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Introduction

The oceans are the world’s largest solar energy collector and OTEC systems use the ocean’s natural thermal gradient o
storage system. On an average day, 60 million km? of trop- drive a power-producing cycle. Three basic OTEC designs
ical seas absorb an amount of solar radiation equivalent in have been pursued: closed cycle, open cycle, and hybrid
heat content to about 2435 billion barrels of oil. If less than cyele, Inthe closed-cycle system, a working fluid with a low
0.1% of this stored solar energy could be converted into boiling point (such as ammonia or ?:rcon@} is converted to
electric power, it could supply the equivalent of more thun vapor by indirect contact, through heat exchangers, with

20 times the current total ULS, electricity consumption, warm seawater drawn from just below the ocean’s surface.

In the open-cycle system, warm seawater becomes the work-
ing fluid when it enters a vacuum chamber and boils rapidly.

What is OTEC? In both systems, the resulting vapor drives a turbine-
generator to produce electricity. The eyeles are completed
The technology for this conversion is called OTEC, an acro- when cold seawater pumped from depths of 6001000 m is
nym for ocean thermal energy conversion, OTEC plants can used to recondense the vapor. If a heat exchanger such as a
be built on land, on offshore platforms fixed to the ocean surfuce condenser is used in the open-cycle system, desali-
floor, on floating platforms anchored to the continental shelf, nated water is produced as a by-product. The hybrid-cycle
or on ships that move from place 1o place. Electricity gener- system combines features of the open and closed cycles
ated by plants fixed in one place can be delivered directly to wherein seawater is flashed into steam, which is used to boil
a utility grid. A submersed cable would be required 1o trans- a closed-cycle working fluid, The hybrid-cycle system, thus,
mit electricity from an anchored floating platform to land. combines the desalinated water recovery aspects of an open-
Moving ships could manufacture transportable products such cycle system with the power-cycle components of a closed-
as methanol, hydrogen, or ammonia on board. An OTEC sys- eyele system. As long as the temperature between the warm
tem can also supply desalinated water. Moreover, the cold, surface water and the cold deep water differs by approxi-
deep seawater used in the OTEC process is nutrient-rich and mately 20°C, the system can produce significant amounts of
can be used for culturing marine organisms and plant life net power. Figure 1 shows the distribution of the ocean
near the shore or on land. temperature gradients,
Longitude
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Figure 1 Ocean thermal resource map for 1000 m depth
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OTEC systems are attractive because they vse a clean,
renewable source of encrgy. Current evidence suggests that
OTEC plants affect the environment very little when com-
pared with nuclear or fossil-fueled plants. The effects of
plant discharge and carbon dioxide release are expected o
be small or can be held to acceptable levels by design and
operational control. Locating the plants judiciousty can mini-
mize other potential effects on the environment,

Current economics of energy production have delaved
financing of a permanent, continuously operating OTEC
plant. However, OTEC shows promise as an alternative for
gropical island communities that rely heavily on imported
fuel, including Hawaii and Puerto Rico. OTEC plants in
these markets could provide islanders with much-needed
power, as well as desalinated water and mariculture prod-
ucts, in the near term. By first addressing the technology
and economics of OTEC plants for island communities,
researchers will generate the information needed by future
manufacturers of OTEC plants,

History of OTEC

The idea of tapping ocean thermal energy was first proposed
by French physicist, Jacques Arséne d’Arsonval, in an 1881
Revue Scientifigue article.! He envisioned a closed-cycle
heat engine with ammonia as the working {luid but never
tested it In 1926, the idea captured the imagination of

d" Arsonval’s student, Georges Claude, Claude designed an
open-cycle system and, using personal funds derived from
his invention of the neon light, built an experimental system
in 1930 at Matanzas Bay, Cuba.” The system used a cold-
water pipe 1.6 m in diameter and 2 ki in length (o success-
fully bring cold seawater from a depth of more than 700 m.
Claude’s system generated 22 kW of electricity by using a
special low-pressure turbine: however, the system operated
on a temperature difference of only 14°C and consumed more
power than it produced.

A storm destroyed Claude’s cold-water pipe only a few days
after the Matanzas Bay experiment began. In 1935, Claude
began constructing another open-cycle plant, this time
aboard a 10,000-ton cargo vessel moored off the coast of
Brazil. Sea waves ripped apart the cold-water pipe during
installation.” Nearly bankrupt, Claude was forced to stop
work. He never achieved his goal of producing net power
from an open-cycle OTEC system, but he did demonstrate
that it is possible to integrate all the components into a
working system.

Claude’s work influenced the French government to con-
tinue research in open-cyele OTEC, In 1956, a French team
designed a 3-MW, open-cycle plant for Abidjan on Africa’s
west coast.” The team built a cold-water pipe that was 2.5 m
in diameter and 4 km long, but it proved too difficult to
deploy. Completion of the plant was also hindered by
competition with inexpensive hydroelectric power.
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The high cost of OTEC construction, especially of the cold-
water pipe, delayed OTEC development for many years. The
closed-cycle concept was revived in the carly 1970s when
impending worldwide energy shortages spurred further

interest in OTEC,

The United States, Japan, France, the Netherlands, and sev-
eral developing nations have imvestigated the potential of
OTEC as a renewable energy option. Outside the United
States, Japan has bad the most active OTEC program. In
1981, the Tokyo Electric Power Company and Toshiba (sub-
sidized by the Japanese Ministry of International Trade and
Industry) built a 100-kW, (gross) closed-cycle plant in the
Republic of Nauru in the Pacific Ocean. This land-based
plant had a cold-water pipe 945 m in length ldld on the sea
bed to a depth of 580 m. The plant used Freon” as a working
fluid and titanium shell-and-tube heat exchangers. Although
the Nauru plant was rated for a 14.9-kW,_ net output, it sur-
passed engineering expectations by producing 31,5 kW, of
net power during continuous operating tests.*

Other countries, including France and the Netherlands, have
used the knowledge gained from laboratory experiments to
develop conceptual designs of their own commercial-scale
plants. Construction of these plants remains on hold because
of suppressed oil prices and the high-risk nature of OTEC
technology.

The Federal Program

The current federal Ocean Energy Technology (OET) Pro-
gram began in 1972 as the Ocean Energy Systems Program
and was sponsored by the National Science Foundation, Tt
was transferred to the Energy Research and Development
Administration in 1975, which became the U.S. Department
of Energy (DOE) in 1977, The OET Program is directed by
DOE’s Wind/Ocean Technologies Division.

The long-range mission of the OET Program is to develop
ocean energy technology to where the commercial sector can
assess whether the technology offers viable energy conver-
sion alternatives, or supplements, to systems currently in use.
Current research activities on components and small-scale
experiments support this mission. Based on a careful evalua-
tion of past activities, the OET Program strategy from 1985
10 1989 has been to focus on zm: technology that would
allow industry to develop a 2--15-MW _ near-shore or land-
based open-cycle OTEC system. The mm‘mm behind this
focus is that this size and configuration Hmit the extent of the
technical uncertainty o be addressed. Also, the research and
development activities will provide a data base for a system
size and configuration that represents the initial market entry
point for tropical island systems. Additionally, the data base
developed from research on this size of system is modularly
applicable to larger systems.”

The program is achieving this strategy by concentrating on
specific technical objectives, The first is to experimentally



verify the feasibility of the DOE-designed open-cycle OTEC
system. The next objective is to determine methods that
define and reduce the technical and cost uncertainties of
OTEC systems. A common need for OTEC systems is the
seawater supply system, The deep, cold seawater system, in
particular, requires advanced concepts, designs, and installa-
tion technigues 1o reduce the technical risks and cost and to
improve service life. A lower program priority is 1o deter-
mine the potential of other ocean energy technologies, such
as wave energy conversion, Maintaining an awareness of
how ocean energy technologies affect the environment and
pursuing effective technology transfer to industry are also
essential elements of the overall program strategy.

As noted, the first program priority is to prove the feasibility
of open-cycle OTEC, which is being pursued through a net
power-producing experiment (NPPE),*¥ scheduled to begin
operation in 1992, The experiment will be used to validate
the computer models used in designing the NPPE. The exper-
iment will be built at DOE’s Seacoast Test Facility (STF)
located at the Natural Energy Laboratory of Hawail (NELH)
at Keahole Point on the big island of Hawaii (see Figure 2).
DOE and the state of Hawaii have jointly developed the
capabilities needed to pump cold and warm scawater at this
site, permitting testing of the open-cyele system’s heat- and
mass-transfer processes. A data base will be developed docu-
menting how key components-—such as the evaporator, con-
denser, mist eliminator, deaerator, and turbine—perform in a
seawater environment. Materials performance and fabrica-
tion and installation techniques will also be evaluated.

