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Abstract

Island communities often struggle to establish traditional electric grids and
are heavily reliant on imported fossil fuels. For Puerto Rico (PR), these
challenges are enhanced by extreme weather and other natural hazards that
threaten the local electric infrastructure. Ocean thermal energy conversion
(OTEC) could play an important role in establishing a more resilient elec-
trical grid in the region. A detailed analysis is conducted to characterize
the ocean thermal resource and power potential of OTEC in PR based on
a 14-year dataset of modeled ocean temperature. The assessment considers
seasonal and interannual thermal patterns, examining the operational lim-
itations associated with running a typical OTEC plant. The local thermal
resource is found to be sensitive to El Nino-Southern Oscillation climate pat-
terns, with La Nina conditions linked to greater OTEC power availability.
Six areas of opportunity are identified based on their resource potential and

proximity to existing electrical transmission lines, including one that could

Prefritespindingavo e maliczBaesgne.yang@pnnl.gov. February 14, 2025



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

also benefit the nearby U.S. Virgin Islands. The greatest OTEC power po-
tential is observed to the south of PR with an estimated capacity of 138 MW
for a plant pumping cold water from a depth of 1,000 m, or the equivalent
amount of electricity required to power 219,000 households.

Keywords: ocean thermal energy, OTEC, Puerto Rico, energy resilience,

resource characterization, U.S. Virgin Islands

1. Introduction

The Commonwealth of Puerto Rico (henceforth PR) enacted a public
policy to generate 100% of its electricity from renewable sources by 2050 in
an effort to increase its resilience to extreme weather and reduce its reliance
on fossil fuels [I]. This commitment follows a long track record of power
outages driven by recurring natural hazards, including hurricanes and earth-
quakes, in addition to an unreliable electrical system that is largely overdue
for upgrades and repairs [2]. The power demand in PR frequently surpasses
the electricity that can be generated and distributed through the current
grid, even during off-peak conditions, leading to a dependence on imported
fuels [3]. According to the U.S. Energy Information Administration, PR
consumes about 70 times more energy than it produces and, in 2022, 94%
of its electricity was generated from fossil fuels [4]. Ocean thermal energy
conversion (OTEC) could play a significant role in PR’s energy transition,
providing a fairly consistent source of electricity and diversifying the local
energy portfolio [5].

OTEC is a process used to generate power from the difference in temper-

ature between cold deep-sea water and warm, sun-heated, surface seawater
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[6]. The notion of this technology was first proposed by the French physi-
cist Jacques-Arsene D’Arsonval in 1881 [7]. The most common design for
an OTEC system is based on the thermodynamic principles of a Rankine
cycle heat engine. The OTEC Rankine cycle consists on leveraging phase
changes of a working fluid, driven by controlled heat exchanges with sea-
water, to convert thermal energy into mechanical energy. More specifically,
the working fluid (e.g., ammonia) recirculates in a closed loop and interacts
with four main components: an evaporator, a condenser, a turbine, and a
pump [8]. At the evaporator, heat from the surface seawater is transferred
to the working fluid via heat exchangers resulting in a phase change from
liquid to gas. Next, the working fluid vapor activates a turbine to convert
the thermal energy into mechanical energy—which can in turn be used to pro-
duce electricity using a generator. From there the working fluid vapor goes
back to its liquid state at the condenser, where additional heat exchangers
transfer its heat to cold deep-sea water. The cycle is completed by sending
the working fluid back up to the evaporator through the pump. Because of
its characteristic closed loop for the working fluid, this type of scheme is also
referred to as closed-cycle OTEC. In contrast, open-cycle OTEC, uses the
intake seawater as the working fluid in a different type of heat engine cycle,
generating freshwater as a bi-product of electricity. While in all likelihood
the added benefit of generating freshwater may be of interest to certain com-
munities in PR, this study is limited to thermal energy conversion for the
sole purpose of generating electricity. Similarly, there are several other types
of OTEC cycles encountered in the literature, but the Rankine cycle is by

far the most regularly used in resource assessments, and is the chosen cycle
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for the present study. A more detailed review of OTEC technology can be
found in [9] and more recently in [10].

