model of a Real-Time Iteration Nonlinear Model
Predictive Control (RTI-NMPC) of a point absorber wave energy converter developed in [45].

Wave energy has the potential to contribute significantly to the objectives of the VII
National Energy Plan (PNE) [53], an ambitious government agenda aimed at decarbonizing
the national energy matrix and reducing reliance on fossil fuels. In particular, it supports
diversifying the energy portfolio and incorporating non-conventional renewable sources
to complement Costa Rica’s established hydroelectric and wind resources. According to
the data presented by Brito and Melo [15], the exploitation of merely 10% of the country’s
theoretical wave energy potential could meet approximately 17% of the current national
electricity demand [42]. Moreover, the PNE highlights the importance of advancing research
on emerging energy technologies, a priority closely aligned with the exploration and
development of Costa Rica’s wave energy potential.

3.5. Ocean Current Energy Potential

Figure 11 illustrates the seasonal distribution of kinetic energy potential associated
with surface currents across Costa Rican waters.

During the boreal winter, current energy potential values remain below 200 W/m?,
concentrated mainly in the northern Pacific and within the Caribbean cyclonic gyre, partic-
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ularly near the continental margin. Comparable patterns are observed during the summer
and fall, although in the latter, localized increases exceeding 200 W /m? and reaching up to
240 W m? are recorded. In contrast, during the boreal spring (Figure 11b), current energy
potential in the Caribbean basin essentially diminishes, while in the northern Pacific, values
are lower and spatially restricted compared to winter, reflecting the seasonal weakening of
current intensity and circulation patterns.

200

W/m*]

Latitude

86.0°W 84.0°W .0° 84.0°W
Longitude Longitude

(a) (b)

W /m?]

Latitude

84.0°W
Longitude Longitude
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Figure 11. Average power density due to surface currents. (a) December—January—February (win-
ter). (b) March—-April-May (spring). (c) June-July-August (summer). (d) September—October—
November (fall).

3.6. Grid Integration Challenges

Costa Rica has demonstrated strong leadership in renewable energy development world-
wide, achieving an electricity matrix predominantly supplied by hydroelectric, wind, geother-
mal, and solar sources [54]. However, diversifying this matrix by integrating marine energy,
including wave, current, OTEC, and offshore wind technologies, remains an emerging frontier.
The country’s Pacific coast exhibits highly favorable conditions for marine energy exploita-
tion, characterized by persistent wind regimes, strong surface currents, and pronounced
thermal gradients associated with local geotectonic activity [34]. Integrating marine energy
into Costa Rica’s energy planning requires a comprehensive, multi-criteria approach that
balances technological feasibility, environmental sustainability, and social acceptance.

Recent spatial analyzes using GIS tools and multi-parameter weighted models have
identified zones in the southern Pacific with high OTEC potential and minimal overlap with
critical habitats or indigenous territories [55]. Advancing from these assessments toward
pre-feasibility studies, demonstration projects, and regional cooperation would enable
Costa Rica to position itself as a leader in ocean-based renewable energy in Latin America.
Such integration aligns with the country’s long-term decarbonization goals. It exemplifies
how marine energy systems can contribute to a sustainable, resilient, and inclusive energy
transition in tropical developing nations [4,6].

As demonstrated throughout this study, ocean energy represents a promising alterna-
tive for harnessing a largely untapped resource while delivering multiple strategic benefits.
Its development could play a decisive role in diversifying Costa Rica’s energy matrix and
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accelerating national decarbonization efforts. Nonetheless, realizing this potential requires

overcoming several critical barriers that may constrain its deployment and large-scale

operation. Accordingly, Table 2 presents a comparative summary of the main strengths and

weaknesses associated with integrating ocean energy into the actual national grid.

Table 2. Comparison of strengths and weaknesses for ocean energy development in Costa Rica.

Strengths

Weaknesses

Abundant Oceanic Potential

Costa Rica possesses a marine territory nearly ten times
larger than its land area, with about 89,000 km? of
national waters [40], which, combined with its strategic
geographic location, makes it a country with high
potential and abundant resources for the development of
ocean energy technologies such as OTEC, wave,

and offshore wind systems.

Lack of Electrical and Maritime Infrastructure

Large-scale development of ocean energy in Costa Rica is currently
limited by significant infrastructure and capacity constraints,
particularly in maritime logistics, port infrastructure, and the availability
of specialized human capital for marine energy at the country’s main
ports—Puerto Caldera, Puerto Limén, and Puerto Moin—which are
strategic nodes in the national infrastructure network; however, they
may be located long distances from potential areas and lack the capacity
to manage these types of ocean technologies [56]. Additionally,

the absence of a major port on the northern Pacific coast creates further
challenges due to the long distances to prospective offshore and wave
energy sites.