Activities completed in recent years include designing, fabri-
cating, installing, and operating a heat- and mass-transfer
scoping test apparatus (HMTSTA) at the STF (Figure 3).”
This apparatus validated the seawater performance of spout
evaporators and direct-contact condensers crucial 1o open-
eyele OTEC system performance. It also demonstrated for
the first time in the OET Program that a prototype open-
cyele OTEC system using a surface condenser can produce
desalinated water.

DOE’s OET Program activities are founded on a strong base
of research and development. This base was used in 1979
when the state of Hawaii and Lockheed Corporation, with
engineering and construction support from the Dillingham
Corporation, built the first closed-cycle OTEC demonstra-
tion plant that produced a net output of electric power.
Shown in Figure 4, Mini-OTEC was a closed-cycle plant
mounted on a converted U.S. Navy barge moored about

2 km off Keahole Point. Mini-OTEC used a cold-water pipe
measuring 0.46 m in diameter and 800 m in length to pro-
duce 52-kW, gross and 15-kW, net output.'

in 1980, DOE completed the construction of OTEC-1, a test
bed for closed-cycle OTEC heat exchangers installed on
board a converted U.S. Navy tanker (see Figure 5).' Results
from OTEC-1 confirmed the methods that can be used o
design commercial-scale heat exchangers. The test results

Figure 2 The Natural Energy Laboratory of Hawail showing
DOE’s Seacoast Test Facility at bottom center. (Courlesy of
the NELH)

Figure 3 The heat- and mass-transfer scoping test
apparatus at the Seacoast Test Facility

Figure 4 Mini-OTEC off Keahole Point, Hawail (Courtesy of
the Lockheed Missiles and Space Co.)
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Figure 5 OTEC-1 at berth in Pearl Harbor, Hawaii (Courtesy
of Global Marine Drilling Company)

also demonstrated that OTEC systems can operate from
slowly moving ships and with very little effect on the envi-
ronment. The OTEC-1 experiment, the first integrated sys-
tem in DOE’s test program, was successfully concluded in
1981.
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In 1980, two laws were enacted to promote the commercial
development of the OTEC technology. The Ocean Thermal
Energy Conversion Act (PL 96-320, later modified by

PL 98-623) established licensing procedures and authorized
loan guarantees for OTEC facilities. The Ocean Thermal
Energy Conversion Research, Development, and Demonstra-
tion Act (PL 96-310) authorized a comprehensive program to
aid the early deployment of OTEC power plants. This law
set goals for the installed capacity for OTEC systems, begin-
ning with 100 MW, by 1986 and reaching 10 GW, by 1999,
However, the economic climate of the United States has
changed, and the cost of fossil fuels has dropped dramati-
cally since these goals were established. As a result, a lower
rate of market penetration is expected, and the total installed
capacity goals are not expected to be met within the period
set forth in PL 96-310.

Since these laws were enacted, DOE has shifted its emphasis
from commercialization to high-risk, high-payoff research
and development that private industry is unlikely to pursue,
Under this modestly funded program, researchers are contin-
uing to make important strides in developing both closed-
and open-cycle OTEC systems.



Chapter 1
Power Cycles

As previously mentioned, the warm and cold seawater circu-
lating through an OTEC plant can drive two kinds of power-
producing cycles: closed and open, which can be combined
into hybrid systems. These cycles can also be used with
other thermal resources, such as in a fossil-fueled-plant
bottoming cycle.

Closed-Cycle OTEC

As discussed in the Introduction, power is generated in a
closed-cycle OTEC system when warm seawater drawn
from the ocean’s top layers enters a heat exchanger and
vaporizes a working fluid such as ammonia or Freon” . The
vapor then passes through a turbine coupled to a generator
that produces electricity. The cycle is completed when cold
seawater from the ocean’s depths recondenses the vapor in a
surface condenser (see Figure 1.1} Mini-OTEC demon-
strated that floating closed-cycle OTEC systems can produce
net power; !0 however, issues of attaining optimum efficiency
and making the system cost-effective remain.

Several large plant system concepts were developed and
evaluated in the late 1970s and early 1980s.'? Research on

closed-cycle OTEC systems culminated in the completion of
a preliminary design for a 40-MW,_ plant sited near Kahe
Point on the Hawaiian island of Oahu.'? This design defined
the performance and cost of systems based on using commer-
cially available components and construction methods. The
power system accounts for about half of the overall cost of a
closed-cycle OTEC plant, and its performance establishes
the design requirements for the rest of the plant. The power
system is made up of heat exchangers, a turbine/generator,
and a complement of other mechanical equipment and
piping. Heat exchangers influence the major performance
and cost issues relating to closed-cycle systems.

The current technology of surface heat exchangers is such
that they must have large areas to transfer enough heat at
OTEC’s small temperature difference. Several heat
exchanger designs are shown in Figure 1.2, One form of con-
ventional heat exchanger uses a shell-and-tube configuration
in which seawater flows through the tubes, and the working
fluid evaporates or condenses in a shell around them. A way
to enhance this design is to use fluted tubes: the working
fluid flows into the grooves and over the crests, producing a
thin film that evaporates more effectively. In an advanced

Warm Discharge water -
water in fo sea §
3
Working
fluid
i vapor
— Evaporator g;? ;?gtor Condenser
Discharge water W?:;?ﬁg:;d Cold
to sea p water in
{boiler feed pump)
, . Working fluid
Working fluid condensate

Figure 1.1 A closed-cycle OTEC system
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Figure 1.2 Several concepts for OTEC surface heat exchangers'?

plate-and-fin design (Figure 1.2¢), working fluid and sea-
water flow through alternating parallel plates; fins between
the plates enhance the heat transfer.

Titanium was the original material chosen for closed-cycle
heat exchangers because it resists corrosion. However, itis
an expensive option for plants that use large heat exchang-
ers. Corrosion-resistant copper-nickel alloys, which can be
used to protect platforms and cold-water pipes, are not come
patible with ammonia, the most common working fluid, A
suitable alternative to these materials may be aluminum. In
tests conducted by Argonne National Laboratory (ANL),
brazed-aluminum tubes and channels similar to those used in
full-size heat exchangers performed well under marine condi-
tions, Results indicate that selected aluminum alloys may
Tast 20 years in seawater.’*

ANL researchers are investigating ways to prevent biofoul-
ing, the layer of slime and marine organisms that can grow
quickly on surfaces exposed to warm seawater. In heat
exchangers, this buildup reduces the heat-transfer efficiency.
Laboratory experiments indicate that biofouling can be
prevented by mixing chlorine in the pipes intermittently,
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totaling one hour a day, at a concentration of 70 ppb. This is
well below the level of 200 ppb for two hours per day
allowed by the U.S. Environmental Protection Agency. '’

The tarbine/generator and associated mechanical equipment
are similar to that used in the refrigeration/air-conditioning
and power generation industries. When refrigerants such as
Freon” and ammonia are used as working fluids, the temper-
atures and pressures encountered are similar to those in a
refrigerator. Thus, the hardware and materials-handling prob-
lems are readily solved, and no research is needed in these
arcas until the system becomes very large.

Open-Cycle OTEC

Open-cycle OTEC systems use vaporized seawater as the
working fluid, As shown in Figure 1.3, warm seawater
drawn from near the ocean’s surface is pumped into a vac-
uum chamber where a small amount is flash-evaporated into
low-density steam that drives a low-pressure turbine. The
steam is then condensed by cold seawater drawn from the
ocean’s depths—using either direct-contact condensers or
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Figure 1.3 An open-cycle OTEC system

indirect contact through surface condensers—and discharged
from the plant. With the use of surface condensers, open-
evele plants can produce commercially valuable desalinated

witer,

Open-cycle flash-evaporators include those with open-
channel flow, falling films, and falling jets. These conven-
tional evaporators typically perform to within 70% to 80%
of the maximum thermodynamic performance at acceptable
hydraulic fosses. Research at the Solar Energy Research
Institute {(SERD) led to the development of a vertical-spout
evaporator that can perform to within 90% of the thermo
dynamic limit. In this evaporator, shown in operation in
Figure 1.4, water is drawn upward through a vertical pipe

(a spout) and violently sprayed outward by escaping steam. '
To enhance performance, the spray may fall on screens that
further break up the droplets and increase the evaporation
rate. To avoid pressure loss, the evaporator has simple intake
and exit systems that separate the steam from the discharge.
Steam continues through the system, and the remaining
seawater is discharged from the bottom of the evaporator.
This design was tested using fresh water in the SERT lab-
oratory and using scawater at the HMTSTA and was found
to be equally effective under both circumstances.'’

