
OCEAN THERMAL ENERGY CONVERSION AND THE
NATURAL ENERGY LABORATORY OF HAWAII

Thomas Daniel

INTRODUCTION

The Natural Energy Laboratory of Hawaii  NELH! includes 322 acres of land at Keahole Point
near Kailua-Kona on the island of Hawaii  Figure 1!, Some of this land is set aside for aquaculture
research and development using the large volumes of water which will be discharged from ocean
thermal energy conversion  OTEC! plants. Aquaculture which can use the unique properties of thc
OTEC discharge water could have an important place in Hawaii's economic future.

OTEC effluents consist of coM, nutrient-rich waters pumped from depths of 600 m �,000 ft! or
more in addition to surface waters cooled only a few degrees during passage through the OTEC plant,
Water temperatures ranging from 6 C to 25'C are easily produced by blending surface and deep
waters in various proportions. Large water volumes will be discharged continuously, even from small
OTEC plants.

OTEC aquaculture systems could produce as much seafood as some of today's capture-fisheries,
which bring in millions of tons of product annually. Although OTEC aquaculture systems may
eventually be assembled and maintained at great distances from land, the technology most likely will
evolve through small-scale, land-based experiments such as those at NELH.

At present, the NELH laboratory includes both a unique, deep seawater system upwelling up to
4,300 I/min �,100 gpm! from 600 m depth and a 6,000 I/min �,600 gpm! surface seawater system.
These systems, used for both energy and aquaculture research, can provide flowing seawater at any
desired temperature between the coldwater temperature  always less than 10 C! and the warmwater
temperature �4'C to 27'C! merely by adjusting a valve. In addition to existing office and laboratory
buildings, land is available at NELH for construction of additional buildings as well as ponds, tanks,
raceways, and other aquaculture facilities  see Appendix A!.

An act of the 1984 Hawaii Legislature added "commercialization" to the original laboratory
mandate of research and development. This allows the NELH Board of Directors to approve research
proposals as well as to lease land for commercial developments at NELH, In keeping with its primary
purpose of developing natural energy resources, the board has adopted a policy of encouraging
projects which propose to use the unique resources of the facility and the site for research leading to
commercialization.

Thomas Daniel i s with the Natural F'nergy Laboratory of Hawaii, P. O. Box 1749, Kai lua-Kona, Hl 96745.
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Aquaculture research projects carried out at NELH include those involving nutrient exploitation
 primary producers!, temperature exploitation  aquaculture of coldwater species!, and integrated
systems  aquaculture combined with agriculture and energy production!, Other projects stemming
from interest in OTEC water for aquaculture development include research on the basic chemistry
of deep ocean water and the biological responses of organisms to it, adaptation of existing
aquaculture technology and development of new technologies which use OTEC water, and the
treatment of OTEC aquaculture effluents both for mitigating potential environmental effects and for
possible recovery of additional by-products.

OTEC aquaculture projects in progress or already concluded at NELH include the following:

l. Investigation of sahnon and rainbow trout culture in OTEC water, This project has
conducted a detailed study of environmental effects on smoltification of salmon and a
successful demonstration of rainbow trout spawning in cold seawater. The results are
reported elsewhere in this publication  see paper by Helms, Grau, and Fast on salmon
smoltification and paper by Katase, Fast, and Barclay on rainbow trout spawning!,

2. Evaluation of nori culture. Nori is the seaweed used for wrapping sushi. This project
demonstrated nori growth rates exceeding 35% increase in weight per day, It appears that
such culture would be economically attractive in conjunction with an OTEC plant. The
results are reported elsewhere in this publication  see paper by Mencher and Katase!.

3. Evaluation of a pilot plant demonstrating the feasibility of growing Maine lobster in Hawaii.
A description of this project is reported elsewhere in this publication  see paper by Chapman,
Guerra, and Thays!,

4. A 2-year investigation by Hawaiian Abalone Farms on the feasibility of culturing abalone
using the deep cold water. This has led to the initiation of a commercial development module
for abalone production on 21 acres of land subleased by Hawaiian Abalone Farms from
NELH. This project also involves culturing both giant kelp and di atoms to feed the abalone.
A description of this venture is reported elsewhere in this publication  see paper by Barclay
and Fast!.

5. A strawberry culture project. Strawberries were successfully grown using "drip" irrigation.
The drip comes from freshwater which condenses on pipes carrying cold seawater.

6. A commercial project by Cyanotech, Inc. using deep seawater that has been warmed to
culture microalgae for both health food and pharmaceuticals.

7, A research project investigating the feasibility and parameters for culturing giant clams
 Tridacnidae spp.! in Hawaii,

Appendix 8 contains a summary of the various OTEC aquaculture and energy research projects
conducted at NELH since it was founded, Several new ventures will add to the present commercial
operations for abalone and microalgae. These ventures include �! commercial shellfish hatcheries
for oysters, clams, and scallops; �! another Maine lobster culture project using new technology; and
�! a commercial-scale nori culture project, partially sponsored by a large Japanese distributor of the
seaweed.



So far, research has demonstrated the usefulness of three important properties of deep seawater
for aquaculture;

1, Cold temperature. Deep seawater, which is colder than required for growing any of the
species studied so far, can be used to maintain or change the temperature in the cu]ture
systems economicaLLy and reliably by regulating the water flow rate or by mixing deep
seawater with surface seawater,

2. Nutrients. The deep seawater has high concentrations of dissolved inorganic nutrients
 nitrates, phosphates, and silicates!. The low concentrations of these nutrients in surface
waters limit plant growth in tropical oceans. Deep-water nutrients contribute to the
successful growth of nori, kelp, and diatoms in deep-water culture systems,

3, Cleanliness. Since deep seawater comes from below the photic zone and has been out of
contact with the surface for centuries, it contains few living plants and very low levels of
bacteria. This has proven useful in culturing larvae of various marine mollusks which are
particularly susceptible to the pathogens usually present in surface waters. Also, the virtual
absence of competing viable plant cells facilitates the growth of pure algae cultures.

THE OTEC RESOURCE

Tremendous amounts of heat energy are stored in the tropical oceans where the sun-warmed
surface water averages over 20 C higher than the bulk of the water mass below. OTEC uses a heat
engine principle to convert this stored heat energy to electrical energy and/or mechanical energy,

OTEC is an especially important renewable energy resource since it has the potential to satisfy
a significant fraction of society's energy needs, Most other renewable energy resources � such as
hydroelectric, geothermal, wind, and the waves, tides, and currents of the ocean � have considerably
less potential  e.g., von Arx, 1974!. In addition, OTEC can produce "base-load" power  i,e., 24 hours
per day! since the ocean acts as a heat sink for the sun's energy. Base-load power production by OTEC
is a significant advantage over direct solar conversion, the only other renewable energy resource with
similar potential capacity. OTEC and other "renewables" use existing heat resources, so generation
of electricity by these processes does not adversely affect the solar-terrestrial heat balance as do the
burning of fossil fuels or the utilization of exothermic nuclear reactions  both fission and fusion!,

OTEC PRINCIPLES

The literature on OTEC is not extensive and has received little circulation. However, in the
following sections summaries are provided on how the process works, the extent of the resource, the
history of its investigation, and its present status. Further details on these topics are contained in a
comprehensive study by the U.S. Congress Office of Technology Assessment �984! and in review
papers by Cohen �982!, Richards et al. �983!, and Penney and Bharathan � 987!.