An inherent challenge with OTEC is the low energy conversion efficiency
that results from the low temperature differentials between surface and deep
seawater as compared to traditional large-scale heat engines. The minimum
temperature differential required for OTEC operation is 20°C, corresponding
to a conversion efficiency of 3-4% [11], @, 12]. According to [13], an increase
of 2°C above this threshold could lead to an efficiency increase of over 20%.
Consequently, siting OTEC at locations with relatively strong ocean ther-
mal gradients is critical for optimal operation. Additionally, the closer the
thermal resource is to shore, the more affordable it is to transfer the energy
harvested at an OTEC plant to an onshore electrical grid [14]. Considering
both of these factors, OTEC is particularly suitable for coastal regions in
the tropics and subtropics, where the thermal gradients are strong thanks
to warmer-than-average surface temperatures, and where the deep ocean is
accessible close to shore because of the steep slopes characteristic of volcanic
topography.

OTEC technology was demonstrated in 1979 during a pilot scale experi-
ment conducted at the Natural Energy Laboratory of the Hawaiian Author-
ity (NELHA), which generated over 50 kW of gross power and 18 kW of
net power [I5]. Soon after, in 1981, a consortium of Japanese companies led
by Tokyo Electric Power commissioned a demonstration-scale OTEC plant
on the island of Nauru that produced 120 kW of gross power and 30 kW
of net power [I6]. Despite the success of these early experiments, and ad-

ditional demonstration-type projects in more recent years [17), I8, [19] with
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a maximum achieved power rating of 338 kW [20], there have not been any
commercial-scale developments of OTEC to date. This can be largely ex-
plained by the relatively large capital costs required to establish an OTEC
plant [7, 21], 22] yet techno-economic studies suggest that the cost-to-benefit
ratio would improve for OTEC plants of a sufficiently large power capacity
(of least 10 MW [23] but ideally 50-100 MW). Numerical models can play
an important role in ushering the OTEC industry towards commercialization
by providing a high-fidelity characterization of ocean thermal resources that
can be used to site OTEC plants in optimal locations across the world thus
reducing the risk of capital investment.

Models for estimating the power potential of OTEC have improved from
early one-dimensional studies [11} 24] to much more accurate three-dimensional
ocean circulation models [12] 25] which predict that the global OTEC power
potential could reach up to 10 TW. Additionally, one study predicts that
the OTEC power potential could increase by 46% by the end of the century
assuming a global greenhouse warming scenario with high carbon emissions
[26]. More detailed resource assessments are conducted at regional scales
using higher resolution models [27], 28] 29, [30, 17, 31].

A plan for a conceptual 40 MW pilot OTEC plant at Punta Tuna, PR,
was released in 1981 [32] B3], but the initiative did not advance beyond engi-
neering design. The potential for OTEC in PR was explored more generally
as part of a global assessment of the thermal energy resource in a report
prepared by Lockheed Martin with the sponsorship of the U.S. Department
of Energy (DOE) [5]. The study was based on a proprietary OTEC plant de-

sign and a 2-year data record of ocean temperature obtained from the HYbrid
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Coordinate Ocean Model (HYCOM). The results of the assessment quanti-
fied the thermal energy resource for OTEC in the regions of top interest in
the U.S. exclusive economic zone (EEZ)—including the U.S. Caribbean Sea
and Pacific islands, the East Coast and the Gulf of Mexico—and in United
Nations Recognized EEZs. The top highlighted regions in the U.S. include
Hawaii, the Mariana Islands, Guam, PR, and the U.S. Virgin Islands (hence-
forth USVI). The combined annual technical resource potential for OTEC in
PR and the USVI was of 38 TWh, assuming the use of Lockheed Martin’s
technology. The results of this assessment were reviewed in two subsequent
reports—also sponsored by the U.S. DOE—in the context of marine renewable
energy potential in the U.S. EEZ [34] 35]. Both reports indicated the need for
further analysis of the thermal resource that should include a substantially
longer data record and that would ideally be independent of any specific
OTEC plant designs so the results could instead be used for the analysis of
varying technologies, but concurred on the general location of the highlighted
regions with highest OTEC potential.

