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Abstract

Many tropical islands and coastal communities suffer from high energy costs, unreliable
electrical supplies, poverty, and underemployment, which are all exacerbated by climate
change. Multi-use Ocean Thermal Energy Conversion (OTEC) systems could align with
the goals and values of these underserved and remote communities. Developing multi-use
OTEC systems could help meet the United Nations” Sustainable Development Goals #7
(Affordable and Clean Energy) and #13 (Climate Action). Multiple uses of OTEC water
and power are explored in this study, including seawater air conditioning, desalination,
support for aquaculture in tropical regions, and other uses. A use case for an onshore
OTEC plant at the location of the existing OTEC plant in Kona, Hawaii, is examined to
determine if sufficient thermal resources exist for OTEC power generation year-round, and
to determine the potential for each value-added use. Potential environmental effects are
evaluated using a new open-source numerical model for determining the risk from the
discharge of large volumes of cold deep seawater in the ocean. Companies currently using
the cold deep seawater pumped ashore at the Kona location were surveyed to determine
their dependence on and interest in expanded OTEC and cold-water availability at the
site. The analysis indicates that multi-use OTEC is feasible, with seawater air conditioning
(SWAC), aquaculture, and desalination being the most compatible immediate additions,
while future potential exists for adding extraction of critical minerals from seawater and
e-fuel generation.

Keywords: ocean thermal energy conversion (OTEC); sea water air conditioning (SWAC);
marine energy; environmental effects

1. Introduction

Ocean Thermal Energy Conversion (OTEC) is a unique marine energy technology
with a long history of development onshore and offshore, yet widespread growth has
been slow, in large part due to high costs [1]. Pathways to widespread OTEC energy
production indicate the potential to bring its levelized cost of energy down to levels that
rival solar and wind energy on land, with 24/7 power production [2]. Developing multi-use
OTEC systems for islands and remote communities could help meet the United Nations’
Sustainable Development Goals #7 (Affordable and Clean Energy) and #13 (Climate Action).

OTEC plants can be constructed onshore, or offshore on floating barges or vessels
that are anchored to the seabed or possibly free-floating. OTEC is a low-efficiency heat
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exchange process (as compared to other thermal engines), with theoretical efficiencies
ranging from 4.7% for open-cycle OTEC systems [3] to 6.7% for closed-cycle systems [4].
These low efficiencies require the pumping of extremely large quantities of seawater from
depth (generally 800-1000 m) and a sizable plant, resulting in high capital costs for OTEC
projects. These capital requirements have prevented OTEC from becoming established
as a commercial energy source to date, with commercial-scale development of the first
OTEC plants ranging from USD 500M to 800M [5]. Cost estimates for the levelized cost
of energy have been estimated from plants that were designed in the 1970s through the
present day, and range from 0.94 to 0.50 USD kW /h for small onshore plants, while larger
offshore plants are likely to be in the range of 0.44 to 0.18 USD kW /h [6], with decreases
in costs expected as more OTEC plants are developed [5]. Most uses for OTEC could
be satisfied with a closed-cycle system, using a working solution of ammonia or other
organic compounds [7]. Open-cycle OTEC, while less efficient than closed-cycle, uses
seawater as the working fluid and can be paired with a desalination system to produce
freshwater [8]. OTEC’s use of seawater and infrastructure allows for additional value
streams that could help to reduce the cost of power generation and provide much-needed
services and products in the tropical islands and coastal regions where the process is viable.

Cold ocean water can also be used from shallower depths than OTEC to provide
seawater air conditioning (SWAC). SWAC draws cold water from the ocean to run through
a chiller system on land, replacing electricity to cool and reduce humidity in buildings,
industrial complexes, and aquaculture ponds [9]. In many tropical islands, particularly
those focused on tourism, air conditioning can account for up to 40% of the energy load [9].
SWAC systems can also be used in conjunction with OTEC.

Globally, many islands in tropical and sub-tropical areas suffer from high energy costs,
unreliable electrical supplies, poverty, and underemployment, which are all exacerbated by
climate change. Typically, the electricity for these islands is generated from the combustion
of imported diesel fuel, with some additional capacity from renewable energy sources such
as solar or wind [10]. The cost of electricity on islands and remote coastal communities
is often considerably higher than on the mainland and more accessible coastal areas. For
example, the cost of electricity on the island of Hawaii (referred to as the Big Island) in
2024 ranges from 39.73 to 52.79 cents (US) per kWh [11], as compared to average electrical
costs on the US mainland for 2025 that range from 13.27 to 17.01 cents (US) per kWh [12].
Many tropical islands, particularly in the Pacific and Indian oceans and the Caribbean Sea,
are volcanic in origin, with rapidly dropping bathymetry, bringing cold deep ocean water
to within a few kilometers of shore. The need for a stable renewable energy source and
the proximity to deep water make these islands prime candidates for OTEC and SWAC
development [13].