Two types of system closed cycle and open cycle � have been proposed for converting the
ocean thermal resource into electrical energy. There are several similarities and several fundamental
differences between these two systems.



Closed-Cycle Systent

French engineer Arsenc D' Arsonval first proposed use of ocean thermal resources for electrical
power generation in 1881. He adopted a closed-cycle system for energy conversion, and this remains
a major design option for using the OTEC resource  Figure 2!. Closed-cycle systems use a working
fluid, such as freon or ammonia, which is vaporized by heat transferred from warm surface seawater,
The expanding vapor turns a turbine attached to an electric generator, Cold seawater pumped froin
the depths then takes heat from the expanded vapor and condenses it back to a liquid, The condensed
liquid then passes back to the evaporator where it is rcvaporized, and the process continues. The
working fiuid remains within the closed system, continuously vaporizing and recondensing. This
system is similar to a very large refrigerator working in reverse; it takes "cold" from the ocean and
turns it into clcctncity.

D'Arsonval recognized some of the major potential problems of OTEC systems. First, the
relatively small available temperature difference means that large volumes of water are required to
generate significant amounts of electricity. Second, for a closed-cycle system, thc heat exchangers
must be very large. Third, thc heat exchangers must carry highly corrosive and biologically active
seawater continuously for the lifetime of the OTEC plant, with thc resulting potential for corrosion
and biofouling of the heat exchanger surfaces.

Open-Cycle Systems

Claude cycle. In the late 1920s, another Frenchman, Professor Georges Claude of the University
of Paris, first proposed the open-cycle OTEC concept which bears his name  Figure 3!. The Claude
cycle uses seawater as the working fluid. Warm surface seawater vaporizes when injected into a near-
vacuum, and the expanding water vapor turns the turbine attached to an electrical generator, The
water vapor condenses back to a liquid upon contact with cold seawater, Vapor condensation creates
a vacuum into which warm seawater can again vaporize, thus continuing the cycle,

The Claude cycle has some significant potential advantages over closed-cycle systems; higher
overall efficiencies are attainable; the material cost of system construction can be significantly lower,
and, most important, freshwater can be a by-product since salt is left behind when the warm seawater
vaporizes. A noncontact condenser, such as the shell-and-tube type described above for the closed-
cycle process, condenses the vapor into fresh, potable water, This significantly reduces the efficiency
of electricity production, but the scarcity of freshwater in most places where OTEC will work  i,e,,
the tropical oceans! makes freshwater an extremely valuable by-product.

There are two major problems with the Claude cycle. First, many uncertainties remain about the
basic thermodynamics of seawater at the temperatures and pressures appropriate to open-cycle
OTEC. In contrast with the well-understood dynamics of the closed-cycle process, much basic
research remains before many of the parameters needed to optimize the design of an open-cycle plant
can be defined, A more significant problem with the Claude cycle stems from the low pressures and
the resultant requirement for a very large turbine to produce even a modest amount of electricity. A
5-MW turbine, for example, would have to be on the order of 10 m in diameter and enclosed in a
vacuum chamber.



Figure 2. Closed-cycle OTFC .schematic diagram
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Figure 9. Claude-cycle  open-cycle! OTEC schematic diagram



Mist-li J't cycle. The most promising of the proposed alternatives to the Claude cycle, removing
its requirement for a very large turbine, is called the mist-lift cycle by its developer, Dr. Stuart
Ridgway of R&D Associates in Marina del Rey, California  Ridgway, 1977!. In this modified opcn-
cycle system  Figure 4!, the water vapor flowing from the evaporator to the condenser in an open-
cycle process is constrained to rise in a vertical column. Some of the unvaporized warm seawater is
then forced through a screen with small holes, and the resulting mist of liquid droplets is injected into
the rising vapor stream, Ridgway drew upon his expertise in the theory of two-phase flow to predict
that there would be sufficient coupling between the rising vapor and the mist to lift the liquid droplets
high up in the column. His calculations show that 100 m of vertical lift of large volumes of liquid
water can be obtained from the 20'C temperature differences available in OTEC systems. Since the
potential energy of this elevated water is then available to turn a hydraulic turbine, which can be much
smaller than the equivalent-output Claude-cycle vapor turbine, the mist-lift process avoids the size
limitations inherent in the Claude cycle. However, unlike the Claude cycle, the mist-lift process can
only produce freshwater as a by-product if a portion of the vapor is diverted for this purpose since
the liquid seawater must be injected directly into the rising vapor stream.

OTFC Ffficieney

Simple physics indicates that considerable energy is available in the world's oceans for the
OTEC process. Calories and British thermal units  BTU! are measures of heat energy. A calorie is
the amount of heat needed  or given off! when changing the temperature of 1 g of water 1'C; a BTU
is the heat involved in changing 1 pound of water 1 F. J. P. Joule measured thc mechanical equivalent
of heat at 4.184 joules/calorie, 1 joule being the energy expended in accelerating a I-kg mass at 1 m/
s/s through 1 m. A watt is the corresponding unit of power, or rate of consuming energy, equal to 1
joule/s. Thus, the power available in watts can be determined by calculating the number of calories
of heat transferred by the system per unit of time.

As an example, we can calculate the available power from Mini-OTEC, an experimental closed-
cycle plant deployed with Hawaii DPED sponsorship in 1979  see below!. Mini-OTEC pumped up
about 170 I/s �,700 gpm! of about 6'C cold water and combined it with a similar flow of 27'C surface
water. Since each liter weighs about 1 kg, the total mass input becomes 170 x 2 = 340 kg/s. The total
amount of heat energy available is that given up in bringing the two fluids to a common equilibrium
temperature, Thus, each would change through a 10'C temperature difference. If all this heat could
actually be transferred to the working fluid, about 10 x 340 or 3,400 kcal of heat per second would
be generated. Multiplying by Joule's constant gives approximately 14.2 x 10' joules/s or 14.2 MW
of power input to the system.

All of this energy cannot be converted to electricity, Physical constraints on heat exchanger
surface area and flow rates limit the actual temperature change to about 2'C or 3'C in each heat
exchanger, and these provide the actual heat energy input to the system, For Mini-OTEC, a 2.5'C
change in each heat exchanger yielded about 3.6 MW of power at the heat exchangcrs, The second
law of thermodynamics provides a theoretical limit on the efficiency of a "Carnot-cycle" process
such as OTEC, and practical considerations further limit the efficiency attainable from a real system.
The Carnot limit, given by  T, - T,!ft', where T, is the higher and T, the lower absolute temperature,
comes to about 20/280, or 7%, for typical OTEC conditions. Real systems have addi tional losses such
as heat exchanger inefficiencies, so that typical actual systems can provide 2 � 3% of the available
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Figure 4. Mist-lift cycle OTIC schematic diagram  Ridg way, 1984!



input heat energy to the turbine. In the case of Mini-OTEC this was 2,7%, so that the energy input
to the turbine was 96 kW. Losses due to inefficiency in the turbine and generator reduced this further
to approximately 50 kW of actual measured generator output.