Violent flashing in a spout evaporator causes seawater drop-
lets to be entrained by the steam. If not removed, these
droplets can cause erosion and stress-corrosion cracking

in turbine blades and contaminate the desalinated water
discharge as well. Scawater droplets can be removed in suffi-
cient quantity by passing the steam through the commercial-
ly available mist eliminators used in the chemical industry,'®

After the droplets are removed, steam flows through large,
low-pressure turbines, entering at a pressure of about Figure 1.4 SERI's vertical-spout evaporator
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2.4 kPa. These turbines must be able 1o handle the large
steam flows necessary to produce significant electric power.
In a 1979 design study, Westinghouse Electric Corporation
concluded that the most reliable and cost-effective turbine
for a 100-MW_ (net) plant would be a low-speed (200 rpm)
unit measuring 43.6 m in diameter,'” which requires develop-
ment. The largest, currently available turbines are the multi-
stage turbines used in nuclear or coal-fired power plants. The
low-pressure stages of these turbines typically operate at con-
ditions close to those needed in an open-cycle OTEC plant.
The rotor that makes up the last stage (which is typically
about 5 myin diameter) together with a modified stator can
produce about 2.5 MW of electricity (gross).?’ Larger plants
will require either several turbines operating in parallel or
major advances in turbine technology leading to larger
rotors. Studies show that turbine configurations other than
axial may also prove cost-effective for large open-cycle
systems.?!

After steam passes through the turbines, it can be con-
densed in direct-contact condensers or surface condensers.
Researchers through DOE’s OET Program have tested direct-
contact condensers, which condense steam directly with cold
seawater, Direct-contact condensers do not have the inter-
mediate solid wall of a surface condenser and, therefore,
provide more effective condensation.®® In one design—a
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two-stage condenser developed at SERI {(see Figure 1.5)—
cold seawater is distributed through two open-ended plastic
cylinders filled with a commercially available structured
packing material. About 80% of the steam is condensed as it
flows through the first cylinder in the same direction as the
cold seawater. The remaining steam is routed into the bottom
of the second cylinder and flows through it in the opposite
direction to the seawater. At the top of the second cylinder, a
vacuum system pumps out the noncondensable (inert) gases
along with any uncondensed steam.

Surface condensers keep the cooling seawater separate from
the spent steam during the condensation phase. By using
indirect contact, the condensers produce desalinated water
that is relatively free of seawater impurities. The surface
condensers considered for use in OTEC systems (see

Figure 1.2) are similar to those used in conventional power
plants: however, these surface condensers must operate
under lower pressures and with higher amounts of noncon-
densable gases in the steam. Prototypes continue to be tested
and verified under marine conditions, with special attention
paid to the problems of corrosion and biofouling.'?

Steam in the open-cycle system contains noncondensable
gases that can interfere with power production, These
gases—oxygen, nitrogen, and carbon dioxide——are released
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from the seawater when it is exposed to low pressures under
vacuum. Air also enters the open-cycle vacuum vessel
through leaks, although good construction techniques can
reduce the rate of air leakage to very low levels. Unless these
gases are removed from the vacuum chamber, they can inter-
fere with condensation, particularly with surface condensers,
by blanketing the condensing surfaces or can even build
enough pressure to stop evaporation. An exhaust compressor
can remove these noncondensable gases. The maximum
power required to run the compressor is estimated to be
about 10% of the gross power generated by the system.”

Hybrid OTEC Systems

Another OTEC option is the hybrid open-cycle/closed-cycle
system, which can efficiently produce electricity and desal-
inated water, In this concept, warm seawater enters a vac-
uum chamber where it is flash-evaporated into steam, which
is similar to the open-cycle evaporation process. The steam
vaporizes the working fluid of a closed-cycle loop on the
other side of an ammonia vaporizer; the vaporized fluid then
drives a turbine that produces electricity.”® The steam con-
denses within the heat exchanger to produce desalinated
water, Figure 1.6 shows this process.

The hybrid cycle benefits directly from the research done on
spout evaporators and uses the ammonia condenser technol-
ogy developed for closed-cycle systems. The new compo-
nent in this concept is the ammonia vaporizer, which is
heated by condensing low-pressure steam. Also, because the
volume of condensing steam is much less than itis in the
open-cycle system, the condenser can be smaller. Because no
seawater touches the heat exchanger, the brazed-aluminum
plate-fin construction (shown in Figure 1.7) may be suitable
for this application.

Figure 1.7 A plate-and-fin heat exchanger. The inset shows
cross section of fins (Courtesy of ANL)

Power Cycles
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The hybrid-cycle system uses turbines similar 1o those
required for closed-cycle systems and vacuum-purge sys-
ters similar to those required for open-cycle systems,

Enhanced OTEC Systems

In some locations, the output of OTEC plants could be
enhanced by using other thermal resources. Conventional
power plants located on shore could provide higher tempera-
ture warm water for an OTEC operation. At Adak, Alaska,
warm water could be drawn from a natural geothermal
resource, and cold water could be supplied directly from the
ocean’s surface.”” However, locations for these enhanced
systems are limited, and the economic feasibility of such
SYstems remains unproven,

Closed-cycle and open-cycle systems are within reach of effi-
cient power generation and ultimate commercialization.
Those working in the DOE OET Program will continue to
investigate and monitor developments in innovative alterna-
tives, such as hybrid and enhanced systems,

10 Ocean Thermal Energy Conversion: An Overview

Figure 1.8 Laboratory-scale heat- and mass-transter system at SERI

Current Activities in Power Cycles

The DOE OET Program is funding the development and test-
ing of open- and hybrid-cycle OTEC systems. Laboratory
experiments are done in the SERI heat- and mass-transfer
research facility and in the ANL heat-exchanger test facility,
portions of which are shown in Figures 1.8 and 1.9, respec-
tively. In addition, researchers are using computer models to
help develop components, including deaerators, evaporators,
mist eliminators, turbines, and condensers. Scaled experi-
ments planned for the STF will help researchers establish
whether open-cycle systems can produce significant amounts
of net power.

Current efforts in the program are focused on the NPPE.V7 A
critical activity is to develop a low-pressure stearm turbine 1o
produce nominally 165 kW of electricity (gross). Selecting
this power level was based primarily on the available sea-
water system capacity, funding, and the need to significantly
reduce the risk of the experiment while providing the techni-
cal data needed for developing larger systems. Steps toward
developing the NPPE turbine began with a workshop, held in



Vi ;

Figure 1.9 Heat exchanger test facility at Argonne National Laboratory (Courtesy of ANL)

November 1986, where industry experts identified state-of-
the-art designs, fabrication techniques, and problem areas of
low-pressure steam turbines. In general, the workshop atten-
dees concluded that designing, fabricating, and installing a
test model turbine for the NPPE was feasible using existing
turbine technology. In fact, existing rotors could be used in
systems up to a 2.5 MW; however, stators need (o be
developed.”®

Based on the recommendations of the turbine workshop par-
ticipants, a dual approach was adopted for developing the

NPPE wrbine. One approach will examine adapting existing
hardware, and the other will consider using established tech-
nology to design a turbine specifically for the experiment.
Both approaches will be carried to a preliminary design
stage, where the option will be chosen that best meets the
needs of the experiment and provides data that industry can
use to design and build larger systems.

Meanwhile, researchers will explore innovative turbine con-

cepts that might significantly reduce the cost of electricity
from larger open-cycle OTEC plants.?!
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Chapter 2
Plant Design and Location

Studies indicate that commercial OTEC facilities could be
located on land or near the shore, on platforms attached to
the continental shelf, or on moored or free-floating facilities
in deep ocean water. Basic considerations for plant design
and location include

« A stable environment for system operation

» A constant source of both warm and cold water with a
minimum temperature difference of 20°C

» A cost-effective way to deliver power and complementary
products.

Land-based and near-shore facilities are currently considered
the most probable for OTEC market penetration and early
development.