In addition to providing baseload power, an OTEC system has the potential to provide
food and clean water and to enable potential new industries [14]. The cold nutrient-
rich deep seawater needed for OTEC’s power cycles has many promising byproducts
and applications, including SWAC for residential and industrial cooling, support for
aquaculture farms (e.g., seaweed, shellfish, and finfish), freshwater from desalination,
power to extract critical minerals from seawater, and e-fuels such as ammonia and hydrogen.
These value-added products and services have the potential to lower the overall cost of
power production for an OTEC system, assisting in bringing the necessary capital to
establish this as a widespread renewable energy source from the sea. While few studies
have examined purpose-built or multi-use OTEC systems, there are examples such as the
use of cold deep water associated with the 100 kW OTEC plant on Kumejima Island in
Okinawa, Japan, for enhancing aquaculture [15]. There are also several plans for multi-use
OTEC plants including the proposed PROTECH plant in Puerto Rico [16], the STARREPS
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project in Japan that aims to assist with multiple uses of OTEC [17], and the Bluerise project,
aimed at similar needs in the Dutch Caribbean [18]. The analysis by [19] has provided
the most extensive analysis for a proposed multi-use OTEC site for coastal communities
in Mexico.

The United States has a sizable number of volcanic islands in the Caribbean Sea and
Pacific Ocean that could be candidates for OTEC and SWAC development. This paper
explores the feasibility of developing OTEC systems for multiple end uses and examines
the compatibility among the end uses that will drive appropriate technology configurations.
A hypothetical use case for multiple applications of OTEC was developed off Hawaii,
considering the available energy resources, potential environmental effects and mitigation,
and the future use and value of OTEC development. Recommendations for further research
and vital knowledge gaps are also explored.

2. Materials and Methods

The methods used for this research include a compatibility analysis for multiple
uses of an OTEC platform, based on design considerations used for each configuration
of power production with additional applications. A use case models the OTEC thermal
resources available at a site off the Big Island of Hawaii, combined with cold water discharge
placement to avoid deleterious environmental effects, and interaction with the community
directly affected by the existing OTEC plant on the site.

A range of designs were developed for a ~1-5 MW onshore OTEC plant and a
~10-100 MW offshore OTEC plant. Onshore OTEC plants of 1-5 MW would meet the
needs for island grid integration or early demonstration projects, while 10-100 MW is a
desirable target for commercial offshore plants. These designs cannot be considered as
engineering designs for the purposes of development, but rather as a means to examine the
feasibility of combining OTEC power production with other added-value end uses. The
main criteria driving the designs were based on the gross power output, to determine the
volume of water needed for OTEC power production, allowing for additional uses. The
simplified designs were focused on meeting the needs of multiple end uses based on the
requirements of each, as available from the existing literature [4,14,20]. It was assumed
that initial OTEC developments will occur onshore, with larger plants moving offshore in
the future. The end uses examined include SWAC for residential and industrial purposes,
support for aquaculture, desalination of seawater to produce freshwater, critical mineral
extraction from seawater, and production of e-fuels including ammonia and hydrogen. The
most appropriate plant location (onshore or offshore) was examined for each end use.

Based on the feasibility of combining OTEC power production with other value-
added end uses, a simplified compatibility analysis was carried out to determine which
end uses might be compatible with onshore and offshore platforms, and which could be
carried out in conjunction with other uses. Potential environmental effects and community
attitudes towards OTEC were not used as parameters in the compatibility analysis but
were examined as important and necessary aspects of developing OTEC for power and
other uses. Key missing information needed for further development of OTEC plants was
examined and recommendations made for filling those gaps.

Throughout, we have assumed a closed-cycle OTEC plant, except when desalination
is considered as an additional end use of the system, when an open-cycle plant is assumed.

A use case was created to explore the development of a multi-use OTEC plant in the
location currently occupied by the small-scale OTEC plant at the Natural Energy Laboratory
of Hawaii Administration’s (NELHA) Hawaii Ocean Science and Technology Park (HOST)
Park in Kona, Hawaii. A portion of the land surrounding the OTEC plant is leased by the
State of Hawaii to small companies to take advantage of the facilities to incubate, innovate,
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and improve Hawaii-based shoreline-dependent enterprises. A significant number of the
NELHA tenant companies use the deep ocean water brought ashore as part of the OTEC
operation, using the water for cooling and other uses.

The available thermal resources for OTEC development were examined using a 3D
open-source ocean model—Semi-implicit Cross-scale Hydroscience Integrated System
Model (SCHISM) v5.10 [14]. SCHISM was applied to the domain around the Hawaiian
Islands and validated with data from Argo floats and satellites. Potential environmental
effects of an OTEC plant generating power were examined and mitigation for the most
significant explored. A new cold water return model was developed to evaluate the
effect of cold water discharge on the thermal dynamics and marine environment near the
location of the proposed discharge pipes for both the onshore and offshore OTEC plant,
using a discharge depth of 50-120 m, to mitigate the most important potential effect. The
methodology of the resource assessment and cold water return modeling for the Kona area
can be found in [21].