For small systems, parasitic losses such as power for water pumping can represent a sizable
fraction of the gross electrical output. For Mini-OTEC, these parasitic functions required about 40
kW, leaving only 10 kW of net electrical output. Larger systems have proportionally smaller parasitic
losses. For example, the OTEC plant designed for Kahe Point on Oahu  see below! produces a net
electrical output of 40 MW from a gross turbine output of 52 MW. Larger plants provide even better
net to gross ratios.

In discussing these efficiencies, which are low when compared with those of conventional power
systems, it is important to remember that tremendous resources of warm and cold ocean waters are
available foruse and re-use. There is no fuel cost for OTEC. As noted on page 4, tremendous amounts
of OTEC energy can be withdrawn without significantly altering the oceanic temperature structure.
The sun, which continues to reheat the ocean surface, replaces the energy removed by OTEC.

OTEC ECONOMICS

Since OTEC has great potential to satisfy our future energy needs at minimal environmental
expense, it warrants development even in the face of significant implementation difficulties, Such
difficulties fall into two major classes, First, the fact that the temperature difference available for
OTEC is considerably smaller than that used by other energy conversion processes leads to large
water requirements and, consequently, to large systems to supply and handle the water. The need for
such systems results in major materials selection and pipe construction di fficulties. The second group
of di fficulties results because the thermal resource exists in the tropical oceans at locations generally
remote from the population centers where energy is required  Figure 5!. Direct transmission of
electrical energy from these remote locations to population centers is impossible with present
technology and would probably be inefficient even if it could be done.

Partial solutions have already been found for both of the above classes of difficulties faced by
OTEC designers. Work at NELH has gone a long way toward solving some of the materials and
construction problems resulting from the need for such large volumes of water, It now appears, for
example, that aluminum may be used for OTEC heat exchanges in place of scarce and expensive
titanium. Also, mechanisms have been proposed for using OTEC-produced electricity for energy-
intensive processes in situ on OTEC platforms at sea, thus eliminating the need for direct transmission
of the electricity to populated areas.

OTFC Plant Life Expectancy

Since OTEC plants use the solar energy stored in the ocean's surface layer, they require no fuel
for producing electricity. This makes the economics of OTEC power production significantly
different from the economics of more traditional fossil fuel and fission power systems. A much larger
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proportion of the total cost of OTEC power production is required for the initial capital investment.
The only costs during production are for operation and maintenance.

The large initial capital outlay required for OTEC plants makes analysis of their overall
economics difficult. Instead of the assumptions about the future trends in fuel costs which are
essential ingredients for economic projections of traditional power plants, OTEC economics revolve
largely around the plant's life expectancy. If, for example, designers could guarantee a plant lifetime
of 40 years without significant overhaul costs, the overall economics would be significantly better
than for a plant which would last only between 20 and 30 years.

This dependence upon plant life expectancy is unfortunate for a new technology, since it is
especially difficult to produce believable estimates of lifetime for a large plant when it has yet to be
built. This problem is compounded by the uncertain nature of engineering systems in and around the
ocean. Although the offshore oil industry has amassed a large base of engineering experience at sea,
prediction of the vagaries and extremes of oceanic weather and their effect upon structures remains
difficult. Join this problem with the corrosive nature of seawater, and one can see how difficult
accurate life-expectancy prediction becomes. These uncertainties force economists to use conserva-
tive estimates of plant life cycle, making the overall economics of OTEC appear unfavorable. This
is especially true when compared with making economic projections for fossil fuel plants at times
like the present when fuel prices are lower. Thus, the eventual economics of OTEC depend upon
future changes in the cost of traditional fuels and upon the achievable lifetimes for OTEC plants.

Required OTEC Plant Sizes and Water Volumes

As noted earlier, a primary reason for interest in OTEC stems from its potential to satisfy most
of humankind's energy needs. Since large numbers of small plants are unlikely to be economical,
large plants are essential for the development of a viable technology, The relatively small
temperature difference available in the OTEC resource means that large volumes of water must flow
through even small plants. These requirements present severe difficulties for plant designers,
especially in the areas of plant cost and component size. The large volumes of effluent water
potentially available, however, make the possibility of adjunct aquacultural enterprises particularly
attractive,

Straightforward calculations indicate a need for approximately 3.8 million I/min � million gpm!
each of warm surface seawater and cold deep seawater for each 10 MW of electrical output. Design
alternatives, such as open- or closed-cycle systems, do not significantly affect these total water
requirements as long as the plant's output is larger than about 10 MW.

Large water volumes require large heat exchangers for closed-cycle systems. A 100-MW plant,
for example, would require nearly 11,000 km �,000 miles! of 3-cm �.5-in! diameter tubing in the
evaporator and condenser. Heat exchangers this large are feasible mechanically, but the requirement
that they be made of corrosion-resistant materials makes them very expensive.
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OTFC By-products

Coldwater aquaculture research was initiated at NELH largely as an effort to develop economi-
cally viable by-products of the OTEC process. Investigators felt that the value of such by-products
might be great enough to improve significantly the economic competitiveness of OTEC in
comparison with alternative energy sources. Although OTEC designers have been slow to recognize
and/or develop the potential, it now appears clear that significant economic benefit would accrue
from the development of such by-products. In addition, work at NELH indicates that some coldwater
aquaculture ventures might be economically viable on their own, i,e., independent of an OTEC plant.
The value of the products may be sufficient to justify the capital and operating costs for the required
coldwater supply system.

BRIEF HISTORY OF OTEC

D'Arsonval proposed a closed-cycle system for using the ocean thermal resource for electrical
power generation  see above!. He recognized potential problems wi th both corrosion and bio fouling
as weIl as with the size of the required pipes and heat exchangers, Claude invented the idea of open-
cycle OTEC. He raised sufficient capital to build a small plant at Matanzas Bay, Cuba, in 1930. That
plant actually generated more than 20 kW of electricity for a short time before a humcane destroyed
the coldwater pipe. After the loss of the Cuba plant, Claude returned to France and raised enough
money to install a floating plant off Brazil the following year. Although he was unsuccessful in two
attempts at deploying a floating coldwater pipe, Claude's work remains an example of innovation
and resourcefulness,

The next major push for OTEC development followed the oil crisis in the fall of 1973, The U.S.
Energy Research and Development Administration  ERDA! predecessor to the Department of
Energy  DOE! � instituted several programs to develop alternate energy resources including OTEC,
It funded studies in which various large U.S. companies developed conceptual designs for both open-
and closed-cycle OTEC plants, These studies identified several engineering problems which
required solutions, such as coldwater pipe materials, construction techniques, and dynamics in the
ocean; corrosion and biofouling of candidate heat exchanger materials; and seawater thermodynam-
ics under open-cycle conditions. For example, although titanium is an ideal heat exchanger material
from the corrosion standpoint, its scarcity and cost dictate that alternative materials be used,
especially if we ever hope to utilize the large OTEC energy resource. As noted above, a single 100-
MW closed-cycle plant would require nearly 11,000 km of 3-cm diameter titanium tubing. This
represents approximately one-fourth of the present U.S. annual titanium consumption. The scarcity
of the metal would preclude economical construction of more than a few such plants.