Alignment with Sustainable Development Goals

Costa Rica is among the countries committed to achieving
the Sustainable Development Goals (SDGs). In this
context, ocean energy projects contribute directly to SDG 7
(Affordable and Clean Energy) and SDG 13 (Climate
Action), supporting the nation’s transition toward a
diversified and low-emission energy system.

High Economic Costs and Low Competitiveness

Establishing the necessary infrastructure for production, storage,
and transmission entails high capital costs [15]. Specialized materials
resistant to seawater corrosion and imported components further
increase costs, reducing competitiveness compared to the existing
renewable energy matrix, which is dominated by hydropower.

Energy Diversification

The integration of ocean energy into the national energy
matrix offers an attractive solution to the dependence on
hydroelectric plants [57], which represent Costa Rica’s
energy pillar and whose production is exposed during
periods of drought.

Significant Distance from Population and Industrial Centers

Potential sites for ocean energy are located far from the Central Valley,
where most electricity demand is concentrated. This distance increases
transmission infrastructure costs and could create logistical and social

challenges during project implementation.

Renewable National Grid

Costa Rica’s national grid, powered by a predominantly
renewable energy matrix, simplifies the technical
integration of ocean energy [57]. Nevertheless, its
implementation is contingent upon strict adherence to
social and environmental compliance, with emphasis
placed on the welfare of coastal dynamics.

Limited Technical and Scientific Knowledge

Despite this institutional framework, technical expertise and research

specific to ocean energy systems are still scarce [58]. Few professionals
and institutions possess the necessary knowledge to design, simulate,

and maintain such systems efficiently.

Constant-Flow Energy as a Grid Stabilizer

Ocean energy technologies such as OTEC, along with the
geothermal energy already operating in Costa Rica,
provide a constant and continuous energy supply,
functioning as an energy buffer that helps stabilize the
national power system [59]. Their steady operation
contributes to mitigating the variability associated with
intermittent renewable resources, thereby strengthening
overall grid reliability.

Intermittency of Climate-Dependent Marine Energies

In contrast, some ocean energy sources—such as wave energy and
offshore wind—depend directly on variable climatic and oceanographic
conditions, which can lead to important fluctuations when integrated
into the national grid [26,60].
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4. Challenges
4.1. Environmental Aspects

The environmental dimension represents one of the main challenges for the imple-
mentation of ocean energy in Costa Rica. The country, recognized for its long-standing
commitment to conservation and environmental protection policies, faces the challenge
of integrating these emerging technologies without compromising the integrity of marine
ecosystems [61]. Costa Rica has international commitments to maintain at least 30% of its
marine area as marine-protected areas [62], which represents a synergistic challenge in the
development of other marine socioeconomic activities, including marine energy harvesting.

In this regard, ecological impact assessments must consider the particular character-
istics of the Costa Rican marine environment, an area that remains underexplored and
exhibits significant scientific information gaps. Likewise, it is necessary to strengthen public
information and participation processes so that coastal communities can understand the
scope, benefits, and potential risks associated with ocean energy development.

In this same context, Costa Rica’s geographic location within a tropical zone endows
it with a high richness of marine species, both seasonal and migratory [63]. Moreover,
a noteworthy portion of the country’s income is derived from the tourism sector, which
is closely linked to the conservation of its natural resources [64]. Therefore, ocean energy
projects should prioritize a sustainability-oriented approach that balances technological
development with the protection of marine biodiversity and the preservation of natural
attractions that sustain the national tourism economy.

4.2. Social Aspects

The social dimension of marine energy development in Costa Rica is as essential as
the legal and technical aspects. In addition to engineering feasibility and environmental
concerns, the implementation of OTEC, offshore wind or wave energy systems will require
a thorough assessment of their social consequences. These social implications include:
local coastal communities, opportunities for the generation of jobs and training, equity and
distributional justice in access to energy, and levels of education. In addition, such aspects
within coastal communities play a central role in the national identity and economic base,
heavily dependent on fisheries, tourism, and small-scale maritime activities [65].

The introduction of marine energy projects in these regions may generate social ten-
sions if perceived as conflicting with traditional livelihoods or affecting marine ecosystems.
Ensuring community acceptance thus requires inclusive consultation mechanisms and
transparent communication. International experience shows that excluding local popula-
tions from project planning often leads to social resistance and delays [66]. In the Costa
Rican context, this need for participation aligns with the principle of environmental democ-
racy enshrined in national legislation, which mandates public access to information and
consultation for environmentally significant projects [67].