A site visit to the tenants at NELHA provided rich anecdotes of their dependence on
the use of cold deep water for their operations. The tenants who have access to the site and
the deep cold ocean water brought onshore from the OTEC intake pipe were subsequently
surveyed to understand their attitudes towards OTEC, access to the deep water, and further
development of OTEC at the NELHA site. The survey consisted of five questions that
explored how aware and comfortable NELHA tenants were with the availability and use of
deep ocean water at the site, and their attitudes towards expansion of the NELHA OTEC
site to provide more power and deep ocean water for use by the tenants. All 40 NELHA
tenants were included in the survey, but 14 were determined not to interface with the
cold deep ocean water or the OTEC plant. Six of the remaining 26 tenants responded to
the survey.

Additional end uses of an OTEC platform were examined, but due to lack of opera-
tional information, these remain speculative and require more examination.

3. Results

An examination of the configurations needed to supply power, as well as additional end
uses, resulted in a series of design considerations for onshore and offshore OTEC plants.

3.1. Design Considerations

Onshore OTEC systems rely on the pumping of cold deep water and warm near-
surface water to shore through pipes laid along the seafloor at the appropriate depth. The
water piped to shore is run through the OTEC plant, and other processes as appropriate,
then returned to the ocean through a single mixed discharge or separate cold and warm
water discharge pipes (Figure 1). These systems are likely to be ~1-5 MW.

As larger, commercial OTEC systems are developed, they are more likely to move
offshore, with larger power capacity (~10-100 MW) on floating platforms (Figure 2). Deep
cold water and warm surface water, as well as discharge water, will be pumped by pipes
connected to the floating platform. Power from floating OTEC platforms will be distributed
to land through a subsea power export cable.
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Figure 2. Offshore OTEC plant.

The design considerations developed for OTEC and the range of end uses (SWAC,
aquaculture support, desalination, critical mineral extraction, and e-fuel generation) were
examined individually and in tandem with other compatible uses. The appropriate OTEC
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cycle was used to meet each end use, with all uses focused on closed-cycle OTEC except
for desalination, which requires an open-cycle plant. Adding end uses in addition to OTEC
power will require design changes, which may include resizing of intake and discharge
water pipes, changing the sequence of water intake and discharge, and redesign and
resizing of the onshore facility or floating platform. In addition, the specific additional end
uses will require specialized designs that interface with the OTEC plant, water piping, and
other features.

3.1.1. Seawater Air Conditioning (SWAC), Industrial Cooling, and District Cooling

Deep cold ocean water can be used for cooling and humidity reduction in buildings,
in place of electricity and conventional air conditioning. The temperature differential to
achieve SWAC does not need to be as large as that for a functional OTEC system, potentially
allowing the use of cold water brought from depth to be used prior to, or after, running the
water through an OTEC heat exchange process. Typically, SWAC is used for residential
use, or in cooling industrial processes (industrial cooling), or in buildings and residences
in clusters (district cooling). While cold seawater can be run through piping in buildings
or residences, most commonly the deep cold water would be used in a heat exchange
process at a central location, providing cooling for freshwater circulated through a building,
structure, or tank (Figure 3). A SWAC plant, with or without OTEC in tandem, would be
most useful onshore, as piping the cold water from an offshore plant would add additional
complexity and cost.
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* % COLD WATER
“4:(, : , PUMP
. 4 - e
4’;‘ o | VALVE
& ' )
.
.

* ‘:” (&S 0
COLD WATER g .‘;;-‘)@'f “%&J :)E(:;ANGER
OUTLET  %° Nt ¥ '
p20oom] L O o N\ N &

=
. ;

/ CHILLED FRESHWATER LOOP

Figure 3. Onshore OTEC plant with SWAC for district and residential cooling.

Adding SWAC or other cooling to an OTEC system creates the challenge of rerouting
cold water from the system, either before its use in OTEC power generation, or after
power production but before discharge. Each of these options presents unique challenges.
Rerouting cold deep water before power production decreases the amount of power that
can be generated. Rerouting water after power production does not affect the power
but requires additional piping. Also, if the post-power-production cold water is not
sufficiently cold, it may be used for cooling but may be insufficient to reduce humidity—a
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key requirement for many SWAC systems. Typically, temperatures of 812 °C are needed
for dehumidification.

3.1.2. Use of Deep Ocean Water for Aquaculture Enhancement

Surface tropical waters are depleted of the essential nutrients for phytoplankton
growth. The deep ocean water brought to the surface for exchange with warm surface
waters as part of the OTEC process is rich in essential dissolved nutrients, including nitrate,
nitrite, phosphate, and silicate, as well as organic and inorganic micronutrients. At first
glance, this pumping of nutrient-rich deep water appears to be an excellent opportunity
to potentially enhance phytoplankton (microalgae) and seaweed (macroalgae) growth in
aquaculture ponds or raceways. However, the carbon load in deep seawater may present
a significant barrier to this use. There are two options for using the deep-water nutrients
for algal growth: (1) ensuring that the deep water is never exposed to the atmosphere
but rather discharged directly after the nutrients have been taken up by the micro- or
macroalgae, or (2) scrubbing the carbon after the use of the nutrients for algal aquaculture.
The former is not very practical as most micro- and macroalgal cultures are carried out in
open ponds, tanks, or raceways. Capturing the carbon from the free surfaces would present
a large technical and economic challenge. The second method, carbon scrubbing, may be
feasible technically, but again at great cost.