The ERDA studies led the Department of Energy to begin a two-pronged investigation aimed
at solving some of the OTEC design problems, The first part of the program, called OTEC-1, used
a floating platform and the second part involved the development of the Seacoast Test Facility  STF!.
Both are discussed below.

17
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OTEC-1 involved the installation of two 1-MW heat exchangers in a converted 170-m �60-ft!
Navy tanker which was moored off Kawaihae on the island of Hawaii where the water depth was
about 1,280 m �,200 ft!  Figure 6!, Cold seawater was pumped through three 1.2-m �-ft! diameter
polyethylene pipes, each 670 m �,200 ft! long, which were bound together and suspended beneath
the ship. This cold seawater and warm surface seawater flowed through heat exchangers and
evaporated and condensed ammonia in a closed-cycle OTEC system. The OTEC-1 experiment was
devised to test and evaluate heat exchanger and other component designs under dynamic, at-sea
operational conditions. No attempt was made to generate electricity.

Several large U.S. corporations responded to the DOE request for proposal for the OTEC-I
project, which was planned to be a $SO million venture. A partnership between TRW, a California
aerospace engineering contractor, and Global Marine Development, an oil exploration firm which
at the time was operating the Glomar Challenger for the National Science Foundation's Deep Sea
Drilling Project, won the contract in 1978. Engineering and management difficulties caused project
delays and significant cost overruns, but the system finally began full operation at sea in January of
1981. The Reagan administration, inaugurated that same month with the avowed goal of reducing
Department of Energy programs, ended the experiment less than 4 months later. The ship was placed
in mothballs at Pearl Harbor and eventually turned over to the state of Hawaii to be sold as scrap.

One of the major goals of the OTEC-1 project was to study the long-term operational behavior
of the system components. Some information was obtained on heat exchanger efficiencies and on
techniques for deploying large pipes and mooring a ship in the deep ocean, but the early termination
of the project precluded much of the planned data collection on long-term biofouling and corrosion,

Seacoast Test Facility

The second part of the Department of Energy's OTEC program involved construction of a shore-
based laboratory for longer-term research that could not be done conveniently at sea. The Research
Corporation of the University of Hawaii  RCUH!, representing Hawaii researchers, contracted with
the internationally known firm of Parsons, Brinckerhoff, Quade and Douglass for the design of a
laboratory to meet DOE specifications for OTEC research. A joint federal-state agreement was
worked out for construction of the Seacoast Test Facility  STF! at the NELH site at Keahole Point.
Of the projected $16 million facility cost, the state, through RCUH, agreed to clear the land and install
the access road and utilities at a cost of about $5 million  exclusive of the land!, and the DOE agreed
to provide the remaining $11 million to construct experimental facilities and buildings. When
laboratory construction began in late 1979, the OTEC-1 project was experiencing large cost
overruns, with the result that the actual federal funding for STF construction amounted to only about
$2 million. The state DPED increased its contribution to about $6 million, so that the actual capital
expenditures during construction amounted to approximately $8 million. NELH has since met or
exceeded all of the goals proposed for the STF, with a facility costing half the projected amount.

In 1981, RCUH, acting for the state of Hawaii, installed a 30-cm �2-in! diameter pipeline which
brings seawater from 600 m deep in the ocean to the onshore laboratory at NELH. This remains the
only deep seawater system operating in the world, and it has made the laboratory a center for research
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in OTEC, aquaculture, and oceanography  Figurc 7!. DOE has funded research on biofouling and
corrosion of candidate c1osed-cycle OTEC heat exchanger materiaIs, heat and mass transfer and
noncondcnsible gas removal in open-cycle OTEC systems, and the variability of the quality of both
the surface and deep water. The encouraging results of these experiments arc discussed brie f1 y below,
whereas the various aquaculture and oceanographic projects conducted at NELH are discussed morc
fully in subsequent chapters. Appendix B presents a tabular summary of thc research at NELH,

Mini-OTIC

A highly successful OTEC project resulted indirectly from the OTEC-I program. Several
engineers who worked on the unsuccessful OTEC- I proposal effort at Lockhccd Missiles and Space
Co.  LMSC! in Sunnyvale, California, developed an alternative called Mini-OTEC. They planned
the smallest system which they were certain would generate net energy; that is, a system which would
generate more electricity than thc seawater pumps and other ancillary equipmcnt would consume.
The design used only "off-thc-shelf' components already available from other technologies and
operated on an isolated platform at sea to demonstrate its self-sufficiency.

Thc Hawaii Department of Planning and Economic Development agreed to fund Mini-OTEC in
cooperation with LMSC and several other companies, many of which loaned or donated components
to the project. Hawaiian Dredging & Construction Company, a subsidiary of Dillingham Corpora-
tion, designed and bui1 t the platform modifications and mooring system for deploying Mini-OTEC
at sea off Keahole Point, The platform was a barge rented from the U.S. Navy, Alfa-Laval of Sweden
loaned the project two of their titaniuin heat exchangers and helped to design and morutor thc
instrumentation system. Worthington Pumps donated used puinps for both the seawater and
ammonia systems. Rotollow Corp, provided a low-prcssure water vapor turbine which was modified
to work with ammonia.

Although it was an outgrowth of the OTEC-I project, Mini-OTEC began operation erst, It was
moored in the offshore research corridor which had just been estab]ished for NELH, It first operated
successfully on August 2, 1979, producing 50-kW gross and 10-kW net electricity. When thc warm
and cold water pumps were tumed on, the turbine started turning and thc auxiliary generator was
turned off � and aII the lights, TVs, and appIiances kept working. The system operated for 48
uninterrupted hours the first time it was started, In all, it operated for slightly longer than the planned
3 months, producing electricity approximately 50% of the time. Although designed primarily as a
demonstration project and not for data collection, Mini-OTEC produced much useful information for
designers of future OTEC systems.

Mini-OTEC received a National Academy of Engineering award as thc best engineering project
of 1979. It was built at minimal cost in a very short time and exceeded its design goals.

The "PON" or "1040" OTFC project

The Department of Energy initiated an OTEC project for the design of a 40-MW pilot p1ant, It
was announced via a proposal opportunity notice  PON!. Initial concepts involved thc use of four 10-
MW modules. This project has, therefore, been referred to as either thc "PON" or the "10-40" OTEC
project. Although DOE initially expected to award 6 conceptual design contracts, it found that only
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Fi gure 7. Aerial photograph of@EL H. Cyano tech Corporation's microalgae raceways  upper right!, Hawaiian
Abalone Farms' 4-acre kelp pond  upper center!, shade cloth covering abalone tanks next to two
million-gallon kelp tanks  upper left!, laboratory buildings and facilities  left center!, and seawater
pipelines  lower left!.
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2 out of 11 proposals received in response to the notice met the criterion of immediate commercial
viability. Both of these � one from General Electric Co.  GE! and the other from Ocean Thermal
Corporation  OTC!, a consortium including Alfa-Laval and TRW � proposed plants that would
operate in conjunction with Hawaiian Electric Company's conventional power plant at Kahe Point
on Oahu, These designs appeared to be more economically attractive than other options because of
the component size reductions achievable by using the warmwater effluent from the existing plant
to increase the temperature difference across the OTEC heat exchangers, An additional criterion
requiring no significant extensions of existing technology dictated that both successful proposals
used closed-cycle systems with titanium heat exchangers. GE proposed a tall, offshore oil platform-
type structure in 200 m �00 ft! of water, whereas OTC planned a shallower, bottom-mounted
structure connected to shore by a causeway, Many people in the OTEC design community felt it was
unfortunate that the PON project resulted in only two funded efforts, both necessarily site-specific
to Kahe Point.!t appears unlikely that the project will produce results applicable to other sites or to
the offshore plants needed for eventual significant utilization of the OTEC resource.