Although previous studies have included PR and USVTI in their analyses,
our study is the first detailed characterization of the OTEC potential in the
region based on high resolution data over an extended period of time (14
years). This work aims to describe the spatial and temporal patterns of the
OTEC thermal resource based on a technology agnostic approach that could
be adapted to the particular characteristics of a broad range of Rankine-cycle
OTEC plant designs. The analysis quantifies the annual energy production
at six areas of opportunity for potential OTEC installations, incorporating

operation technological factors that may cause the plants to pause their power
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production. Further, while other physical processes such as rainfall and wind
patterns have been studied with relation to ENSO climate patterns in the
region, these effects have not been studied in the context of OTEC power
production. We anticipate that the characterization of such trends will have
a direct impact on the design and operation considerations of future OTEC
plants in terms of power efficiency optimization.

This study presents a focused resource assessment of thermal energy po-
tential for the implementation of OTEC technology in PR based on 14 years
of ocean hindcast data. Section[2ldescribes the ocean model dataset obtained
to characterize the thermal resource in the region. The model performance
is evaluated through a statistical error analysis against in-situ observations
(from profiling floats and satellites). The methodology used to calculate the
OTEC power density is also provided in Section [2] Section [3] presents sea-
sonal and annual geographic distributions of power density relative to cold
water inflow and considers the influence of picking different depths of cold
water intake. Section [4] expands on the discussion of the OTEC operational
limitations relative to the thermal gradient between the surface and deep
water through a time series analysis of select areas of opportunity in the
region, including PR coastal waters as well as nearby USVI. Conclusions are

presented in Section [5]

2. Methods

2.1. Model selection and data acquisition

The ocean thermal gradients around PR and the USVT are analyzed based

on a 14-year record of three-dimensional (3D) sea temperature obtained from
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the global ocean circulation model HYbrid Coordinate Ocean Model (HY-
COM) [36]. This is the same model that was used in the aforementioned
OTEC assessment by Lockeed Martin [5], however, that study was based on
only 2 years of data, which is not sufficient to accurately assess the long-term
resource and the seasonal variability. The 14-year HYCOM dataset was the
longest available record of 3D ocean temperatures within the study area at
the time of data collection. Opting for a longer time record allows for an eval-
uating of seasonal reoccurring trends as well as the influence of low frequency
climate patterns such as El Nino-Southern Oscillation (ENSO) cycles.

The HYCOM results considered in this study correspond to two imple-
mentations of the model, Global Ocean Forecasting System (GOFS) 3.0 and
GOFS 3.1. The two GOFS versions overlap from July 2014 to November
2018. A comparison of the overlapping record lengths showed little variabil-
ity (< 0.5°C) in monthly (not shown) and annual (Figure [1)) averages of sea
surface temperature within the PR and USVI EEZ. For the purpose of this
study, the HYCOM records were combined using GOFS 3.0 from September
2008 through June 2014 and GOFS 3.1 as of July 2014 through December
2021. A summary of both GOFS implementation is shown in Table [I, The
vertical resolution of HYCOM (33 to 44 layers) is well suited for resolving
the thermocline and mid water-column temperature gradients. HYCOM'’s
computational grid, with a horizontal resolution of about 9 km and 5,872
nodes within the PR/USVI EEZ, provides a good basis for characterizing

the spatial variability of the thermal resource at a regional scale.
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Figure 1: Average difference in temperature between HY COM GOFS versions 3.0 and 3.1

during complete overlapping years.
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Table 1: HYCOM GOFS model properties

Properties Version 3.0 Version 3.1
Record length 2008 — 2018 2014 - 2021
Horizontal resolution 1/12° 1/12°
Horizontal resolution in
9.2 9.2
meridional direction (km)
Horizontal resolution in zonal
8.8 8.8
direction at 18°N (km)
Number of vertical levels 33 40
0, 10, 20, 30, 50, 75, 100, 0,2, 4, 6, 8, 10, 12, 15, 20,
125, 150, 200, 250, 300, 400, 25, 30, 35, 40, 45, 50, 60, 70,
500, 600, 700, 800, 900, 1000, 80, 90, 100, 125, 150, 200,

Vertical layer depth (m)
1100, 1200, 1300, 1400, 1500, 250, 300, 350, 400, 500, 600,