It is clear from discussions with aquaculture experts that deep cold ocean water
plays a critical role in cooling aquaculture ponds, raceways, and tanks, allowing onshore
aquaculture of microalgae, macroalgae, and larval shellfish to thrive in hot tropical areas
(Figure 4). This process is distinct from that of using the deep water nutrients for algal
growth stimulation. The deep water for cooling aquaculture installations would be used in
a closed system, with the water returned to depth through the discharge pipes, avoiding
contact with the atmosphere.
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Figure 4. Onshore OTEC plant with cooling of aquaculture ponds, as well as residential cooling.
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3.1.3. Seawater Desalination

Open-cycle OTEC plants can be fitted with a desalination plant that uses the output
from the OTEC condensation process. Open-cycle OTEC plants are less efficient than closed-
cycle OTEC plants, resulting in the need for larger turbines and heat exchangers to generate
sufficient power and desalinated water. Although there is no theoretical maximum size to
an open-cycle plant, the practicalities of turbine and heat exchanger sizes lead experts to
believe that 5 MW is likely the largest open-cycle plant that can be designed and operated
successfully [15]. The amount of process water needed for an open-cycle plant is almost
double the volume needed for a similarly rated closed-cycle plant [15].

Desalination is most likely to be associated with an onshore OTEC plant to reduce
the complexities of pumping freshwater to shore (Figure 5). Future large floating OTEC
platforms, with onboard crew, could benefit from an onboard open-cycle operational plant
for freshwater production.

Open-Cycle OTEC & Desalination
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Figure 5. Onshore open cycle OTEC plant with a desalination plant to produce freshwater.

The major challenges of adding a desalination plant to an onshore OTEC system are
the need to increase the footprint of the site to accommodate the larger heat exchangers and
turbines of an open-cycle OTEC system, the additional cost and maintenance complexity of
adding a desalination plant, and the need for piping and other infrastructure to store and
distribute the freshwater generated.

3.1.4. Critical Mineral Extraction

All metals and earth minerals found on land are present in dilute forms in the ocean,
dissolved in seawater. Mining these elements from seawater requires the movement of large
volumes of seawater, which has made their recovery prohibitively expensive in terms of
energy using current technology. However, the large volumes of seawater moved as part of
OTEC processes could help to initiate critical mineral recovery, using efficient, cost-effective
absorbents that scavenge specific elements. Further examination of the critical mineral
extraction in conjunction with OTEC can be found in [22].
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Extracting critical minerals from seawater on an OTEC platform at sea will require
the addition of an exposure tank to hold the adsorbent material and pipes. The process
would consist of diverting volumes of warm water after OTEC power production into the
exposure tank and allowing the absorbents to extract the minerals. The tank would then
be flushed to release the minerals and re-initiate the absorbent capabilities. In addition to
the exposure tank, infrastructure will also be needed to pump and pipe the water from
the exposure tank to the discharge pipes, as well as engineering structures and processes
to wash the adsorbed minerals from the material and refurbish the adsorbent for the next
round of extraction (Figure 6).
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Figure 6. OTEC platform with critical mineral extraction contact chamber. The scenario that includes
critical mineral extraction could also serve to remove carbon dioxide from the incoming seawater;
however, this option was not examined in the study.

3.1.5. E-Fuels

As offshore OTEC plants become established, the power generated could be used to
create green hydrogen by electrolysis from seawater for storage and transport by specialized
vessels. Adding a nitrogen plant to the platform would allow the generation of ammonia
(with Nj separated from the air) as a hydrogen carrier (Figure 7); specialized ammonia
transport vessels are already in use around the world.

The major challenges of adding an e-fuel plant to an offshore OTEC platform include
the complexity of storing and using the OTEC-generated electricity at sea, the cost and
complexity of operating and maintaining an e-fuel plant, and storing and transporting the
e-fuel with the associated docking and lightering facilities on the platform for ships.
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Figure 7. Addition of an e-fuels generation plant to an offshore OTEC platform. Developing this use
will also require docking or lightering facilities for ships to transport the e-fuels.

The value-added end uses for OTEC power production are summarized in Table 1.

Table 1. Summary of use of seawater to provide power and other uses associated with OTEC.

Value from Seawater

Process Cold Deep Ocean Water Warm Ocean Surface Water

Power

Heat exchange between cold
and warm ocean water

Pumped from depth Pumped from near surface

SWAC for residential and
industrial cooling

Circulating cold water
through cooling units

Use of cold water after OTEC  N/A
process, or portion of cold

water for OTEC split before

power generation

Aquaculture support Cooling of ponds and tanks Use of cold water after N/A
OTEC process
Desalination Addition of open-cycle Use of condensed fluid from Use of condensed fluid from
desalination plant to onshore ~ OTEC process chamber OTEC process chamber
OTEC plant
Critical mineral extraction Adsorption of critical N/A Use of warm surface water

minerals from seawater after OTEC process

E-fuels

Addition of an e-fuel plant on
the OTEC platform, using
OTEC-generated power

Electrolysis of seawater from
cold or warm water after
power production

Electrolysis of seawater from
cold or warm water after
power production

3.2. Compatibility of OTEC End Uses

A compatibility analysis for power production as well as a range of additional services
and products examined how the additional use of the OTEC process water or infrastructure
may influence the overall performance of the system. These effects may render a particular
end use non-viable or require mitigation through design or operational changes to the
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OTEC system, such as changing the order in which the seawater is used (before or after
the heat exchange process), resizing of intake or discharge pipes, or resizing the project’s
footprint. The viability and potential combinations of end uses are illustrated in Figure 8.
The requirements, challenges, and opportunities for each end use in conjunction with OTEC
power are explored in Table 2.