Marine energy development offers significant socioeconomic opportunities for Costa
Rica by generating employment and stimulating local economies through the construction,
operation, and maintenance of offshore facilities. According to the International Renewable
Energy Agency, renewable energy expansion in Latin America could create thousands of
skilled jobs, and Costa Rica’s substantial human capital in engineering and environmental
sciences positions it to benefit substantially [68]. Institutions such as the University of
Costa Rica (UCR), National University of Costa Rica (UNA) and TEC certainly provide
the technical expertise required for offshore wind and wave energy projects. Additionally,
smaller-scale technologies such as wave power offer opportunities for community-based
renewable initiatives, enhancing local energy resilience and reducing dependence on fossil
fuels in remote coastal areas. However, realizing these benefits depends on targeted training
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and capacity-building to ensure that local workers and enterprises are effectively integrated
into the emerging marine energy sector rather than displaced by external actors [69].

Costa Rica generates over 98 % of its electricity from renewable sources, positioning it
among the global leaders in clean energy production [70]. However, disparities in energy
access persist in certain rural and island regions where infrastructure remains limited,
leading to higher costs and less reliable supply. Marine energy contributes to mitigating
socioeconomic inequities by enabling decentralized renewable generation closer to rural
communities [68]. At the same time, equity considerations must guide the sector’s expan-
sion, as local populations could face disproportionate environmental or social burdens,
such as disruptions to fishing activities or restricted coastal access, without corresponding
benefits. The social dimension of marine energy development in Costa Rica underscores
that technological feasibility alone does not ensure social legitimacy. Genuine commu-
nity participation, fair benefit distribution, and culturally informed decision-making are
essential for project success.

4.3. Legal Framework

The regulatory structure supporting the deployment of marine energy in Costa Rica
encompasses three distinct dimensions: the regime governing the maritime terrestrial zone
and national waters, the energy sector laws that regulate generation and integration into
the electrical system, and the permitting process governing environmental concerns and
social impact. Collectively, these arrangements provide both opportunities and limitations
to the development of emerging marine technologies, such as OTEC, offshore wind and
wave power.

The Ministry of Environment and Energy (MINAE, by its acronym in Spanish) is the
leading authority responsible for environmental and energy policies in Costa Rica. It has
a mandate to plan strategically, approve energy markets, and coordinate with functional-
specialized agencies [71]. Within this structure, the National Technical Secretary for the
Environment (SETENA, by its acronym in Spanish) operates as the technical organization re-
sponsible for environmental evaluation of projects with significant ecological relevance [72].
These institutions operate within Costa Rica’s constitutional environmental framework,
which recognizes the right to an adequate environment and requires the state to impose
restrictions on the use of natural resources in accordance with the law.

A fundamental component of the legal framework for marine energy in Costa Rica
is the regime related to the maritime terrestrial zone (ZMT). Law No. 6043 establishes
that the ZMT is a public domain property of the state, divided into a restricted area (50 m
from the highest tide line) and a concession area (up to 150 m inland). Any use of the ZMT
requires authorization and, in the case of a concession, approval at the municipal level
and is subject to national oversight [73]. The electricity sector in Costa Rica is primarily
regulated by the General Electricity Law and special laws such as Law No. 7200, which
allows for autonomous or parallel generation. This law allowed for private players to
contribute renewable energy to the national grid under defined contracts with the Instituto
Costarricense de Electricidad (ICE), the state-operated utility [74].

Environmental permitting in Costa Rica is based on the Organic Environmental Law
(Law No. 7554), which created SETENA as the competent authority for environmental
evaluations. Projects to be developed in the marine environment are required to go through
environmental impact assessments (EIAs), which is mandated in the case of projects with
potential significant biological impacts [72]. With marine energy projects, this means con-
ducting full environmental studies that address marine biodiversity, hydrodynamic change,
and socio-economic impacts on coastal communities. Apart from environmental permits,
marine energy developers need to obtain many cross-sectoral authorizations. In addition to
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the shore, Costa Rica’s international maritime law emphasizes its authority over ocean en-
ergy activities. Indeed, “the Coastal States have sovereign rights in the exclusive economic
zone (EEZ) for the purpose of exploring and exploiting natural resources, and concerning
the production of energy from the water, currents and winds” [75]. The United Nations
Convention on the Law of the Sea (UNCLOS) also grants the state the exclusive right to
construct, authorize and regulate artificial islands, installations, and structures, as well as
to establish safety zones (normally 500 m) around those structures [75].

At the policy and planning level, Costa Rica’s VII PNE (period of 2015-2030) empha-
sizes reliability, diversification, and regulatory modernization, historically hydro-focused
but increasingly opening towards new resources and grid optimization [67]. In line with
this, the Plan Nacional de Descarbonizacion of 20182050 (PND) commits the country
to achieve net-zero emissions by 2050 and considers goals revolving around innovation,
electrification, and sector coupling—areas to which marine energy pilots can fit as R&D for
resilience, as well as opportunities to support a diversified low-carbon portfolio [67].