Land-Based and Near-Shore
Facilities

Land-based and near-shore facilities offer three main advan-
tages over those located in deep water. Plants constructed on
or near land will not require sophisticated mooring, lengthy
power cables, or the more extensive maintenance associated
with open-ocean environments. They can be installed in shel-
tered areas so that they are relatively safe from storms and
heavy seas. Electricity, desalinated water, and cold, nutrient-
rich seawater could be transmitted from near-shore facilities
via trestle bridges or causeways. In addition, land-based or
near-shore sites would allow OTEC plants 1o operate with
refated industries such as mariculture or those that require
desalinated water.

These plants could be built using today’s technology with
only minor modifications. Favored locations include those
with narrow shelves (volcanic islands), steep (1520 deg)
offshore slopes, and relatively smooth sea floors. These sites
would minimize the length of the cold-water intake pipe. A
tand-based plant could be built well inland from the shore,
offering more protection from storms, or on the beach, where
the pipes would be shorter. In either case, the ease of access
for construction and operation would help lower the cost of
OTEC-generated electricity.

As previously mentioned, these land-based or near-shore
sites can support mariculture. Mariculture tanks or Jagoons
built on shore allow workers to monitor and control minia-
ture marine environments. Mariculture products can be

delivered to market with relative ease via railroads or
highways.

One disadvantage of land-based facilities arises from the tur-
bulent wave action in the surf zone. Unless the OTEC plant’s
water supply and discharge pipes are buried in protective
trenches, they will be subject to extreme stress during storms
and prolonged periods of heavy seas. Also, the mixed dis-
charge of cold and warm seawater may need to be carried
several hundred meters offshore to reach the proper depth
before it is released. This arrangement would require addi-
tional expense in construction and maintenance.

OTEC systems can avoid some of the problems and
expenses of operating in a surf zone if they are built just
offshore in water depths ranging from 10 to 30 m."* This
type of plant would use shorter (and therefore less costly)
intake and discharge pipes, which would avoid the dangers
of turbulent surf. The plant itself, however, would require
protection from the marine environment, including break-
waters and erosion-resistant foundations, and the plant out-
put would need to be transported to shore.

Experience shows that the potential problems of near-shore
or land-based sites need not hinder OTEC development. The
Japanese successfully tested a land-based system in the
Republic of Nauru.® This 100-kW, (gross) plant, shown in
Figure 2.1, demonstrated that shore-based closed-cycle sys-
tems can produce net power, The original seawater supply
system of the land-based STF has been operating almost con-
tinuously since 1982; Figure 2.2 shows the point at which
these pipes supplying seawater to the STF cross the surf

i

Figure 2.1 The land-based 100-kW,, (gross) OTEC plant at
Nauru (Courtesy of Tokyo Electric Power Co., Inc.)
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Figure 2.2 Three PVC seawater pipes crossing the surf
zone at the Natural Energy Laboratory of Hawaii (Courtesy of
NELH)

zone. The success of these facilities indicates that land-based
or near-shore locations offer a feasible choice for OTEC
plants,

Shelf-Mounted Facilities

To avoid the turbulent surf zone as well as to have closer
access to the cold-water resource, OTEC plants can be
mounted to the continental shelf at depths of up to 100 m. A
shelf-mounted plant could be built in a shipyard, towed to its
site, and fixed to the sea bottom. This type of construction is
already used for offshore oil rigs. The additional problems of
operating an OTEC plant in deeper water, however, may
make shelf-mounted facilities less desirable and more expen-
sive than their land-based counterparts. Problems with shelf.
mounted plants include the stress of open-ocean conditions
and more difficult product delivery, Having to consider
strong ocean currents and large waves creates additional
engineering and construction expense. Platforms require
extensive pilings to maintain a stable base for OTEC opera-
tion. Power delivery could also become costly because of the
long underwater cables required to reach land. For these
reasons, shelf-mounted plants are less attractive for near-
term OTEC development,

Floating Facilities

Floating OTEC facilities could be designed to operate off-
shore. Such a plant is conceptualized in Figure 2.3, Although
potentially preferred for systems with a large power capacity,
floating facilities present several difficulties. This plant
design will be more difficult to stabilize, and its difficulty 1o
moor in very deep water may create problems with power
delivery. Cables attached to floating platforms will be more
susceptible to damage, especially during storms. Cables at
depths greater than 1000 m will be difficult to maintain and
repair. Riser cables, which span the distance between the sea
bed and the plant, will need to be constructed to resist
entanglement.
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Figure 2.3 Design for a floating, 100-MW,, open-cycle OTEC
plant'?

As with the shelf-mounted plants, floating plants will need a
stable base for continuous OTEC operation. Major storms
and heavy seas can break the vertically suspended cold-
water pipe and interrupt the intake of warm water as well. To
help prevent these problems, pipes can be made of relatively
flexible polyethylene attached 1o the bottom of the platform
and gimballed with joints or collars, as was done with
OTEC-1. Pipes may need to be uncoupled from the plant to
prevent damage during storms. As an alternative to a warm-
water pipe, surface water can be drawn directly into the plat-
form; however, engineers would need to locate the intake
carefully to prevent the intake flow from being interrupted
during heavy seas when the platform would heave up and
down significantly.

If a floating plant is to be connected to power delivery
cables, it will need to remain relatively stationary, Mooring
would be an acceptable method, but current mooring technol-
ogy is limited to depths of about 2000 m. Even at shallower
depths, the cost of mooring may prohibit commercial OTEC
ventures,

An alternative for deep-water OTEC may be drifting or self-
propelled plantships. These ships would use their net power
on board o manufacture energy-intensive products such as
hydrogen, methanol, or ammonia.”’



.
.

Kahe Power Plant

Figure 2.4  Artist's rendering of a 40-MW,, closed-cycle OTEC plant'?

Development of OTEC Power Plants

As previously mentioned, commercial OTEC plants must be
placed where the temperature of the warm, surface seawater
differs about 20°C from that of the cold, deep water. Storm
frequency; prevailing currents; and political, legal, social,
and economic factors also need to be considered.

The natural ocean thermal gradient necessary for OTEC
operation is generally found between the latitudes of

20 deg N oand 20 deg S (see Figure 1), Within this tropical
zone are portions of two industrial nations (the United States
and Australia), 29 territories, and 66 developing nations, Of
all these possible sites, tropical islands with growing power
requirements and a dependence on expensive imported oil

will be the most Likely early markets for OTEC development.

The DOE OET Program is working to provide industry with
enough information to develop and deploy an OTEC system
that would be competitive with conventional power systems

in island markets. A long-range program goal for the capital
cost of an OTEC system is $3,200/k W, projected to be real-
ized after 10 years of continued aggressive technology develop-
ment.” But even though many important technical
achievements have occurred, the fack of firm data on the per-
formance and the cost of a fully operational plant hinders
commercial development. To help fill this void, the DOE
OET Program funded design studies and cost analyses for a
“proof of concept” closed-cycle OTEC system.” The studies
culminated in a preliminary design for a 40-MW, (net)
closed-cycle plant that would be located off Kahe Point on
the island of Oahu in Hawaii. An artist’s rendering is shown
in Figure 2.4,

The Kahe Point plant was designed by the Ocean Thermal
Corporation under a contract with DOE, who shared the
cost. In this near-shore concept, a concrete platform would
be built in a safe harbor, then floated to within 550 m off-
shore and sunk 15 mto the sea bed. A vertical breakwater
would allow the structure to withstand stresses from storms,
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tsunamis, tides, and currents; rubble piled around the founda-
tion would help prevent erosion. A trestle would connect the
platform to shore.

The cold-water pipe, measuring 3670 m in length, would be
constructed in two segments. A near-shore segment with a
diameter of 7.5 m would be deployed along with the dis-
charge pipes in a post-tensioned conerete pipeline. Over an
escarpment and at greater depths, a fiber-reinforced plastic
segment with regularly spaced bellow joints would be used.

Warm water would be supplied through a large, rectangular
opening in the shore side of the plant; the natural warme and
cold-water temperature difference of 21.4°C would be raised
1.6°C by adding warm discharge water from a nearby oil-
fired power plant, Intake velocities for both warm and cold
water would be limited to about 0.3 m/s to reduce the
impingement and entrainment of marine organisms. To pre-
vent cooling and disturbance of the surface water around the
plant, the discharge stream would be carried to a depth of

30 m before release.

As specified in the original design, the power system would
consist of four 10-MW, modules. Each module would con-
tain four shell-and-tube heat exchangers (two evaporators
and two condensers), an ammonia working fluid, and a
four-stage turbine that would generate 13-MW,_ gross and
10-MW_ niet output, The total plant net output could reach
45.8 MW,_ in summer,

The Ocean Thermal Corporation projected an installed cost
of $430 million for this pilot plant design, Heat exchangers
account for 16% of the cost; pipes contribute 36%, and

the platform, 24%. The unit capital cost was estimated at
$12,200/kW.,.