Power Cooling Aquaculture Desalination Critical eFuels
(SWAC) Support Mineral
Extraction

Power

Cooling
(SWAC) Q e g

Aquaculture
Support

LN <

Desalination

©

Critical
Mineral
Extraction

eFuels

Q0 Ve ©

Q00000

© @

Feasible with

Feasible Modifications

Not Feasible

Figure 8. Feasibility of additional uses of OTEC water, in addition to power production. Where
no assessment has been made, there is no reasonable intersection between the uses. For example,
desalination and aquaculture support are associated with shore-based OTEC plants, while critical
mineral extraction and e-fuels are associated with offshore plants. The grey background on the
diagonal represents the intersection of the same entries from rows and columns.

To illustrate the outcome of the compatibility analysis, the amount of water that must
be pumped to carry out both the OTEC heat exchange process and the additional end
use is listed in Table 3. While most of the additional end uses require little additional
water, splitting off the cold deep water for SWAC and other cooling uses before the OTEC
process increases the need for cold deep water by ~50%. The lower efficiency of open OTEC
systems further increases the need for cold and warm water.

Table 2. Requirements, challenges, and opportunities for end uses in conjunction with OTEC
power production.

End Use with OTEC Requirements Challenges Opportunities

SWAC Use of cold water for cooling.  Addition of piping before or May be used before or after
after OTEC process. OTEC process, depending on
Decrease in power production need to dehumidify (requiring
if split occurs before OTEC colder water than just for air
heat exchange. conditioning).
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Table 2. Cont.

End Use with OTEC

Requirements

Challenges

Opportunities

Desalination

Open cycle OTEC only.
Addition of desalinization
plant on platform.

Costs for development and
operation of desalination
system. Relatively high
maintenance costs for osmotic
exchange membranes.

Onshore OTEC
plants currently.

Aquaculture enhancement

Potential for nutrient input
from deep ocean water for
growth of algae. Cooling
water for growth of algae and
larvae in land-based

tropical areas.

Use of deep water would
release unacceptable levels of
carbon. Additional piping
needed for cooling water.

Potential to expand
aquaculture in
tropical islands.

Critical mineral extraction

Use of OTEC warm water
before or after processing.
Contact tank for extraction.

Need for contact tank,
additional piping, controls for
fill and discharge of tank.

Potential new source of
critical minerals to alleviate
mining on land.

Most suited for offshore

floating OTEC plant.
E-fuels Addition of electrolysis plant  Significant expansion and cost ~ Potential new energy storage
on OTEC platform. of infrastructure on OTEC and transport fuel. Most
platform including need for suited for offshore floating
ship docking or OTEC plant.
lightering facilities.
Table 3. Flow rates for cold and warm water intake rates, in m3/s for OTEC power production,
combined with other uses.
Use Onshore 5 MW Cold Offshore 10 MW Cold  Onshore 5 MW Warm  Offshore 10 MW Warm
OTEC only 5.4 10.9 54 10.9
SWAC, cooling
(after OTEC process) 54 10.9 54 10.9
SWAC, cooling
(before OTEC process) 6.9 124 54 10.9
Cr1t1ca1. rm?eral Not applicable Negligible additional N/A Negligible additional
extraction amount of water amount of water
E-fuels N/A Not evaluated N/A Not evaluated
Desalination
(open-cycle 10.31 20.6 10.31 20.6
system)

1 The volume of warm water after the OTEC process was calculated for an experimental contact tank of
200 m?, measuring 6.5 X 7 m. The volume of water needed to fill the tank and added to the discharge to
the ocean discharge is negligibly small as compared to the cold and warm water flows.

3.3. Use Case: Multi-Use OTEC in Hawaii

A use case of a multi-use OTEC platform was explored for the site of the current

NELHA OTEC plant in Kona, Hawaii (Figure 9); this use case would add to the present
small OTEC plant, rather than replace it. The thermal resources were characterized to
determine whether there was sufficient energy available to harvest through OTEC [21]. The
thermal resources available to generate power were shown to be adequate year-round for a
large onshore or offshore floating 100 MW OTEC plant (Figure 9). Ten-year (2012-2021)
model results showed that the mean OTEC power is over 80 MW at a water depth of
500m. OTEC power increases with depth and is consistently above 100 MW (Figure 10a)
with a 95% probability (Figure 10b) when water depth is greater than 1000 m. The annual
energy production (AEP) by a 100 MW OTEC plant reached up to 1.2 TWh/year in areas
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where water depth is greater than 1000 m (Figure 10c). Additional details on the model
development, validation, and resource characterization are available in [23].