Following the 1-year conceptual design effort, a DOE design review led to the elimination of GE
from the program. OTC was funded for an additional 2-year preliminary design phase with the
understanding that, in keeping with the goal of turning development projects over to the private
sector, federal funding would cease with the conclusion of that contract in October 1984. Since that
time OTC has been working on getting environmental approvals and private sector funding for the
final design and construction of the 40-MW plant at Kahe Point.

The 1/3 Scale OTEC Coldwater Pipe Experiments

Another DOE program addressed the engineering problems associated with the design and
construction of the large pipes required to bring up the cold deep water for OTEC. Sized to support
the PON effort, this program planned to test scale models of the pipes that would be required for a
40-MW plant. The initial request for proposals issued in 1979 called for designs of a 1/3 scale pipe
about 3 m �0 ft! in diameter and 300m �,000 ft! long, constructed from fiberglass-reinforced plastic
 FRP!, It was to be deployed instrumented from a floating platform. Hawaiian Dredging &
Construction Company won the proposal effort and negotiated a contract, reduced by budgetary
constraints, for assembling a 2-m  8-ft! diameter and 120-m �00-ft! long pipe. The pipe was
fabricated more easily than the subcontractor, Ershigs, had anticipated, leading their manufacturing
experts to project straightforward FRP construction of much larger pipes in the near future. The 120-
m long pipe was emplaced for several weeks in April 1983 off Waikiki Beach, suspended underneath
the Mini-OTEC barge. An extensive data acquisition system measured forces and moments on the
pipe under varying wind, wave, and current conditions so well that all expected data were collected
and the test pipe was removed ahead of schedule.

In keeping with the shift of OTEC program emphasis away from floating platforms and toward
shore-based plants, DOE instituted a follow-on program which resulted in HD8cC deploying a 24-
m  80-ft! section of the 2-m diameter FRP pipe on the bottom, down the steep slope off NELH. A
large part of this project involved the design and implementation of a mooring system to hold the
heavy pipe in position on the 40' slope. Data from instruments measuring the forces, moments, and
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pressures on the pipe under varying environmental conditions werc transmitted via electrical conduit
to a data acquisition system installed at NELH, Deployment was successfully performed off NELH
in April 1984; data acquisition began in June.

Water leakage into the housing of the multiplexer caused failure of the data acquisition system
in August before any large wave effects had been measured. In addition, an electrical storm seriously
damaged the electronics in the remaining instrumentation in January 1985, just before the repaired
multiplexer was to be reinstalled. As a result, no data were obtained when large waves arrived the
following week.

After funding for the 1-year data acquisition program expired in April 1985, all removable
instrumentation was recovered, Since then, DOE funding renewal has never materialized, so the
large pipe remains installed without instrumentation off NELH. However, the pipe and instrumen-
tation from this experiment have recently been transferred to NELH so that further data collection
may soon be conducted during high wave action.

The 1.2-nI �8-inch! OTFC Pipe

After the OTEC-1 experiment ended in April 1981, its coldwater pipe, consisting of three 670-
m long by 1.2-m diamctcr �8 in! polyethylene tubes, was left anchored at the 1,280 m water depth
olf Kawahae. The state, trough DPED, later proposed to deploy this pipe downslope along the bottom
off Keahole Point to supply larger water volumes for DOE and other experiments at NELH. DOE
eventually recovered the pipe using the submersible Turtle  which also performed inspections ofboth
the NELH coldwater pipe and the Mini-OTEC pipe and mooring system! and towed it to Kawaihae
Harbor where it was moored and turned over to RCUH, representing the state in October 1982,
Anticipating its use of the pipe, DOE contributed funds toward the design and implementation of its
redeployment, After several delays, an initial redeployment effort failed in September 1983 when
one of the flanges leit from the OTEC-1 deployment parted. After infusion of increased funds from
both federal and state DPED sources to cover the large additional costs caused by this failure, and
the resultant delay and remobilization, redeployment was again attempted in October 1983. This time
the pipe flotation broke loose during the tow from Kawaihae to NELH, and most of the pipe was lost
in about 100m �50 ft! of water 6 km � miles! north of NELH. The heavy concrete anchors attached
to the pipe caused it to break while sinking, thereby precluding any possibility of recovery.

1nternational OTEC Developments

The United States has not been alone in researching OTEC possibilities. Several nations have
similar projects, Ever since Claude's pioneering work, the French have maintained a strong interest
in OTEC. They are now planning a 5-MW open- or closed-cycle plant in Tahiti. Swedish
investigators are working on designs for an open-cycle plant in Jamaica, while Dutch and Indonesian
engineers are designing a closed-cycle demonstration plant for the island of Bali. The Japanese have
initiated a strong OTEC research program, including the construction of a 100-kW plant which
operated on the island of Nauru for a short period before its coldwater pipe was destroyed by a
typhoon in August 1982. Although the Japanese decided not to rebuild that system, it is rumored that
they are constructing a larger closed-cycle plant on Nauru. The Japanese government has also
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announced its intention to support the development of an open-cycle pilot plant now being planned
by Hawaii's Pacific!ntemational Center for High Technology Research.

RESULTS OF OTEC RESEARCH AT NELH

The U.S. Department of Energy has sponsored OTEC research at NELH since 1976. Initial
projects used a buoy offshore in the NELH research corridor for biofouling measurements. These
experiments, conducted by researchers from The Johns Hopkins University Applied Physics
Laboratory and from the University ol Hawaii at Manoa, demonstrated that high biofouling rates
could bc expected in the surface water. A temporary seawater system was installed in 1979 to pump
surface water onshore for further biofouling and corrosion experiments, but this system was
demolished by large waves during a January 1980 storm.

Closed-Cycle OTEC Research

Experimental apparatus. Since the construction and initiation of the NELH warm seawater
supply system in July 1981, the Department of Energy has supported nearly continuous experimen-
tation on biofouling and corrosion of heat exchange elements. Supplemental funds from the state
DPED covered periods between federal Department of Energy contracts. Researchers from the
Argonne National Laboratory  ANL! provided a set of three test racks, each of which supported six
"loops" of plumbing through which seawater flows continuously at speeds of up to 2 m/s � ft/s!. Each
of the six test loops contains a heat transfer monitor  HTM! constructed by ANL using a modi fication
of a design developed by Fetkovich �976!. These devices contain a copper block which is tightly
clamped to a tube of the material through which the seawater flows. The PDP-11 computer
controlling the experiment turns on a heater which warms the copper block to about 2'C above the
temperature of the water. A sensitive thermopile imbedded in the copper block then provides the
temperature decay coefficient, from which an estimate of the heat transfer through the tube can be
calculated, Values of resistance to heat transfer due to fouling  R,! can thus be measured accurately.
To accommodate OTEC's small delta-T and consequent requirement for extremely efficient heat
transfer, these devices are approximately 10 times more sensitive than similar instruments used for
other measurements. They provide repeatable R, measurcmcnts down to I x 10 'x F x ft ' x hr/btu
= 3 x 10 4 x C x m'/watt, OTEC plants can be designed to work with fouling resistance up to about
3 x 10 4 x F x ft' x hr/btu, so it is important to be able to measure lower fouling values accurately.