Fully integrated open-cycle OTEC systems have not vet
been tested in the marine environment, but research was con-
ducted using laboratory data to predict performance and
cost. Studies indicate that an open-cycle plant for producing
electricity may soon be feasible. The on-shore design uses
etficient direct-contact condensers and an array of small
power modules to eliminate the need for a single large tur-
bine. An open-cycle system with this design may achieve a
cost goal of $7,200/kW,, making OTEC systems competi-
tive in tropical island markets.”® OTEC may be even more
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cost-etfective if electricity costs can be offset by the sale of
desalinated water. This would be especially true in places
like the Virgin Islands, where fresh water costs $3/m?,

Analysis also identified critical issues in the design of open-
cycle systems, Factors most likely to influence cost and per-
formance include the choice of plant location, the design of
seawater pipes and vacuum containment structures, the effi-
ciency of heat exchangers and exhaust systems, and the
performance of turbines. In addition, the production of desal-
inated water from prototypical surface condensers must be
tested under OTEC conditions, Until these issues are more
fully investigated and resolved, a more accurate cost esti-
mate of an open-cycle system will be difficult to make,

Current Activities in OTEC

Current efforts in the United States are focused on the NPPE
to be conducted at the STF in about 1992, The objective of
this experiment is to assess the technical feasibility of pro-
ducing net power in an open-cycle OTEC system. This
experiment will include components such as a spout evap-
orator, a low-pressure steam turbine, and a two-stage direct-
contact condenser.

Work is under way to prepare for this experiment. A prelimi-
nary experiment is now in progress using the HMTSTA
located at the STE The experiment is proving the perfor-
mance of a spout evaporator and surface condenser under
prototypical conditions and, for the first time in the DOE
program, is producing desalinated water in the process.’”

In addition, computer models were developed for the various
open-cycle OTEC subsystems, including the evaporator, sur-
face and direct-contact condensers, and deaerators. Also
being developed is a thermoeconomic model for shore-
based, open-cycle OTEC plants. The model will help
identify optimum configurations for commercial and exper-
imental open-cycle systems. This model assumes a modular
plant, with each module using a pair of the low-pressure
stage rotors from a conventional multistage steam turbine to
produce about 3-MW_ net output. System cost versus plant
configuration was computed with this model; economies of
scale are achieved at about 10 MW, with a cost of about
$5,000/kW, when the cold-water pipe is 2250 m long.*®



Chapter 3
The Seawater System

The seawater system for an OTEC plant consists of warm-
and cold-water intake pipes, discharge pipes, and pumps.
These components must be large and durable enough to
handle the high volume of water that a commercial OTEC
plant requires. Two distinet and unigue approaches (o meet-
ing these requirements were developed. For large plants
{more than 40 MW capacity), concepts for suspended sea-
water systems for floating platforms were developed and
evaluated. OTEC-1 showed that components with these char-
acteristics will work, Por smaller plants, particularly those
located where the cold-water resource is close to shore,
bottom-mounted system and installation designs have been
completed.'® Researchers completed a preliminary design for
a 40-MW, shore-based facility and are developing improved
components and installation techniques for shore-based
plants.

Suspended Seawater Systems

Large OTEC plants require huge amounts of seawater ¢ircy-
lating through them, For instance, a 100-MW_ plant would
operate with 300 m*/s of cold water flow and 400 m?/s of
warm water {low. This would require pipes 15-18 m in diam-
eter. Studies on plants of this size have focused on using
floating platforms, either grazing or moored. Primary issues
associated with the seawater systems for such plants relate to
material choices, construction methods, pipe deployment and
installation, and the design of the interface between the plat-
form and the pipe. Several materials have been evaluated,
including galvanized steel, concrete, polyethylene, and
fiberglass-reinforced plastic. Many show promise of being
flexible enough for deployment and durable enough for con-
tinuous operation.”® The suitability of high-density poly-
ethylene for the suspended installation was demonstrated

on a floating platform.!!

Instaliation techniques have also been investigated. Proven
techniques for joining a pipe to a floating platform include
“flip and float,” in which a fully assembled pipe is towed to
the site, upended, and attached through a flexible collar or
gimballed to the platform. This method was used 1o deploy
the suspended pipes of Mini-OTEC and OTEC-1,

The OTEC-1 facility received its cold-water supply from
three polyethylene pipes that were banded and strapped
together. The pipes were fabricated by DuPont Canada, Inc.,
in sections measuring 1.2 m in diameter and 24.4 m in
length; this diameter was the largest that could be extruded

in the company’s Huntsville, Ontario, plant. Fabricated sec-
tions were loaded onto railroad cars and transported from
Ontario to Vancouver Harbor, from where they were shipped
by barge to Kawaihae Harbor on the istand of Hawaii. There,
the pipe sections were fused into three pipes, cach 640 m
long. As shown in Figure 3.1, the pipes, bundled into a trian-
gular shape, were strapped together and fitted with a connect-
ing collar at one end. Two small tugboats were used to tow
the structure 32 km off shore where it was upended and
attached to the OTEC-1 vessel. This pipe successfully pro-
vided cold water throughout the test period despite heavy
seas and strong currents,

The platform/pipe interface for floating OTEC systems was
investigated by mathematical modeling of the structural
dynamics of the platform, pipe, and mooring lines combina-
tion. This research, which culminated in a Vi-scale (of a
40-MW_ prototype plant) suspended pipe experiment con-
ducted in Hawaii, established the design, construction, and
installation methods necessary for using large, suspended
pipes.’? However, some uncertainty remains about the long-
term materials properties (if composite plastic materials are
used ), maintenance and repair procedures, and the design
and performance of the mooring systems. This uncertainty
and the fact that the near-term market will probably opt for
smaller OTEC plants have led 1o the more recent research
emphasis on bottom-mounted pipe systems.

e .

Figure 3.1 Bundled OTEC-1 cold seawater pipes with a gim-
balled collar (Courtesy of Global Marine Drilling Company)
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Bottom-Mounted Seawater Systems

Commercial land- or shelf-based OTEC plants will require
intake and discharge pipes™ that can handle seawater flow
rates of 20-60 m?/s. Pipes must withstand the forces of
waves and currents, as well as corrosion and biofouling over
a projected plant lifetime of 30 years. These requirements
are most challenging for cold-water intake pipes that will be
up to 5 km long, descend 1o a depth of more than 600 m, and
have diameters of up to 5 m. The seawater systems of land-
based plants have special requirements for the discharge pipe
and the surf zone transition for all the pipes of the system,
Installation techniques strongly influence the choice of pipe
materials,

The OET Program has looked at two installation approaches,
In the first, pipes would be installed section by section and
then joined after they were in place on the ocean bottom.
This installation method can use any pipe material; a fiber-
glass composite was used in the “proof of concept” plant
design at Kahe Point and in a down-the-slope experimental
pipe 24 m long and 2.4 m in diameter at NELH, Results of
the NELH experiment showed that reinforced plastic pipes
can withstand the stresses of installation and the ensuing
wave and current action. Joining many segments, however,
is a time-consuming process vulnerable to unfavorable
weather changes and requires developing a pipe-joining
process that could be carried out in deep seawater,'? A
second approach uses a long, preassembled pipe that is
towed outward from shore to a predetermined position,
weighted, and sunk in place. This method was successful at
the STF in Hawaii, where the near-shore segment was
chained to rock bolts on the sea bottom and the offshore sec-
tion remained floating in a buoyant suspended are (inverse
catenary) held at the intake by a large anchor.™!

The Japanese are also developing different methods for
installing cold-water pipes. A Japanese team recently
installed a polyethylene pipe with a diameter of 0.5 m and
a length of 2400 m. The pipe was launched from a specially

Figure 3.2 Deployment of the 1-m cold-water pipe at the
Natural Energy Laboratory of Hawaii (Courtesy of R.M. Towill
Corporation)
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built platform and towed to sea, a process that required

59 hours of good weather, Pressure buoys kept the pipe float-
ing just above the sea bed as the pipe was towed. The buoys
were disconnected awtomatically by a timed chemical reac-
tion that caused the supporting rods between the pipe and the
buoys 1o fail at a prescribed time. Heavy steel bands caused
the pipe to sink to its permanent location on the sea bed,*?