1750, 2000, 2500, 3000, 3500, 700, 800, 900, 1000, 1250, 1500,
4000, 4500, 5000, 5500 2000, 2500, 3000, 4000, 5000

HYCOM is independently calibrated but for use in this study we com-
pare the collected dataset against historical records to verify its accuracy.
Sea surface temperature (SST) from the combined HYCOM data record is
compared to satellite imagery from the Multi-scale Ultra-high Resolution
(MUR) SST analysis (Figure [2). HYCOM’s average seasonal predictions of
SST are lower than the satellite measurements by no more than < 0.5°C,
with greater variability shown within coastal regions which, in any case, is in
depths too shallow for OTEC considerations. HYCOM thermal profiles are
verified against ARGO float measurements with 99% of the modeled data

falling within a < 1.5°C range from the measurement (Figure |3)).

10
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Figure 2: Seasonal difference in mean SST between HYCOM and MUR for 2008—2021.
Warm colors indicate satellite measurements are higher (i.e., hotter) than model predic-

tions.
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Figure 3: Average difference in temperature between HYCOM and Argo floats at (a) 600
m and (b) 1000 m water depth.
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2.2. Estimation of power density

The power density for OTEC systems is expressed as the net power P,

per unit of upwelled cold water flowrate Qo and estimated as

P _ pwCpErc(AT)?(1 — PL) (1)
Qew 8(273 + Ty)
where:
pw is the average density of water, taken as 1,024 kg/m3,
C, is the specific heat of water, taken as 4.184 J/g°C,
FErq is the turbogenerator efficiency,
AT is the net difference between the warm water intake temperature
near the surface and the cold water intake temperature,

PL is the pumping loss of energy as a function of pipe length, and

T, is the near the surface intake temperature.

Equation [1]is an adaptation of [T1] as seen in [5], [34] based on the assumption
that the small temperature range in the ocean results in negligible nonlinear
effects. To ensure this assumption holds, it is important to consider a warm
water intake depth deeper than the true ocean surface which can be prone
to significantly more temperature variability. Placing the warm water intake
pipe below the surface also keeps it from being exposed to the elements
and prevents inconsistent intake flows. The depth of the warm water intake
may vary with plant designs, with typical values between 20 m [5] [7, 9] and
75 m [11]. In this study, 75 corresponds to the 50 m depth layer from the
HYCOM dataset. The turbogenerator efficiency and energy loss terms are
also dependant upon the design of the OTEC system. In this study, we set

12
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Erg as 1 and PL as 0, to conduct a technology agnostic analysis (i.e., the
turbogenerator is assumed to be 100% efficient and the system is assumed
to have no energy losses due to pumping). In this way, the power that a
specific OTEC plant would produce could be obtained by multiplying the
results presented in this study by its own efficiency and energy loss factor
(that is, multiplying the power results from this study by Ergx(1 — PL)
characteristic of a specific plant).

The expected influence of the error in HY COM temperature predictions,
as compared to MUR and Argo measurements, and applied to the OTEC
power calculation is considered in Figure[d] The difference in power estimate
is obtained by isolating the temperature terms in Equation , that is %,
and conducting a simple sensitivity analysis based on the temperature differ-
ences observed in Figures |2/ and [3|and sample benchmark temperatures at a
location to the south of mainland PR (corresponding to cluster S1 presented
later in Figure . Based on this analysis, the model underpredictions of
SST in the order of 0.5°C would result in a 4.4% underprediction of OTEC

power.

e
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Difference in power (%)

-
=)
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o
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o

Figure 4: Influence of error in HYCOM temperature predictions in power estimates.
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The net power, or OTEC plant capacity, is obtained from the product
of the power density multiplied by the upwelled cold water flowrate. The
annual energy production (AEP) can then be calculated as the net power

times the total hours in a year (or 8,760).