North Kaua'i
Slide

KAUA'I Hawaili

Southwest O'ahu
Volcanic Field LANA'l

" Laupahoehoe
Uslump

North Pacific
Ocean

[ EVETH

South Pacific X South Kona
Ocean Slump

Figure 9. Map of the Pacific off the US mainland with inset of the Hawaiian Islands and location of

Kona. Creative Commons.
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Figure 10. Mean power generated for a 100 MW OTEC plant including (a) the mean power, (b) the
probability of exceeding 100 MW production, and (c) the annual energy production from a 100 MW
OTEC operation (from [23]).

3.3.1. Environmental Concerns

The major environmental effects that could be attributed to development and operation
of an OTEC plant at NELHA focus largely on the potential effect of returning large volumes
of cold deep ocean water to the surface waters around the site. The threats of temperature
shock of ambient marine biota and destabilization of the local water column are likely to
be the dominant concerns [24-27] expressed in the process of permitting an onshore or
offshore OTEC plant. Additional concerns include the potential to entrain rare deep-sea
biota with the deep water pipe, the release of toxic chemicals including ammonia and
petroleum-based lubricants, and the need for care to not disturb nearshore habitats like
coral reefs. Experience at the NELHA OTEC plant and the Okinawa OTEC Demonstration
Facility in Kumejima, Japan, to date suggest that the entrainment of deep-sea organisms
will be exceedingly rare [18], while potential releases of toxic chemicals would be addressed
with standard hazardous waste management plans. Careful siting of OTEC and SWAC
plants, combined with horizontal directional drilling under reefs and sensitive areas can
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preserve these vulnerable habitats. The return of cold water to the ocean remains the major
environmental concern.

A cold water return module was developed, nested within the resource characteriza-
tion model for the NELHA area, to examine the potential effects and depth requirements
for returning cold water to the ocean, after the OTEC heat exchange process [23]. Previous
modeling efforts that have examined discharge depths for OTEC plants in Martinique [25]
and Hawaii [28] suggest cold water discharge depths between 70 m and 500 m. Accounting
for ambient light levels and the mixed layer depth off Kona, the preferred depth falls
between 90 m and 115 m [24].

The volume of cold deep seawater that is brought to the surface for OTEC processes
exceeds that of the warm water used for heat exchange by a ratio of approximately two to
one. The process water must be returned to the ocean after the heat exchange process: the
cold deep water is likely to be in the order of 6-10 °C warmer than at the start of the process,
and the warm water cooler by 3-5 °C. The processed water can be returned separately or
as a combined return. The temperature of the warm water after OTEC processing is not
very different from ambient water and can be returned to near-surface waters or through a
combined return discharge.

To avoid environmental concerns, the cold-water return (mixed with the returning
warm water) should be discharged at an intermediate depth where the density of organisms
is lower than in near-surface waters, and the water will sink to reach a constant density
with the ambient water. This depth is generally considered below the seasonal thermocline
(50-100 m in most tropical locations) but above the permanent thermocline (200+ m). To
assist in determining the appropriate discharge depth for a mixture of cold and warm
water, a numerical model was used to study the potential effects of the cold water return
on the ambient ocean environment.

Potential changes in the local water column will depend on the quantity of water
discharged, which is determined by the size of the OTEC plant. For the purposes of this
study, three 100 MW OTEC plants were considered with three separate discharge pipes,
at a constant rate of 300 m3/s at 100 m depth (Figure 11). The cumulative discharge from
these three plants is much larger than is anticipated for the Kona area, or other tropical
islands. The larger plants used in this analysis were chosen to ensure that a change in the
oceanography could be noted. The earliest commercial onshore or offshore OTEC plants
are likely to be smaller than 100 MW, implying that the discharges would be assimilated
into the ambient seawater without disruption to the local water column.

The discharge from the three pipes at 100 m depth will allow the discharge water (at
10 °C) to sink and disperse to the depth where the density meets ambient water. Figure 11
shows the differential in temperature of water (cold water return scenarios minus baseline
condition) found at five different depths, due to the addition of the discharge water. The
20 m depth shows no change in temperature as the discharge is deeper and the discharge
water is denser than the near-surface water. At 100 m depth (the discharge depth), a small
but extremely weak northward plume of colder water is seen in the model, indicating the
negligible cold water effect on the ambient water. At 300 m and 500 m depth, a southward
plume is clearly observed but the maximum change in temperature is less than 0.1 °C.
By 700 m depth, the plume is not observed, indicating that the discharge water is being
assimilated at water depths between 500 and 700 m. All changes in temperature are 0.1 °C
or less from ambient water. A change in temperature of 3 °C is commonly considered to be
the cause of instability in the water column [25,29].
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Figure 11. The 10-year mean temperature changes by the mixed water discharge from the three OTEC
discharges (magenta stars). The stars indicate the locations of the three OTEC plants. Each frame
represents a 2D map of the change in the temperature at different depth (from [23]).