Several seawater pipes using the single, long pipe construc-
tion were successfully installed at NELH. The original con-
struction for cold-water delivery used an inverted catenary,
polyethylene pipe measuring 0.3 m in diameter that was
slightly buoyant. It was deployed to a water depth of approx-
fmately 670 m and has survived for many years with little
damage or biofouling. This pipe is small, however, com-
pared with those required for commercial-scale OTEC
plants.** More recently, a pipe measuring 1 m in diameter
and 2060 m long was deployed to a water depth of 670 m to
provide an augmented cold-water supply for the STF ¥ (see
Figure 3.2). These pipes were installed in the inverse caten-
ary configuration shown in Figure 3.3, The installation can
be described in terms of three zones along the pipe’s length.
Near the shore (1o a water depth of about 15 m) the pipe is
placed in a trench to protect it from wave and current forces,
{An alternative to the trench might be a conerete duct placed
on the sea bed surface.) The second zone extends from
where the pipe emerges from the trench to a depth of about
100 m. Chains 1o rock bolts at the shoreward end and con-
crete anchors strapped to this pipe section at about 3-6-m
intervals are adequate to secure the pipe. In the third zone,
the pipe takes off from a convenient anchor point into an
inverse catenary are and bridges the rest of the sea bed to the
end point anchor at the cold-water inlet. The clear advan-
tages of this approach are decreased deployment time and
freedom from sea bed path constraints.

Polyethylene was used in both installations because it is
buoyant and has the inherent flexibility needed to accom-
modate the extent of deflection required during the “con-
trolled sink™ deployment process. These techniques and
materials probably can be extended to a pipe diameter of
up to 1.3 mousing currently available piping materials and
handling equipment.

The near-the-bottom deployment developed by the Japanese
should have limitations similar to those of the controlled sink
process, although it may accommodate shightly larger and
stiffer pipes.

Discharge Pipe

Performance and environmental considerations dictate the
requirements of the seawater discharge pipe from an OTEC
plant. Because both of the warm- and cold-water streams
must be discharged, the designer can choose either two dis-
charge pipes or a single, mixed-discharge pipe. In either
case, the pipe must be sized to minimize pressure losses and
located 1o prevent reingestion of the effluent into the
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warm-water inlet. The density of the effluent should match
the density (and temperature) of the environment into which
it is discharged so that any differences are quickly mitigated
and the effects on the thermal resource and the enviromment
are minimized. This calls for a pipe that extends into the
thermocline, a depth of about 100 m for mixed discharge in
Hawaiin waters,™

The combined discharge from a floating plant requires an
additional pipe larger in diameter than either intake pipe,
extending through the mixed-layer depth. Land-based or
shelf-mounted plants have the same requirement except that
the competition for potential pipe routes increases the pos-
sibility for interference between the pipes during installation
or operation. Routing the discharge water into a well ora
trench is an alternative that can be considered only for very
small plants and where environmental considerations permit.
In the latest seawater system constructed at NELH, the efflu-
ent is discharged into a trench from which it percolates to the
surrounding ocean through fissures or pores in the ground.
Such a discharge system will be continuously monitored to
evaluate its effects on the environment, according to the
Cooperative Environmental Monitoring Program.®’

Pumps

Submersible and surface-mounted pumps of the capacity
required in a 10-MW_OTEC plant (approximately 19 m'/s)
are commercially available and can be expected o operate
reliably at high efficiency (85%-90%) for the life of the
plant. Surface-mounted pumps are available in sizes up 10
approximately 158 m?/s, which probably is the practical
limit for pump size. Seawater operation of these pumps is
well established in the offshore oil and power plant indus-
tries. Special alloys are required for all wet parts, however,
which can more than double the cost compared with cast-
iron pumps of identical design, Industry sources project a
40-year life with maintenance cycles of up to 10 vears as
distinct possibilities for OTEC pumps.*©

The 8TF draws cold water from the original 0.3-m cold-
water pipe with three offshore pumps having a total capacity
of 0.07 m*/s. To achieve the proper net positive suction head,
these pumps had to be installed below sea level, Initial
designs called for the cold-water pumps to be housed on
shore, but the cost of trenching pipes to the pumphouse was
prohibitive, Instead, submersible pumps were built 1o
specification and installed at a water depth of about 10 m. "7

This underwater pumping system proved difficult to main-
tain and repair. Primary problems were with pump failure
due to corrosion of parts that did not match specifications
and due to failures in electrical connections. Parts exposed
to seawater should be constructed of 316 stainless steel, or
an equivalent alloy, to prevent corrosion and contamination
of the water supply: specifications must be conservatively
prepared and carefully monitored. Special technigues for
maintaining the pumps during heavy seas had 1o be
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developed. In contrast, the STF's original four onshore warm-
water pumps for this seawater system performed well; few
problems were experienced in either performance or repair.
Based on this experience, all pumps for the new L
diameter seawater system were installed in an onshore pump-
house*! and protected against galvanic corrosion with an
impressed current system. Current design philosophy calls
for designing near-shore components conservatively, includ-
ing selecting durable and accessible electrical cables and con-
duits, The discrepancy between industry projections and
program field experience pointed out the importance of

exact specification and coordination with suppliers.

Current Activities in Seawater
Systems

The current state of the art in cold-water pipes for shore- or
bottom-mounted OTEC plants is represented by the 1-m-
diameter, 2000-m-long polyethylene pipe installed at NELH
in 1987. Design, construction, and installation of this pipe
were joint efforts of the state of Hawail, DOE, and the
Pacific International Center for High Technology Research
(PICHTR). Fabrication of the pipe at Kawaihae Harbor took
about 25 days, and deployment took about a week. The cold-
and warme-water sections of the scawater supply system

can provide volume flow rates of 0.84 and 0.60 m’/s,
respectively, !

Another recent activity sponsored by DOE and conducted by
PICHTR was a workshop on bottom-mounted cold water
pipes held in Hawaii in 1988, This workshop’s major objec-
tives were 1o identify and characterize state-of-the-art near-
shore seawater pipe construction techniques and identify
innovative concepts for constructing and installing deep-
water portions of an OTEC cold-water pipe. For OTEC sys-
tems in the 5-15-MW_ power range, the state-of-the-art
approach for near-shore areas is to trench and bury. The cost
of this construction is very site-specific, although major
sewer outfall installations have demonstrated its technical
feasibility. Concepts considered in the past for the deep sec-
tion of the cold-water pipe include drilling and tunneling,
pendant-supported pipes, and buoyant catenary designs,
Among these, bottom-mounting and anchoring, and perhaps
drilling and tunneling, are options with greater risks. All
need further study before being applied to large pipe sizes.
The pendant-supported pipes and the buoyant catenary
designs, in all probability, would need to operate under pres-
sure with the supply pump located at the pipe inlet, allowing
the consideration of thin-walled, reinforced, elastomer pipe
that can reduce material and installation costs.”®

With the OET Program’s cold-water pipe needs satisfied for
the next several vears by the recent and ongoing construction
at NELH, current activity in the program is limited to evalu-
ating innovative concepts for large pipes and planning for
future activities,



Complementary OTEC Products

Chapter 4

As mentioned earlier, an OTEC plant can produce valuable
complementary products such as desalinated water in addi-
tion to generating power. The cold seawater can be used
for culturing marine life and for refrigeration and air-
conditioning. These potentially synergistic activities may
make OTEC systems attractive to industry and island com-
munities even if the price of oil remains low. Some of the
products and services that could be produced from an inte-
grated OTEC system are shown in Figure 4.1,

Sun

Warm water

/ Cold water

\

Desalinated Water

Desalinated water can be produced in open- or hybrid-cycle

plants using swrface condensers. In a surface condenser, the
spent steam is condensed by indirect contact with the cold

seawater, This condensate is relatively free of impurities and
can be collected and sold 1o ocal communities where natural

fresh-water supplies for agriculture or drinking are limited.
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Figure 4.1

A multiple product/application-integrated OTEC plant
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Figure 4.2 Ocean Farms of Hawali

System analysis indicates that a 2-MW,_ net plant could pro-
duce about 4320 m? of desalinated water a day.?

The large surface condensers required to condense the entire
steam flow increase the size and cost of an open-cycle plant.
A surface condenser can be used to recover part of the steam
in the cycle and to reduce the overall size of the heat ex-
changers; the rest of the steam can be passed through the less
costly and more efficient direct-contact condenser stages. A
second-stage direct-contact condenser concentrates the non-
condensable gases and reduces the size of the vacuum
exhaust system, thereby increasing the plant’s net power,

A way to produce large quantities of desalinated water with-
out incurring the cost of an open-cycle turbine is with a
hybrid system in which desalinated water is produced by
vacuum flash distillation and power is produced by a closed-
cyele loop. Other schemes that use discharge waters from
OTEC systems to produce desalinated water have also been
considered.