Following these heat transfer morutors in each loop, there are "coupons," or sample tubes of
various materials, through which the water also flows, The sample tubes are analyzed periodically
for corrosion and bio fouling. Two of the racks of six loops each carry warm seawater flowing at about
2 m/s. The remaining rack of six loops has carried cold water since initiation of the coldwater pipeline
and pumping system in July 1982,

Heal transfer results. Figures 8, 9, and 10 present representative results of heat transfer studies.
Figure 8 shows the results of a titanium tube that was allowed to foul freely as warm seawater flowed
through it at 2 m/sec. After the fouling level excccded 5 R, units, the tube was brushed with 5 passes
of a bottle brush, which invariably brought the R, level down to the zero, or clean tube level.
Unfortunately, no one has yet devised a straightforward mechanism for thus brushing the 7,000 miles
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Figure 10. R vs time curves for titanium in surface seawater chlorinated at .05 ppm chlorine for one hour
tper day. Rf unit are 10 ' x C m' watt.
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of tubing which would be employed in a moderately sized �00-MW! OTEC plant. As shown, these
free-fouling curves are repeatable, and we have now collected more than 5 years of consistent data
of this type. Although these fouling rates are similar to those observed at other sites and in the
previously mentioned buoy experiments at NELH, the fouling began more rapidly than in those
studies, In all cases, the data indicate that uncontrolled biofouling would effectively shut down an
OTEC plant after 25 to 30 days.

Figure 9 shows that practically no biofouling occurs in the cold deep seawater. Although
researchers had expected lower values for dccp water than for surface water, the absence of fouling
was a pleasant surprise. The result still holds after morc than 4 years of continuous coldwater flow.
It appears that biofouling will not be a problem on the condenser side of OTEC systems.

Biofouling countermeasures results. Several experiments conducted at NELH have focused on
investigation of potential methods for controlling biofouling in candidate OTEC heat exchanger
materials, Mechanical treatments, such as passing slunies and sponge rubber balls through the tubes,
reduce the fouling rate, but they do not appear to control the fouling adequately � and they cause
unacceptablc corrosion or erosion of aluminum, a prime candidate material. Recent experiments on
nonchemical biofouling control have indicated that ultraviolet control requires unacceptably high
energy lcvcls and that ultrasonic energy is only partially effcctivc.

Ongoing experiments over the past several years have shown, however, that extremely low levels
of electrolytically generated chlorine will control biofouling and that chlorination will have
negligible environmental impact. Experimenters have found that a concentration of less than 0.1 mg/
1 of hypochlorite applied for only 1 hour per day will effectively control the biofouling of several
candidate heat exchanger materials  Figure 10!. In addition, it appears that chlorination of the
oligotrophic tropical seawater at NELH does not produce the carcinogenic halogenatcd organic
compounds which are known to form when seawater is chlorinated in other locales. Although
mechanisms are poorly understood, it appears that both the low chlorine concentration requirements
and the absence of halogenated organic production result from the low level of organic material in
the tropical seawater. In any event, both results make the OTEC future appear brighter since they
reduce or solve some major potential problems with the heart of the OTEC systems: the heat
exchange rs,

Corrosion results. The corrosion results have been equally encouraging, University of Hawaii
researchers at NEI.H have found that, following the initial formation of an inorganic aluminum
hydroxide corrosion layer, practically no pitting corrosion has occurred in a wide variety of
aluminum alloys through which warm seawater has flowed continuously since July 1981  Figure 1]!,
This contrasts sharply with the results from similar experiments elsewhere and with those from
samples in the cold deep seawater at NELH, where signi ficant pitting corrosion occurs in all but one
of the alloys tested, Although the results were initially surprising to corrosion experts, they now
believe that the warmer temperature increases the rate and completeness of the formation of the
hydroxide layer, which protects the aluminum from pitting. These results indicate that most
aluminum alloys should work well for closed-cycle OTEC evaporators and that at least one alloy
 bare 5052! will work in the condensers. Use of aluminum in the heat exchangers can reduce the
initial capital cost of a closed-cycle OTEC plant by one-third, as compared with the cost using
titanium. Alcan International, one of the world's largest producers of aluminum, has begun
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experiments in both the warm seawater and cold seawater at NELH to study biofouling and corrosion
of various alloys using a variety of multitubed heat exchanger configurations and fabrication
techniques,

Open-Cycle OTEC Research

Experimental apparatus. Initial open-cycle experiments were conducted using evaporator and
condenser chambers constructed by University of Hawaii researchers from 1.2 m long sections of 60-
cm diameter Mini-OTEC polyethylene coldwater pipe. These chambers, mounted on top of the
NELH coldwater header tank tower, are evacuated by a 25-HP vacuum pump mounted under the
tower. The pump was provided by DOE's Solar Energy Research Institute  SERI!. A 5-m �5-ft! deep
hole drilled beneath the tower provided about 10 m �5 ft! of head to the drain, so that gravity
maintained the vacuum. A packed column transported from Oak Ridge National Laboratory  ORNL!
allows measurements to be made of the dissolved gas content of the seawater streams at various
temperatures and pressures, and additiotial apparatus constructed on top of the tower permits
investigation of techniques for removing those gases from the seawater, In the spring of 1987, DOE
began installation of a new expanded apparatus for experimentation on Claude-cycle OTEC,

A mist-lift test apparatus was installed at NELH with DOE funding in September 1983 by Stuart
Ridgway of R&D Associates, the developer of the mist-lift cycle, This apparatus included an
additional 15-HP vacuum pump, an evaporator, a condenser, and a 5-m high mist-lift column,

Heatand mass transfer results. Experiments with seawater at NELH have generally confirmed
earlier freshwater results on heat and mass transfer and on spout evaporator efficiency. The spout
evaporators developed at SERI appear to offer an attractive alternative to traditionally proposed
trough evaporator configurations.

Gas desorption results. SERI has funded research by investigators from the University of
Hawaii, SERI, and ORNL on the dissolved gas contents of warm and cold seawater and on
mechanisms for removing the gases, Although dissolved gas concentrations were as expected based
on previous research, investigators found that the energy required to remove these gases from the
seawater, measured in "height-of-transfer units," is about one-half of that required to remove similar
gas concentrations from freshwater under similar conditions. This unexpected result, although still
preliminary, will reduce significantly the parasitic losses required for noncondensible gas removal
in open-cycle OTEC systems. Follow-on research has demonstrated an effective "pre-deaeration"
system which utilizes these results.