3.3.2. Community Engagement and Acceptance

This study could not engage in a meaningful way with the community around NELHA
and the Big Island of Hawaii, relying instead on interactions with those most directly
affected by the existing and potential future OTEC plants at the site. A site visit by the
project team and a follow up survey with the tenants and management of NELHA yielded
some insights into the value they place on the OTEC process currently, and their appetite
for expansion and development of a multi-use plant.

The online survey asked about the NELHA tenants’ current uses of NELHA deep water,
and how they might envision using an expanded site in future. Most respondents work
in the aquaculture sector (e.g., breeding and production, and research and development),
and one provides venture capital, consulting, and programs for sustainable seafood and
other blue economy industries. Another provides public exhibitions on marine animals,
education, and policy to support ocean conservation. Survey respondents primarily use
the NELHA facilities by leasing lab or office space in the research campus, utilizing surface
and deep seawater for aquaculture operations, and utilizing the deep seawater for office
cooling (through SWAC). Survey respondents stated that they primarily use the cold, deep
seawater available at the facilities to grow microalgae and macroalgae, to mix with surface
water to reach optimal temperature conditions for fish broodstock and shellfish larval
culture, and to provide air conditioning for office spaces.

The most significant use of cold deep ocean water includes SWAC for NELHA labs
and administrative buildings, and cooling for algae growth and oyster larvae spawning and
growth. Several of the tenants stated that they could not profitably operate their businesses
without the use of the cooling water, as the price of electricity for cooling purposes is very
high in Hawaii. If they had access to renewable energy from a larger OTEC plant, some
survey respondents would be interested in using that power, while other respondents
were unsure. Some survey respondents would be supportive of expanding the existing
onshore plant and/or development of a larger floating OTEC plant offshore. There was
some support for additional onshore OTEC facilities but also concerns expressed about
additional development based on potential encroachment on the existing shoreline and
ancestral grounds. An additional use of OTEC power and deep water noted was the
potential for large-scale direct ocean capture of carbon.

4. Discussion

This project explored several potential scenarios for multiple uses of an OTEC platform,
based on the compatibility of the end uses. This examination of compatibility analysis
envisioned multiple end uses for OTEC in addition to power production, taking into
account the need to minimize environmental effects and ensure that the end uses are
of value to communities in which OTEC projects might be developed. The most viable
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appear to be using OTEC to generate power with cooling on a closed-cycle OTEC platform
and OTEC power generation with desalination on an open-cycle OTEC platform. Small
experimental OTEC plants have been developed and operated for these uses at NELHA
in the United States; in Kumejima, Japan; in the dry Indian islands (Lakshadweep) in the
Arabian Sea; and in laboratories in the United States, United Kingdom, India, Japan, South
Korea, Malaysia, and elsewhere [30].

The outcomes of the analyses indicate that there is ample thermal differential between
the warm surface water off Kona to operate an OTEC plant. This assessment is based
on a new resource characterization model applied to the domain and validated with
oceanographic and satellite data [31-34]. As the islands of the Hawaiian archipelago
are barely within the tropical zone, this bodes well for tropical islands in the Pacific
Ocean, Caribbean Sea, and other parts of the world oceans within the tropics. The design
requirements for each use were considered within the context of assuring that OTEC power
production remained feasible, and preliminary designs for each identified use were drawn.
Additional analyses examined the potential for using the high levels of dissolved nutrients
present in deep ocean water for enhanced growth of algae; these analyses indicated that this
was not a practical or reasonable pathway to pursue without extraordinary technological
additions and costs being added to the OTEC plant.

The major environmental concern for the development of an OTEC plant revolves
around the need to return the deep cold water to an appropriate depth after the OTEC
heat exchange process, to avoid creating an unstable localized oceanographic environment
and to protect surface water biota from shock. A new open-access OTEC return model
was created and linked to the resource characterization model to demonstrate the depth
and location where the discharge water should be directed, based on a range of OTEC
plant sizes. The model supports the conclusion that the discharge of OTEC process water
at a depth of 100 m off Kona is unlikely to substantially alter the stability of the water
column. It should be noted that a near-field plume model was not integrated to simulate
the initial dilution of the cold water, which was simply discharged into a large model cell
and assumed to be fully mixed and diluted in the grid cell. Therefore, the cold-water plume
model results tend to underestimate temperature difference in the initial dilution zone
near the discharge point. However, given the relatively small flow rate (300 m?/s) and
negligible temperature difference (<0.1 °C), there is strong evidence that the conclusions
based on the model results will hold in reality. The outcome shows that for OTEC plants
considerably larger than those currently contemplated for coastal and remote island areas,
the discharge water can be effectively handled to avoid adverse outcomes. The output of
this model can be tailored for other locations and used to assist in the design of the piping
and pumps needed for OTEC water uptake and discharge.

There were no concentrated interactions with the local community around the NELHA
plant, so the acceptance of a larger and functional OTEC plant on the site could not be
adequately judged. In place of real community engagement, the needs of many of the
tenants and management of the NELHA site were explored to gauge their knowledge,
interest, and long-term vision for the existing (and possible future) OTEC plant at NELHA.
Overall, there appears to be interest and commitment to the value of the deep OTEC water
and future potential power and other services from the plant.