3. Results

3.1. Characterization of the ocean thermal resource

The 14 year HYCOM data record was used to compute average distribu-
tions of the surface temperature, Ty, and the thermal gradients, AT, around
PR and the USVI. The seasonal distributions of T,—taken at a 50 m depth—
and AT—calculated between the surface and a sample depth of 1,000 m—are
shown in Figures [5 and [6] respectively. The warmest surface temperatures
and highest thermal gradients are observed in the spring (March 1 to May 31),
while the coldest temperatures and lowest thermal gradients are observed in
the fall (September 1 to November 30). Surface temperature tends to be
greater in the Caribbean Sea as compared to the Atlantic Ocean and this
trend becomes more evident with greater distance away from the PR coast.
These relative trends carry down the water column resulting in a more pro-
nounced AT variation between north and south by up to 1°C.

Time series provide deeper insights into the seasonal variability of the
ocean thermal resource. Figure [7] shows time series of Ty and AT for a
sample location to the south of mainland PR (corresponding to cluster S1
presented later in Figure . The sea surface temperature peaks annually
between September and October when T is about 29°C. The coldest surface

temperatures are observed in February and March when T, can go below

14
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The OTEC ocean thermal resource in PR and the USVI is influenced by
climate variability arising from meteorological events such as tropical storms
and hurricanes, as well as interannual anomalies such as El Nino—Southern
Oscillation (ENSO). In the PR and USVI region, the effects of ENSO are
different in the dry season (December to April) than in the wet season (May
to November). In the dry season, El Nino years are associated with increased
precipitation and cooler SST, while La Nina years are associated with close
to neutral or slightly lower precipitation. Conversely, in the wet season,
El Nino years are associated with reduced precipitation, leading to drought
and a reduction of the number of tropical storms, while La Nina years are
associated with increased precipitation and SST, contributing to an increase
in frequency and intensity of tropical storms. Of note, 2009-2010 had an El
Nino cycle immediately followed by La Nina 2010-2012. Within this period,
2010 had some of the strongest interannual SST variability, with a strong
cold anomaly in the winter that lasted until April, and a warm anomaly
starting in May that was strongest from June 2010 to February 2011. From
2014 to 2016, the PR region was exposed to a strong El Nino followed by
La Nifia conditions from 2016 to 2018 [37], with hurricanes Irma and Maria
in 2017 being some of the most devastating natural disasters on record [2].
Within this period, 2016 was another transitional year, with El Nino lasting
until May and La Nina starting in July, however in this case, the anomalies of
both cycles were weaker than in 2010. Finally, a weaker El Nino was recorded
from August 2018 to July 2019, and conditions remained neutral until July
2020 giving way to a multi-year La Nina that lasted until February 2023.
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Figure 5: Seasonal distributions of surface temperature, T, at a 50 m depth. Regions

that are shallower than 50 m are shown in white.
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Figure 6: Seasonal distributions of temperature differentials, AT, between a warm water
depth of 50 m and a sample cold water depth of 1,000 m. Regions that are shallower than

1,000 m are shown in white.
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Figure 7: Time series of cluster S1 surface temperature (Ts) at 50 m, and temperature
differential (AT) at a sample cold water depth of 1,000 m. El Nifio periods are shaded in

blue and La Nina periods are shaded in red.

3.2. OTEC power production estimates

The theory of heat engine technology suggests that a minimum temper-
ature differential of 20°C is required for OTEC operation [7, 0]. This is
because the efficiency of heat engines is a function of AT, influencing most
aspects of the design including the pipe sizes, heat exchangers, and turbo-
generators [34]. This operational limitation is applied to the analysis of
OTEC power generation potential by assuming that a plant would not pro-
duce any power below the 20°C temperature differential threshold. Seasonal
and annual power density maps for OTEC systems in PR and the USVI with
a sample cold water depth of 1,000 m are shown in Figures[§ and [0} Regions

17
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that on average do not meet the threshold of a minimum thermal gradient of
20°C at this depth are masked in white. This includes shallow regions with
water depths below 1,000 m, and regions where the threshold would only be
met when pumping cold water from deeper elevations. The thermal resource
fluctuates seasonally by up to 200 kW /m?/s, with the lowest and greatest
energy potentials observed in the spring and in the fall, respectively. In the
Caribbean Sea, south of PR, the thermal energy potential is greater than to
the north in the Atlantic Ocean by up to 100 kW /m?/s. The resource to the
north is also slightly less seasonally consistent than to the south, likely due
to the influence of colder winter storms in the Atlantic Ocean which cool the
sea surface and in turn reduce AT.