In this investigation, the definition of marine governance follows that of [76], which de-
scribes it as “the capacity to develop and implement decisions concerning specific policies
within an institution or governmental body, at either a regional or national level”. Consis-
tent with [77], renewable energy policy constitutes the primary driver for the expansion of
renewable energy use. The analysis encompasses a set of key policies and addresses the
bottlenecks hindering progress in marine energy development. For the marine governance
area, the Politica Nacional del Mar 2013-2028 and the country initiatives regarding Marine
Spatial Planning (MSP), funded by the Intergovernmental Oceanographic Commission of
UNESCO (IOC-UNESCO), have appeared with methodologies and participatory spaces to
identify testing sites, cablestick zones and rules for coexistence with marine governance
sectors and other uses [78,79].

Legal Gaps and Regulatory Barriers

A particularly concerning hurdle is the absence of a permitting system specifically
for offshore marine energy projects. While the Ley sobre la Zona Maritimo Terrestre
(Law No. 6043) governs the use of the maritime terrestrial zone, it does not provide a
straightforward method of allocating ocean space for offshore wind farms, floating OTEC
platforms, or any other large marine energy scheme [73]. Furthermore, stakeholders
face a complex permitting process that involves several institutions, including SETENA,
Ministry of Public Works of Costa Rica, ICE, and local municipalities, without a centralized
authority. This fragmented system leads to bureaucratic delays, higher transaction costs,
and uncertainty regarding overlapping regulations [68].

In addition to institutional challenges, Costa Rica lacks technical standards and grid
codes tailored to marine energy technologies. Current regulations are designed for land-
based renewables, which differ substantially from offshore systems that require subsea
transmission, corrosion-resistant floating structures, and specialized maintenance in marine
environments. The absence of standards increases operational uncertainty and serves as
a barrier to integration into the national electricity grid [68]. The practical realization of
Costa Rica’s marine energy potential requires establishing a comprehensive offshore energy
licensing framework, complemented by coherent maritime spatial planning that balances
environmental protection with sustainable development objectives.

5. Conclusions

Costa Rica’s Pacific coast offers promising conditions for marine energy development,
combining persistent swells for wave power, seasonal winds regimens for offshore wind
and thermal gradients suitable for ocean thermal energy conversion (OTEC). Wave energy
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stands out as the marine resource with the greatest spatial coverage and energy poten-
tial; studies estimate roughly 8-15kW /m, with average values of 8-12kW/m near the
Nicaraguan border, while tidal currents along both the Pacific and Caribbean coasts are
weak (<0.8 m/s), and OTEC resource values are not yet quantified, though the underlying
conditions appear favorable.

Costa Rica currently lacks operational marine energy devices, with no in situ convert-
ers installed to date. The eWave prototype, by TEC, is in laboratory testing and slated
for deployment on the north Pacific coast in the coming years. The implementation of
marine energy converters is a technological challenge, and Costa Rica aims to continue to
follow this development route to pursue the Sustainable Development Goals. Significant
environmental, social, legal and infrastructural barriers, including sensitive marine ecosys-
tems, indigenous territories, limited port and grid infrastructure and a nascent regulatory
framework make large-scale marine energy development unlikely in the near term, yet it
remains a viable long-term component of a diversified energy transition.

To unlock this potential, several complementary actions are required: (i) continued
resource assessments based on high-resolution, long-term measurements along both coasts
to validate numerical models and identify energy-dense hotspots for waves, wind, currents
and OTEC [15,42]; (ii) sustained investment in research, development and human capital
to strengthen national expertise in areas like maritime engineering, oceanography and re-
newable energy control systems, building on existing academic and institutional initiatives,
and the promotion of international collaborations [24]; (iii) the establishment of a clear gov-
ernmental roadmap for marine renewable energy, supported by coherent maritime spatial
planning, streamlined permitting procedures and policies aimed at reducing investment
risk [46]; (iv) the adaptation and optimization of conversion technologies to Costa Rica’s
specific sea states and environmental conditions, as devices and design criteria developed
for other ocean basins (e.g., the Northern Atlantic) will require significant modifications
to operate efficiently and responsibly in local waters [15,44]; and (v) the evaluation and
reinforcement of national grid and coastal infrastructure to ensure the reliable integration
of variable marine energy sources, in line with the objectives of the PNE and broader
decarbonization strategies [53].

Opverall, Costa Rica’s marine energy resources offer a valuable opportunity to diversify
its largely renewable electricity mix, with wave energy standing out for its moderate
power levels and high temporal stability [15,42]. This makes it an attractive candidate for
diversifying the country’s largely renewable electricity matrix, but marine technologies are
still pre-commercial and face high LCOE, technological scalability challenges and harsh
operating environments [24,46]. Systematically addressing these technological, institutional
and socio-environmental hurdles will be essential to integrate marine energy into Costa
Rica’s renewable-dominated electricity mix.
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