Mist-lift cycle results. Critics have pointed out two major potential difficulties with the mist-lift
process. First, seawater may quickly clog the small holes through which it must pass to generate the
required mist of liquid water droplets. The second difficulty concerns uncertainties about the
thermodynamics of two-phase flow, specifically the amount of coupling that will actually occur
between the rising vapor and the liquid water droplets, Both questions have been answered favorably
by the results fmm mist-lift experiments performed by R&D Associates at NELH with SERI spon-
sorship. Although preliminary studies showed that clogging times of less than 6 hours can bc dealt
with by appropriate screen changes and backflushing, a prototype mist generator consisting of a
stainless steel sheet perforated with 100-micron diameter holes did not clog significantly during over
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48 hours of operation. Likewise, the predictions for the volumes of liquid water available at two
elevations in the experimental mist-lift column were veritied over a range of delta-T values in actual
experiments with scawatcr. Although these encouraging results were obtained in late 1983, DOE has
not funded follow-on proposals. Therefore, the apparatus remains assembled but unused at NELH,

Water Quality Analyses on NET Source Waters

With DOE support, NELH has maintained a water quality sampling program in which both the
warm surface seawater and thc cold deep seawater have bccn sampled at regular intervals since
experimentation began in 1981, The analyses of the samples have been made as an essential part of
the OTEC research program, but thc importance and the implications of the data collected extend far
beyond the OTEC arena. The values of thc basic parameters of salinity, pH, alkalinity, dissolved
oxygen, nutrients, and dissolved and particulate organic and inorganic carbon and nitrogen were well
known for Hawaiian waters, but their variability at one point over extended time periods was
hereto fore unknown,

Table I contains a summary of the average values of the parameters measured weeldy since 1981.
The significant scatter observed in these weekly analyses led to more frequent sampling for specific
experiments in 1985 and 1986, These increased sampling efforts were funded by Hawaii Natural
Energy Institute and the University of Hawaii Foundation. Thc variability observed at several
sampling frequencies in the deep water was particularly surprising and interesting. Strong, approxi-
mately diurnal signals are highly correlated between the nutrient concentrations and the salinity,
quite surprising in water from 600 m deep. Longer sampling times have indicated a discernible period
of 120 hours, in addition to annual cycles, and an apparent 3-year period which is beginning to
develop from the long-term weekly data. Although the i n situ temperature variations at 600 in are not
now available  since the water has warmed up some unknown amount in traveling to shore through
the pipeline!, vertical  or possibly horizontal! advection of water masses past the end of the pipe is
the only explanation thus far proposed which accounts for the observed variations, Thus, these data
appear to represent the first measurements of internal waves in the ocean using variations of
properties other than temperature.  Some aspects of these observations are discussed in detail by
Smith and Walsh in this publication,!
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TABLE 1, RESULTS OF WEEKLY WATER QUALITY ANALYSES AT NELH, 1982 � 86

Cold SeawaterWarm SeawaterParameter

Temperature   C!

Temperature  'F!

Salinity  '/00!

pH

Alkalinity  meq/I!

NO, + NO  micromolar!

PO,  micromolar!

Si  micromolar!

NH,  micromolar!

Dissolved Organic N
 micromolar!

Dissolved Organic P
 micromolar!

0.05 X 0.060.24 2 0.05

Dissolved Oxygen  mg/1! ~

Total Organic C  mg/1!

6,98 X 0.33

0.77 X 0.33

2.88 + 0.85

1.21 X 0.19

0.36 X 0.14

0.96 j: 0.35Particulate Organic C
 m icromolar!

0.61 2 0.52 0.25 2 0.13Total Suspended Solids
 mg/1!
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25.99 2 0.93

78.79 2 2.82

34.816 2 0.172

8.227 k 0.049

2.318 2 0.020

0.20 k 0,08

0.16 2 0.04

2,98 2 1.53

0.36 i 0.21

4.34 X 0.71

Values shown are averages k standard deviation
*Dissolved 0, data from 1985 only  most reliable data!

8.91 + 0.95

48.04 k 5.12

34.298 + 0.033

7.563 2 0.040

2,354 2 0,021

38.97. 2 1.19

2,96 k 0.08

74.59 + 4.36

0.19 2 0.20

1,78 4 0.61



PRESENT STATUS OF OTEC RESEARCH AT NELH

As of spring 1988, the DOE-sponsored closed-cycle OTEC experiments at NELH have been
discontinued, following collection of six years of heat transfer data. The mist-lift apparatus remains
assembled but unused, SERI, with DOE funding, has constructed the Heat and Mass Transfer
Scoping Test Apparatus  HMTSTA! for open-cycle work. Experimentation continues on this
apparatus, which in August 1987, produced the first freshwater ever from an open-cycle OTEC
process. They arc now designing a net power producing open-cycle experimental apparatus, sized
to take full advantage of the cold water available to NELH from the new 100-cm �0-inch! diameter
coldwater pipe which the Hawaii Ocean Science and Technology  HOST! Park and DOE installed
in late 1987. It will be large enough to produce approximately 165 kW  gross! of electricity. The
Pacific International Center for High Technology Rcscarch is working with SERI on turbine design
and other aspects of this project.

NELH FACILITIES

The 30-cm surface water pipe for the NELH interim seawater supply system was installed as part
of the phase 1 construction of the Seacoast Test Facility in 1980. The pipeline runs up at a 35 angle
from thc 6 m �0 ft! depth at the base of thc seacliff to the approximate 3-m �0-ft! elevation of the
shoreline and from there over 160 m �35 ft! to the pump station inside the laboratory compound,
The station's four onshore 1,900 1/min �00 gpm! pumps can water at a rate of 6,000 I/min into the
two 3,800-liter �,000-gal! header tanks, Since July 3, 19S1, water has been pumped through the
system continuously. In August 1982, a ncw surface water intake was installed; it now extends 92
m �03 ft! offshore and rises 6 m above the 20-m �5-ft! deep bottom, Total pipe length from intake
to pumps is now 270 m  S87 ft!. Water from this extended intake has a significantly lower
concentration of suspended solids than that from the nearshore intake located at the base of the cliff.
The latter intake is still available when needed for backup.

Figure 12 shows the placement of the 30-cm diameter NELH interim coldwater pipeline, as
prepared by J. van Ryzin of Makai Ocean Engineering, Waimanalo, Hawaii, The offshore portion
� made from slightly buoyant, high-density polyethylene � is held on the bottom with concrete
anchors down to the 150 m �00 ft! depth, below which the bottom drops off more steeply. From that
150-m transition point, the pipe floats in a buoyant catenary down to the 610 m depth where naval
surplus battleship anchors hold the intake about 30 m �00 ft! off the bottom. The intake is located
1,400 m �,650 ft! offshore. The pump station, located in about 10 m �0 ft! of water approximately
30 m offshore, contains three horizontally mounted, in-line submersible pumps arranged in parallel.
Power to run the pumps comes through armored cables from shore. The pipeline extends 1,720 m
�,638 ft! from the intake to the pump station, 50 m �56 fl! from the putnp station to shore, and
another 170 m �62 ft! from the shoreline to the header tank inside the laboratory compound � for
a total length of 1,940 m �,356 ft!.

RCUH contracted for the installation of the interim coldwater supply system in December 1981,
using capital improvement project funds earmarked for aquaculture via DPED. The system began
pumping in February 1982, and cold deep seawater has flowed onshore continuously since initial
pumping problems werc rectified in August 1982.
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DOE OTEC experiments required that the coldwater pumps not dissolve iron ions into the water
so standard steel pumps were unacceptable. Since fiberglass or plastic-lined submersible pumps
were unavailable, 316 stainless steel alloy was used for all wetted components. With the three pumps
now installed, the system produces 2,300 I/min �00 gpm!, 3,400 1/min  900 gpm!, and 4,200 1/min
�,100 gpm! with one, two, and three pumps operating, respectively.