The interannual OTEC power variability is directly influenced by the
local climate variability and in particular the ENSO anomalies as shown in
Figure [7] and Figure [I0] The greatest annual OTEC power potential was
in 2010, and to a lesser degree in 2016, and 2020, all linked to years that
mark the beginning of La Nina conditions in the summer, following either
El Nino (2010 and 2016) or neutral winter conditions (2020). This is likely
because at the start of La Nina, the deep water temperature remains cooler
as the SST begins to increase, therefore increasing the thermal gradient and
in turn the OTEC power potential. The mean power density is 2.2% greater
during years that transition to La Nifa conditions (2010, 2016 and 2020) as
compared to the full data records, whereas years that transition to El Nino

conditions (2009, 2015 and 2019) are lower on average by 1.3%.
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Figure 8: Seasonal variability of OTEC power density per unit of cold water inflow at a

sample cold water intake depth of 1 km.
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Figure 10: Time series of cluster S1 power density at a sample cold water depth of 1,000 m.

El Nino periods are shaded in blue and La Nina periods are shaded in red.

3.3. Cold water intake depth considerations

A limitation of calculating the geospatial OTEC energy potential based
on a single isobath for the collection of cold water, is that it prevents opti-
mization of the length of the cold water intake pipe, which in general should
be as short as possible to minimize installation and maintenance costs [22].
An alternative approach is to determine the depth at which the minimum
temperature gradient criterion is met at each location in the domain. Fig-
ure [IT}a shows the distribution of depths at which the thermal gradient be-
tween the cool deep water and warm surface water is equal to 20°C based
on the 14-year data average. Regions masked in white close to shore are too
shallow to meet this threshold. Figure [I1}b shows areas of interest that will
be used for a time series analysis in Section [} The intra-annual variability
in the thermal resource has a direct relation with the depth at which the

minimum temperature gradient criterion is met. In the fall as compared to
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319
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321

the spring, the minimum depth from which an OTEC plant could upwell cold
water is lower by about 150-225 m in coastal regions (Figure. In general,
the depth at which the operational threshold is met is lower to the south of
PR than to the north.

21°N 21°N
20°N 20°N
19°N 19°N 4=
18°N 18°N
17°N 17°N
16°N 16°N
15°N 15°N

68°W 66°W 64°W 68°W 66°W 64°W

— ez [N

600 800 1000
Depth of AT = 20°C (m)

Figure 11: (a) Distribution of depths where the thermal gradient AT is equal to 20°C

based on the 14-year annual average. (b) Location of data clusters for time-series analysis.
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Figure 12: Seasonal distribution of depths where the thermal gradient AT is on average

equal to 20°C.

4. Discussion

While a temporally averaged analysis is useful for obtaining an approx-
imate estimate of the power density and identifying the relative geographic
potential of OTEC at a given depth, it overrepresents the available power
because the averaging calculations include times when the thermal gradients
fall below the critical threshold of 20°C, when a typical OTEC plant would
generate no power. For a more complete assessment of the thermal resource,
it is important to analyze the temporal and vertical variability of specific
point locations of interest.

Six locations, or data clusters, were selected around PR and the USVI
for a more in-depth analysis of the OTEC potential (Figure [L1}b). Each
data cluster represents 9 nodes in the HYCOM computational grid and is

located at the shortest viable distance from an existing electrical transmission

23



335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

line, excluding the nearshore regions that are depth-limited in achieving the
minimum operational thermal gradient per Figure [l1la. Information about
PR’s power plants and major transmission lines was obtained from [38], which
provides comprehensive details about the top energy sources (petroleum,
natural gas and coal) as well as additional energy sources including solar,
wind, hydroelectric and biomass. The selection of sites close to existing
transmission lines is intended to offset the high capital costs inherent with
installing OTEC plants. OTEC plants located at the northern and southern
clusters (N1, N2, S1, and S2) would have the potential to serve the main
island which is where the majority of PR’s population resides. The highest
population density is concentrated on the northern coast (near N2) around
the capital city of San Juan [39] and is therefore a region of high power
consumption. However, the largest power generating plants are located in the
south (near S1 and S2). Cluster E1, and to a lesser degree E2, could supply
power for Vieques island, just east of the mainland, which currently imports
its power from the mainland. E2 is also used as a benchmark for the OTEC
power that could be supplied to the island of St. Croix, USVI. An OTEC
plant near St. Croix would likely need to be connected to existing power
transmission lines in Christiansted to the noth-norheast of the island [40]. All
of these locations were selected as representative case studies; optimization
or micro-siting of OTEC infrastructure is not considered at this stage.
Figure (13| shows the exceedance probability of OTEC power density for
each data cluster, considering two different cold water intake depths (800 m
and 1,000 m) as well as distinguishing between times that the temperature