Deep-Water-Supported Mariculture

Deep-drawn seawater from an OTEC plant is cold, rich in
nutrients, relatively free of pathogens, and available in large
guantity, It is an excellent medium for growing phyto-
plankton and microalgae, which in turn support a variety of
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s mariculture tanks (Courfesy of NELH)

commercially valuable fish and shellfish, An OTEC plant
can be part of a polyculture operation that combines the
production of protein and energy. A seaweed used to wrap
sushi (nori) was successfully grown at accelerated rates in
NELH experiments. Using phytoplankton and kelp,
researchers at NELH have grown salmon, trout, northern
lobsters, oysters, giant clams, and abalone with good to
exceptional results.” Two plastic-lined steel kelp tanks at
NELH (Figure 4.2) support oyster, salmon, and abalone
production at the Ocean Farms of Hawaii. Several other
businesses now use the facility’s cold-water supply for
commercial projects,

The large, constant flow of water pumped from an OTEC
plant will reduce disease and contamination in the ponds;
marine life, therefore, can be grown in high density. In addi-
tion, deep-drawn cold water can be mixed with warm surface
water, allowing local communities to culture a broad variety
of species. Such integration of operations would mitigate the
large seawater pumping cost to mariculture and increase the
revenue for the OTEC plant,

Mariculture facilities probably will be designed for land-
based or near-shore plants rather than for offshore OTEC
plants. At land-based or near-shore facilities, cold water
can be pumped into tanks or lagoons where environmental
conditions can be controlled more readily.



Refrigeration and Air-Conditioning

The availability of 6°C cold seawater creates the opportunity
1o provide large amounts of cooling to operations related or
close o the plant. Salmon, lobster, abalone, trout, oysters,
aned clams are not indigenous o tropical waters, but they can
be raised in pools created by OTEC-pumped water 1o extend
the variety of seafood products available in those markets,
Likewise, the low-cost refrigeration available from cold
seawater can be used to upgrade or maintain the quality of
the indigenous fish, which tend to deteriorate quickly in the
warm tropical regions. Experiments were conducted
successfully on growing fruits and vegetables normally asso-
ciated with moderate climates, such as lettuce and straw-
berries. They are grown in gardens cooled and irrigated by

a drip system using the fresh water that condenses on the
external surfaces of the cold-water pipes.

The cold seawater delivered to an OTEC plant can be used
in chilled-water coils to provide building space air-
conditioning. 1t is estimated that a 0.3-m-diameter pipe can
deliver 0.08 m¥/s of water. If 6°C water can be received from
such a pipe, it could provide sufficient air-conditioning to a
farge building so that if it operates 8000 h/yr and local
electricity sells for 5¢-10¢/kKWh, then $200,000-$400,000
could be saved annually, ¥

Current Activities in Complementary
Products

Mariculture experiments continue at NELH, where the cold-
water pipes provide seawater for research in both OTEC
technology and its associated applications. Additional water
is being provided at the Hawaii Ocean Science and Technol-
ogy Park, adjacent to NELH, to support industry in develop-
ing products and markets associated with cold seawater. Two
commercial mariculture ventures are under way there, and
others are in the early stages of development. Ocean Farms
of Hawaii uses cold seawater 1o grow 4,500-23,000 kg of
premium abalone each year. Another company, Cyanotech,
uses warm seawater 1o culture several species of microalgae
that are sold as protein-rich food supplements, pharmacenti-
cals, and food coloring.

Other small projects are being carried out on a fragmented
busis around the world to evaluate special non-power-
producing applications for cold seawater. These efforts are
not necessarily tied to OTEC commercialization; however,
they may offer the opportunity to generate multiple products
and supplemental income from an OTEC plant in specialized
applications until OTEC systemns can deliver electricity and
water to island markets at competitive prices.™
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Chapter 5
Environmental Issues

The DOE OET Program has funded research to improve our
understanding of OTEC interactions with marine ¢co-
systems, adjoining coastlines, and the atmosphere and to
identify approaches to lessen any potential adverse interac-
tions. These studies have uncovered no insurmountable

rent evidence suggests that most environmental effects will
be minimal compared with those associated with conven-
tional power systems. Caretul design and siting, strict operat-
ing procedures, and well-trained personnel will produce
OTEC systems that are environmentally acceptable sources
of power.

Marine Ecosystem Interactions

Like any offshore or shoreline project, commercial OTEC
facilities will affect the marine environment. Varying

degrees of the potential effects shown in Figure 5.1 are
expected from an OTEC plant.*! Construction activities may
temporarily disrupt the sea bed, destroying habitats and
decreasing subsurface visibility, Platforms and marine sub-
systems may attract fish and other marine species; attempts
to reduce biofouling may increase the level of toxic sub-
stances. Intake pipes can draw marine organisms through the
plant and move large amounts of nutrient-rich water up from
the depths. However, OTEC systems can be designed and lo-
cated to minimize their potential effects on the environment.

The construction of land-based or shelf-mounted OTEC
plants can disturb the sea bed. Deployment of moorings,
cables, pipes, piles, and anchors may churn up the bottom
and increase the number of particles suspended in the water.
This type of disturbance can affect areas of special
ecological importance, such as coral reefs, seagrass beds,
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Figure 5.1 Potential environmental effects of pilot-plant operation®'
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spawning grounds, and commercial fisheries. Short-term dis-
ruption of most of these habitats is often reversible, as shown
by experience with offshore oil rig construction, OTEC
developers can minimize disruption by locating plants away
from critical habitats. Where necessary, cables and pipes can
be routed through natural breaks in near-shore reefs,

An offshore OTEC system may affect marine organisms by
providing an attractive artificial reef as well a5 night ilumi-
nation. Based on studies of existing power plants and artifi-
cial reefs, researchers expect OTEC platforms to attract
about twice as much life as would normally be present in the
undisturbed marine environment. Sedentary organisms such
as barnacles, though, can cause considerable damage to
marine structures, Free-swimming organisms can either be
trapped on warm-water intake screens (impinged) or carried
through the system (entrained). The effect of impingement
and entrainment can be minimized by locating OTEC plants
away from the spawning grounds of commercially or eco-
logically valuable organisms. Systems can be designed for
horizontal intake at a speed of less than 1 m/s so that large,
free-swimming marine organisms can escape the inward
flow.

Extensive damage to marine structures can occur as both
plants and larvae find new Jocations for atachment and
growth, Inside the OTEC system, this attachment can be
prevented by periodic, controlled release of chlorine or other
biocides. On outside surfaces, colonization can be forestalled
by using toxic coatings. However, biocides and slowly
released toxing may affect life downstream from the plant
and may accumulate in the marine food chain. The extent of
such an environmental impact is not yet fully understood,
but researchers continue 1o assess the effects of using
biocides and to investigate nonchemical alternatives. These
alternatives include using coatings that resist attachment,
ultraviolet radiation, and mechanical scrubbing.

OTEC plants discharge large quantities of ocean water and
potentially perturb natural thermal and salinity gradients and
levels of dissolved gases, nutrients, trace metals, carbonates,
and turbidity. If cold- and warm-water streams are mixed
and discharged at the surface, the density of OTEC plant dis-
charges will be different from that of the surrounding water.
Behavior of the discharge plume will respond to initial dis-
charge momentum and to buoyancy forces that result from
initial density differences. Within several hundred meters of
the discharge point, the plume will be diluted by ambient
ocean water, sink (or rise} to reach an equilibrium level, and
lose velocity until the difference between its velocity and
ambient current velocity is small, OTEC plants can be
designed to stabilize the discharge plume below the mixed
layer to protect the thermal resource and to minimize poten-
tial environmental effects.