Following the analysis of each potential use in addition to power production, the
challenges of combining each use and their compatibility were examined. The most obvious
compatibilities are with those uses best suited for a floating offshore platform (critical
mineral extraction and e-fuels production) versus those suited for an onshore system
(cooling and desalination). Within those categories, there are no obvious technical conflicts
for critical minerals and e-fuels, but practical considerations such as space on a floating
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platform and capital costs may override their combined use. SWAC and other cooling uses,
including supporting aquaculture in tropical climates on land, are all compatible with OTEC
power production, while desalination requires an open-cycle plant that is considerably less
efficient than the closed-cycle plant considered best for power and cooling, making the
addition of desalination less attractive when combined with other uses. While adding one
or more end uses to OTEC power production adds complications of design and operation,
it should be noted that more than two end uses might also be feasible (e.g., the use of
cooling water for aquaculture and for residential use in addition to power production, or
desalination of seawater with cooling for residential uses with power production).

Every aspect of adding uses beyond power to an OTEC platform requires a deeper
level of investigation, led by a deep dive into the economics of developing multiple uses for
OTEC that are fit for purpose. A recent study has shone some light on OTEC development
costs, but the lack of empirical evidence from extensive commercial plant operations leaves
many unanswered questions [5]. The studies with the greatest urgency to determine the
feasibility of multiple uses of OTEC, and the most urgent steps needed in each, include
the following:

e  Understanding the multiple uses of OTEC platforms through the development of a pre-
commercial or commercial OTEC plant is needed, around which further investigations
and experiments can be focused. As new OTEC demonstration plants are deployed,
studies of the potential addition of value-added end uses should be carried out using
the specifics of the new plants.

e  The economics of OTEC and the individual additional uses need considerable investi-
gation, but much of this work will depend on the availability of data from functional
OTEC plants. Data must be gathered from each newly commissioned and operating
OTEC plant to add to the existing knowledge.

e  Further investigations are needed into the design needs of deep cold water for cooling
taken before the use of the cold water in the OTEC heat exchange process. These
include how the diversion of water will affect the power production, whether the two
processes (cooling and power production) must always run at the same rates, and
whether resizing the cold-water uptake pipe will allow the OTEC system to run at its
rated capacity.

e  The limits and design considerations for using cooling water for SWAC, industrial
cooling, and cooling support for aquaculture simultaneously need to be understood in
addition to implications for power production when cooling water is taken before and
after heat exchange. Design considerations for each scenario must be developed as
new OTEC demonstration plants are deployed.

e  Understanding the efficiency and efficacy of using an open-cycle OTEC system in
conjunction with a desalination plant is needed. Studies are needed to understand
how much power can be generated for a set volume of freshwater produced.

e  The practicality of placing a critical mineral extraction system and an e-fuels gen-
eration system on an offshore OTEC platform must be investigated. These studies
must include the basic functions and requirements for each of these operations, and
development of lab scale prototypes that simulate water delivery and/or power from
an OTEC plant.

e High-resolution, long-term model simulations validated with field observations are
needed to characterize the OTEC resources and help project siting. The model results
that simulate the ambient water temperature by cold water discharge must be validated
with field data from an operational OTEC plant.

e Regulatory concerns should be investigated that cover the full suite of potential risks
of an OTEC plant, in addition to the cold water return effects. Investigations and
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discussions on potential effects must be carried out with a range of local/regional and
federal regulators to determine key issues. In addition, ongoing educational outreach
is needed to ensure that permitting is smooth and efficient for future OTEC plants in
the United States and elsewhere.

e Additional outreach to the Kona community and elsewhere in Hawaii is needed to
validate the initial findings of community acceptance and support for OTEC.

e  The dissemination of these findings and further analysis to other islands in the Pacific
and elsewhere are needed to ensure that the range of OTEC potential is realized.

5. Conclusions

This paper examined the feasibility of developing OTEC plants that serve multiple
uses, the design considerations needed to achieve these uses that include the placement of
a plant onshore or offshore, and compatibility among the uses. The study also explored
a use case at the NELHA site by analyzing the thermal resource available around Kona,
Hawaii, potential environmental effects, and a limited look at community values, as they
might affect OTEC power generation and other end uses.

There is little found in the scientific literature that provides insights into multiple
uses of OTEC platforms, although there are suggestions and/or small experimental or
laboratory-scale OTEC plants that have explored some additional uses. This study has
begun the process of determining what scenarios for multiple uses of OTEC might be
feasible, and to consider the opportunities and challenges of each use with OTEC power
production, as well as in tandem with other additional uses.

The most promising additional uses of an OTEC plant beyond generating power are
the use of the cold deep ocean water for SWAC, cooling of aquaculture tanks and ponds,
and industrial cooling from either onshore or offshore closed cycle OTEC. In addition, open-
cycle OTEC plants could contribute desalinated water, preferably from shore-based open
cycle processes. Offshore closed-cycle OTEC plants seem promising for future processes
including critical mineral extraction from seawater and generation of e-fuels. Additional
studies are needed to determine the technical feasibility of adding each additional end use
to OTEC power production. The economic viability must also be evaluated to determine
which additional end uses will provide added value and help to lower the capital and
operating costs for OTEC development.
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