differential is below and above the critical threshold of 20°C (dashed and solid
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369

lines, respectively). Assuming that no power is produced for temperature
differentials below the critical threshold, this analysis can be used to estimate
the percent time of operation of each plant. For cold water withdrawn at a
1,000 m depth, all OTEC plants would have operated nearly nonstop based on
the 14-year HYCOM dataset, typically exceeding a minimum power density
of 720-760 kW /m3 /s and reaching a maximum of 1,000-1,025 kW /m3/s. For
cold water withdrawn at a 800 m depth, clusters S1 and S2 have the highest
times of operation (83-86%), while cluster N2 has the lowest (58%). At this
depth the operational OTEC power density typically exceeds a minimum of
700-720 kW /m?/s and reaches a maximum of 900-925 kW /m?/s.
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Figure 13: Exceedance probability of OTEC power density at data clusters to the (a—b)
north, (c—d) south, and (e—f) east of PR. Number of observations in the dataset: 112,455.

Power production depends on the volumetric flowrate of the upwelled cold
water, which is calculated from the product of the upwelling speed (assum-
ing a typical value of 2 m/s[7, 22 14]) times the area of the intake pipe.
Summaries of OTEC power potential for cold water intake pipes of different
diameters (2.5 m, 6.5 m and 10 m) and fixed depths of 800 m and 1,000 m are
provided in Table[2]and Table[3] respectively. Each of the pipe diameters was
chosen to represent a different plant scale. A 2.5 m diameter represents the
largest commercially available HDPE underwater pipe and it is suitable for

demonstration small-scale plants [22] of under 10 MW. The 6.5 m and 10 m
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diameter pipes, were selected to obtain mid-size and full-size plant capacities
of about 50 MW and 100 MW, respectively. Consistent with the exceedance
probability plots, the highest OTEC potential corresponds to clusters S1 and
S2. Time of operation varies more significantly between clusters for the shal-
lower cold water pipe depth (from 58% to 86%) leading to more significant
differences in the annual energy production (from 583 to 935 thousand MWh
or a 352 thousand MWh difference). For the 1,000 m pipe depth, the maxi-
mum difference between clusters in the AEP is 106 thousand MWh.

Figure [14la shows the monthly electricity production at all clusters using
a sample cold water pipe depth of 1,000 m and pipe diameters of 6.5 m and
10 m. At all cluster locations, increasing the pipe diameter from 6.5 m to 10 m
results in about a 60 thousand MWh increase in electricity production. The
lowest variability between OTEC plant locations is seen in October, which is
associated with the largest temperature gradients and therefore the highest
times of operation. Conversely, the highest variability between OTEC plant
locations is seen in February (by up to 10 thousand MWh), which is asso-
ciated with the lowest temperature gradients and therefore the lowest times
of operation. Figure [I4lb shows the monthly electricity use in PR in 2022
by end-use sector obtained from the U.S. Energy Information Administra-
tion (EIA) annual electric power report for 2022 [41]. From November to
February, the OTEC electricity production potential as well as the historical
electrical use are relatively low. After March, the OTEC electricity produc-
tion potential increases steadily up to a peak in October. While the industrial
electricity use is basically constant throughout the year, the residential and

commercial demand is highest during the warmer months (June-September)
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404

405

406

407

and is at its lowest in October. On average, a full-scale plant with a 10 m
cold water pipe at a 1,000 m depth, would be able to power about 200,000
households or about 17% of all households. Therefore, six of such OTEC
plants would be able to power all of the households in PR.