An environmental impact of a more serious nature could
5 g . - £ N

occur if ammonia, Freon™, or some other environmen-

tally hazardous working fluid accidentally spilled from a
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closed-cycle OTEC plant. The effect of ammonia on marine
ecosystems would depend on the rate of release and the
nature of nearby sea life, Small quantities of ammonia prob-
ably would stimulate plant growth downstream. A large
ammonia spill would be toxic: for example, a 40-MW_ plamt
could spill enough ammonia to destroy marine organisms
over an area as large as 4 km?, This possibility can be mini-
mized by designing the plant for safety and careful operation
and employing well-trained, attentive personnel.*

Adjoining Coastline Interactions

The effect of OTEC plant construction on the coastline will
be comparable to that of other major building projects. For
shelf-mounted or land-based OTEC facilities, site prepara-
tion and plant construction could disrupt terrestrial, tidal
zone, and near-shore habitats, Noise, traffic, and dust levels
will increase. Blasting may be necessary, depending on the
geology of the area and the method of pipe placement. The
extent of these effects will vary, but careful siting and well-
planned construction should minimize disturbance of the
coastline environment,

Atmospheric Interactions

OTEC facilities release no additional heat and significantly
less carbon dioxide than comparably sized conventional
fossil-fueled power plants. These advantages may become
increasingly important in the future if predictions concerning
global climate change are correct and power plants are
required to reduce carbon dioxide production significantly.

Changes in the ocean’s surface temperature could lead to
dramatic changes in continental weather patterns; however,
the size and number of OTEC plants that can be projected in
an area for the foreseeable future preclude a significant con»
tribution to the effect. For performance reasons (to avoid
reingestion of cool discharge water), this discharge will be
directed deep into the ocean where it would have minimal
influence on surface temperature. Researchers predict that
the small amount of water brought to the surface by local
mixing would not decrease temperature enough to affect
climate.

It has been projected that circulating and warming large
amounts of deep ocean water in any OTEC plant operation
could result in outgassing of dissolved carbon dioxide if the
discharge is exposed to the atmosphere for sufficient periods.
Recently completed experiments indicate that the immediate
carbon dioxide release from an open-cycle OTEC plant
would be 15 to 25 times smaller than the emission from a
comparably sized fossil-fueled electric power plant.® The
variability of natural outgassing in tropical oceans will
greatly exceed any projected OTEC release,*! The potential
for long-term release of carbon dioxide could be slightly
higher if the discharge water is used for mariculture or other
secondary operations. Most of the potential long-term and



immediate releases can be avoided completely by reinjecting
any absorbed gas into the seawater discharge, by introducing
that discharge below the surface mixed layer of the ocean, or
by combining these methods,

Current Activities in Environmental
Assessment

The operating permit requirements of the various county,
state, and federal agencies with oversight at NELH call for
an environmental monttoring program that will help protect

the unique resources in the Keahole Point area. To evaluate
long-term effects on the environment, results of the monitor-
ing will be compared with a baseline of groundwater and
offshore water quality and offshore biota that is being estab-
lished at NELH. The OET Program is supporting a state
effort that consists of reviewing archival data and collecting
site data to establish benchmark conditions at Keahole Point,
which is likely to be the area for OTEC development in the
near future.” The program is also providing technical and
fiscal support for managing the environmental quality at the
site.
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Chapter 6
The Future of OTEC

The DOE OET Program has proven the feasibility of closed- of desalinated water at the STF using open-cycle OTEC tech-

eyele OTEC and has brought it to the threshold of conmmer- nology has stimulated considerable interest in the process.

cialization. Today, the program continues to advance OTEC , ) ‘

technology by funding research in surface condensers, bio- The major objective of the ongoing DOE program is to

fouling, corrosion, and open-cycle OTEC systems. The develop a data base and verify design codes while

knowledge gained from this research may allow industry to experimentally demonstrating the technical feasibility of

engineer the 2-15 MW, plant envisioned for entry into tropi- producing a significant amount of net electric power in an
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cal island markets. In addition, the recent “first” production open-cycle OTEC system. The NPPE, shown in Figure 6.1,
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Figure 6.1  Artist's rendering of the net power-producing experiment

The Future of OTEC 29



will be developed from the technology and hardware cur-
rently being tested in the HMTSTA at NELH. I will use

0.4 m’/s of cold seawater and 0.6 m%/s of warm seawater
drawn from the seawater systems recently installed at
NELH. The experiment will use a low-pressure steam tur-
bine that SERI, PICHTR, and industry are designing and a
high-efficiency gas compressor that SERI is developing. The
experiment’s turbine/generator is expected to deliver nomi-
nally 165 kW, (gross) at its design point and to produce

40 kW, of net power.” As the plant size increases, a smaller
portion of gross power will be needed to operate the plant.
Researchers therefore project that a commercial-sized power
module based on current technology could produce 2.4 MW,
and deliver 1.75 MW, to a utility company or community
power distribution system.”®

Several pations besides the United States are interested in
developing full-scale OTEC plants.™ Japan has completed a
design study of a 10-MW_ (net) floating facility to be located
in the Sea of Okinawa.® This was one of a series of activi-
ties that included constructing experimental plants in Nauru®
and Tokunoshima® and completing design studies for other
locations in the western Pacific. This research continues and
is focused on the possibility of constructing small, closed-
cycle plants in the small, oil-dependent islands of the Pacific.
The Taiwan Power Company completed studies on the fea-
sibility of placing 50-MW,_ plants on the eastern coast of that
country. The company projected that such plants will
become competitive with oil-fired and coal-fired plants in
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the mid-1990s. 1t is now planning a pilot plant that would
precede commercialization in that time frame.*

GEC-Marconi, a British firm working with Alcan Interna-
tional of Canada, reported preliminary design work on a
small, land-based closed-cycle OTEC plant that it plans o
build and operate at Keahole Point in Hawaii.*’ This plant,
as proposed, will provide the technical basis for scaling up to
commercial-sized 10-MW_ plants,

A French government research and development group,
IFREMER, joined seven French companies in considering
developing a 5-20-MW, open-cycle plant 1o be located in
Tahiti. The Netherlands, in cooperation with several
Indonesian companies, completed a feasibility study for a
100-kW, closed-cycle plant at a South Pacific site. The gov-
ernments of Sweden, Norway, and Jamaica have been coop-
erating with private companies since 1980 in designing a
1-MW, closed-cycle plant to be located near Kingston,
Jamaica. The latter three projects™ are inactive because of
the current low cost of oil. Although interest in OTEC
remains high, the prospects for its commercialization are
held back by relatively plentiful and inexpensive oil sup-
plies. There is an increasing awareness that the multiple
product potential of OTEC plants to provide power, water,
food, and refrigeration to remote island communities in an
integrated system will stimulate their economic develop-
ment.'” Such a development appears attractive in the short
term.
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Appendix

Participants in the DOE Ocean Energy
Technology Program (1987-1989)

Aqua-Therm Corporation

Argonne National Laboratory
Centennial Engineering, Inc.

DuPont Canada, Inc.

Florida A&M University

Florida Solar Energy Center

Florida State University

Hawail Natural Energy Institute
Hawaiian Dredging and Construction Co,
Kiewit Pacific Company

Makai Ocean Engineering

Marine Development Associates
Massachusetts Institute of Technology
Mechanical Technology, Inc.
Meridian Corporation

Natural Energy Laboratory of Hawail

E.K. Noda and Associates

Oceanit Laboratory, Inc.

Pacific Imernational Center for High Technology Research
Research Corporation of the University of Hawaii
E.M. Rivera and Sons

Science Applications International Corporation
Solar Energy Research Institute

State of Hawaii

Stress Technology, Inc.

Texas A&M University

R.M. Towill Corporation

University of Delaware

University of Hawaii

University of Hinois

University of Pennsylvania

University of Wisconsin
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For more specific information on the U.S. Department of Energy’s Ocean Energy Technology Program, contact:

Headquarters Field Centers
Dr. Robert L. San Martin Dr. R. Gerald Nix, Program Leader
Deputy Assistant Secretary for Renewable Energy Solar Energy Research Institute
(202) 586-9275 1617 Cole Boulevard
) . ~ Golden, CO 80401
Mr. Louis V. Divone, Director (303) 231-1758
Office of Solar Electric Technologies -
{2023 586-5540 Mr. Anthony Thomas, Program Manager

Argonne National Laboratories
9700 South Cass Avenue
Argonne, [L 60439
(312)972-8230

Mr. Leonard I Rogers, Director
Wind/Ocean Technologies Division
(202) 586-5630

U.S. Department of Energy
Forrestal Building

1000 Independence Ave., SW
Washington, DC 20585

For more information on OTEC and other solar echnologies, contact:

Conservation and Renewable Energy Inquiry and Referral Service (CAREIRS)
P.O. Box 8900

Stlver Spring, MD 20907

(800) 523.2929 (continental United States)

(800)) 462-49%3 (Pennsylvania only)

(800) 233-3071 (Alaska and Hawaii only)
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