The NELH cold seawater system is believed to be the only one in the world which continuously
brings pure ocean water from the 610 m depth to shore for experimentation and commercial ventures.
As noted below, plans are being formulated by both industry and government for additional pipelines
to be installed at NELH.

NELH PROJECT ACCEPTANCE POLICY

NELH welcomes proposals from both thc public and private sectors. With the approval of the
board, users may arrange to share existing facilities or construct their own. Areas of planned
expansion are closed- and open-cycle OTEC; coldwater aquaculture and agriculture; desalination;
solar ponds; direct solar energy applications; and marine materials and equipment testing. Inquiries
concerning NELH should be addressed to the Executive Director at 220 South King Street, Suite
1280, Honolulu, HI 96813.

According to the NELH Board of Directors, the crimea for acceptance of projects at the Keahole
Point site shall be based upon each project's relation touche development of natural energy resources
and upon their utilization of those resources that are available at Keahole Point, Projects that are only
tenuously related to alternate energy development and/or do not require the resources that are
available shall be referred to the appropriate governmental agency for action and recommendations.
Illustrative examples include:

OTEC research. High priority; alternate energy development plus utilizes available NELH
resource  deep cold seawater!.
Solar pond power systems. High priority, alternate energy development plus utilizes
available NELH resource  high solar radiation!.
Coldwater aquaculture. Medium priority, may be an adjunct to OTEC research plus utilizes
available NELH resource  deep cold seawater!.
Solar desalination. Medium priority, indirectly energy related and utilizes availablc NELH
resource  high solar radiation!.
DUMAND. Medium priority, tenuous relation to energy but requires proximity to undis-
turbed deep ocean.

NELH FUTURE PLANS

HOST Park. The High Technology Development Corporation  HTDC! was formed by thc
Hawaii Legislature in 1983 and began planning in November 1984 for the Hawaii Ocean Science and
Technology Park, This facility, being developed on 547 acres of state-owned land adjacent to NELH
along the access road, will provide space and infrastructure for thc large-scale commercialization of
projects which have performed successful research and pilot-scale development at the laboratory.
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NELH has cooperated with HTDC in the joint funding of an environmental impact statement
 EIS! for the proposed HOST Park, and the planned expansion of NELH. The EIS, along with related
updates of existing NELH permits, will help to ensure the orderly development of both facilities.
NELH has also contracted for preparation of an updated master plan to serve for the coming years
of site development,

Initial infrastructure of the HOST Park includes the large diameter, cold seawater pipeline and
supply systems. Current plans call for installation of the pipeline near the existing NELH cold
seawater system so that cross-connections can be included which will provide redundancy and
enhanced reliability of the NELH seawater supplies.

New pipelines. In January 1986, budget constraints forced the DOE to cancel plans to install a
76-crn �0-inch! OTEC research pipeline off NELH. DOE officials then approached the designers
of the HOST Park about the possibility of federal contributions to expand the scope of the HOST Park
coldwater pipe so that it would include capacity and facilities to support DOE experiments at NELH.
Negotiations led to an agreement for joint sponsorship of a 100-cm diameter deepwater pipeline
which was deployed just north of the existing 30-cm coldwater pipe in July 1987. Dual pumping and
delivery systems now provide water for OTEC experiments at NELH and to HOST Park users at
higher elevations along the NELH access road.

Following a prolonged period of large waves in February 1986, the NELH coldwater pipeline
separated, causing a flow interruption for nearly 62 hours, This demonstrated the need for
redundancy in this system, and the state legislature responded by appropriating $1 million for
installation of a back-up pipeline. NELH's 45-cm �8-inch! pipeline, located about 0.4 mile south
of the 30-cm coldwater pipe became operational for emergency backup in March 1988. This system
provides not only the required back up, but also an additional 9,800 I/min �,600-gpm! pumping
capacity.
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APPENDIX A, OPERATIONAL SUPPORT CAPABILITIES AVAILABLE AT THE

NATURAL ENERGY LABORATORY OF HAWAII

*2,000 gpm
*24 C to 28 C

*1,100 gpm  three 640 gpm pumps!
*Expandable to 1,300 gpm
*7.5 C to 10.5 C  constant, depends on total flow!

W r mi L

Equipment:Measurements:

~Mechanical

'Electronic finstrumentation/electrical
*Laboratory
*Diving

41

"Flow

*Temperature
*Salinity
*Suspended solids
*pH and alkalinity
*Nutrients

*Dissolved oxygen
~Biochemical oxygen demand  BOD!
~Residual chlorine

'Analytical weights

*Balances and scales

~Microscopes
"Particle counter

*Auto-analyzer
*Salinometers

"Amperometric titrators
~pH meters
"Sampling nets, bottles, etc.
*Fume hood

*Glassware



APPENDIX A Continued

*Laboratory space  indoor/outdoor!
*Warehouse space
*Office space
*Shops: electronics, machine
"Large vacuum pumps and open-cycle experimental chambers
"Aquaculture tanks  all plumbed with warm and cold seawater!:

10 ea, 600 gal fiberglass tanks
5 ea. 1,000 gal plastic-lined steel tanks
10 ea. 3m'  800 gal! rectangular tanks, each divided into 1 m' sections

*Various tanks, larval basins, and growout baskets
*A 20-ft x 50-ft inflatable building  currently in storage!
*Offshore research corridor
*24-ft workboat with trailer

*Trailer-mounted 100-kw 440-volt three-phase generator
*3 automatically started 125-kw diesel generators for facility backup
*Electrical distribution panels for experimental areas
*2 trailer-mounted 10-kw generators for field work
*7.5-ton Pettibone 4-wheel drive hydraulic crane
~3 trailer-mounted compressors: 1@ 375 cfm and 2 each I 600 cfm
~2 PDP/11-23 computers for on-line heat transfer processing
*IBM-PC, IBM-PC/XT, and Epson Equity II microcomputers with 2 graphics printers, lcttcr-
quality printer, 2 color monitors, modem, data logger interfaces; and word processing, spread-
sheet, communications and high-level language software

~Vithi ~1

*2 fork lifts

*3 trucks

*Electric utility vehicle
~Station wagon

*Private VHF system with all vehicles, boats, and handheld units
*NEC 1648 phone system with 6 CO lines and 16 extensions
"Computer-based modem for electronic mail communications
"Telephone facsimile
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APPENDIX A � Continued

Envi nmen I M ni rin

*Wind, temperature, rainfall
*Solar insolation

"Multi-channel data loggers

Permits in Place

*Approved offshore research corridor
"Conservation district use permit for coastal and submerged land
*Special management area use permit for coastal lands
*Department of Transportation Harbors Division shore waters construction permit
"Environmental impact statement/environmental assessment for the whole facility
*NPDES discharge permit for seawater effluents
"United States Army Corps of Engineers permits

Public Inform ation

*Tours available

*Public lectures

*Brochures and information packets

arity

"Fenced research compound
'Guard service off hours and holidays
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