Table 2: Summary of OTEC power potential for cold water intake pipes of variable diam-

eters, D, at a fixed cold water intake depth of 800 m.

Time of Capacity (MW) AEP (Thousand MWh)
Cluster Site
operation (%) D =25m D=65m D=10m D=25m D=6.5m D=10m
N1 Aguadilla 59.5 4.3 29 69 38 254 602
N2 San Juan 58.1 4.2 28 67 36 246 583
S1 Penuelas 83.9 6.4 44 103 56 382 903
S2 Salinas 82.7 6.3 43 101 56 375 888
E1 Vieques 75.9 5.7 39 92 50 339 802

Vieques /
E2 76.4 5.8 39 92 51 342 809
St. Croix

Table 3: Summary of OTEC power potential for cold water intake pipes of variable diam-

eters, D, at a fixed cold water intake depth of 1,000 m.

Time of Capacity (MW) AEP (Thousand MWh)
Cluster Site
operation (%) D =25m D=65m D=10m D=25m D=6.5m D=10m
N1 Aguadilla 98.2 8.1 55 130 71 481 1,139
N2 San Juan 95.8 7.8 53 126 69 465 1,100
S1 Penuelas 100 8.6 58 138 75 510 1,206
S2 Salinas 99.8 8.6 58 137 75 507 1,199
E1l Vieques 99.6 8.4 57 135 74 499 1,181
Vieques /
E2 99.7 8.4 57 135 74 500 1,182
St. Croix
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Figure 14: (a) Monthly electricity production by OTEC plants using different cold water
intake pipes of varied diameters (6.5 m and 10 m) at a sample depth of 1,000 m. (b) PR

electricity use by end-use sector in 2022.

5. Conclusions

OTEC technology is used to generate power from the vertical thermal gra-
dients in the ocean’s water column and is most suitable for tropical regions.
The thermal resource potential around PR and the USVI was characterized
based on a 14-year dataset of modeled ocean temperature obtained from
HYCOM. The assessment shows the effects that geographical, seasonal, and
interannual variability have on OTEC power production. In general, the
thermal gradients near PR on the side of the Caribbean Sea are greater than
on the side of the Atlantic Ocean if considering plants with cold water intake
pipes installed at equal depths; close to the mainland of PR, the difference

is about 1°C. The greatest seasonal thermal gradients, and in turn great-
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est OTEC power density, were observed in the fall (about 950 kW /m?3/s),
particularly in October, whereas the lowest were observed in the winter
(about 750 kW /m?/s), particularly in February. The interannual variability
is closely linked to ENSO cylces, with the lower power potential observed
during El Nino conditions and the higher power potential during La Nina
conditions. In particular years in which El Nino or neutral conditions transi-
tion to La Nina conditions, are linked to the highest OTEC power densities.

Optimal depths for operation were computed taking advantage of the
fine vertical resolution of the model based dataset (33 to 40 vertical layers).
The analysis considers the availability of a minimum thermal gradient of
20°C between the warm sea surface and cool deep water needed for OTEC
operation. This approach helped exclude regions close to shore that are
depth-limited and could never meet this threshold. In combination with the
power density distributions, these results were also used to select six areas
of opportunity based on their resource potential, shortest distance to shore
(which would reduce the costs of transferring energy to shore), and proximity
to existing electrical distribution lines in PR, including one sites that could
also benefit the nearby USVTI island of St. Croix. The greatest OTEC power
potential is associated with locations in the Caribbean Sea, particularly to
the south of PR. At these sites the estimated OTEC plant capacity with
a 10 m diameter and 1,000 m deep pipe would be about 137 MW, each
producing 1.2 TWh of annual power, the amount required to power 219,000
households or 17% of the total residential electricity demand based on 2022
usage data in PR.

The criteria prioritized for site selection in this study was based on tech-
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noeconomic factors: minimal cold water intake depths to reduce piping

and pumping lengths, shortest distance to shore to minimize electric ca-

ble lengths, and proximity to existing transmission lines to reduce expected

capital costs. While environmental factors and logistical considerations (e.g.,

fishing zones) are outside the scope of this study, these are important con-

straints for the eventual installation of any OTEC plant and would be a

natural next step to consider in a future study.
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